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nsussenedeidududAguesnisseuiiinliiiunimwilastausznouyuues assnzamuAnwaz
Anudumnuaznavenisvinide lnegnasaunsntiluuaazduav Fatalonaliiunsauld
wanwdeuluiveuszinusing q fauaula msussenegninvuludUanusnuasduanvinasudumdn

wazduaviou o Tudrnusnliniu lnefivvensseluil

1.1.1 Accelerators: from the source to the target

Huwousn dmunisussssifedueieassoyna Budusnisusnd s SRuasiaunnsves
\n30ass oS unendnnimiulazesaUseneuiididnueuni et GeanunsaLse aum&wlé’é?m&i
leosuiuietnalalasiau Taudslessuninedegisiden Tnaisuainlossuiinunain Electron
Cyclotron Resonance (ECR) Sources Q%QﬂLi'ﬂéj’lﬁlLﬂéaQLfﬂaqﬂ’mLLUULﬁumm UNILAC (UNIversal
Linear Accelerator) aunsziiaingasu 11.4 MeV/u LLéjﬁﬂgﬂdﬂUﬁ SIS18 (Heavy-lon-Synchrotron
18, SIS18) Fududulasnseusid maximum bending power ¥1AU 18 N@aN-LuMT mﬂﬁ?u

aleraurrgnuentudinismaassdiudiig o lnegesusluneasiduasoly

1.1.2 Biophysics & Cancer Therapy with Heavy lons

nsussEel osuieiamsdszendlylessuniniflevssloniluneddine waefedluTinussariud
dawanosenediTn Taois udsussesfiugiu 1wy Sunshsensendneded fuaansdanans
WaufweRuazvaidoveanislylossunin lassuideluarnnid fadndudnudsanviise

Nas1stidssliiu GSl Wueg1auin Wufie “nMssne usise” dienisaigeyningnse (Hadron
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1.1.3 Compressed Nuclear Matter

nsusseneiiosuiefsugiuresmannlaludnmia dudnistudavesaasndaindnuus Fadu
AManmdnihimiandaimsinnamsmeusilasiilauninluanngrunuiugdlaonmaassiiiauls
naatuiifinissutuvedloauntin (heavy ion) 1 LHC RHIC BES SPS waw SIS18 dusisaganslu
Gl ldgnimnussens Tnslundazantugaunrmaulaluinis@numussidiuddgueausnunima
vosaasmeusilashilauiin (QCD matter phase diagram) lngiFusuannswen iz ssyaas
uwiazrinainiasesiieta High Acceptance Di-Electron Spectrometer (HADES) magnauiianis@ny

v §w

Ufjduiusiuvetseuninenseu uazeynialiney

al

Jagdulasinis mCBM@sIS18 lngnindsuiefnuinisyuiuveseuniaiivszaniundeadl
= I a oA o § v v ¥ 1% a 1
wags FrslugasudunasyilinslawilndnisluuSauivesaansaiuwiy (condensed matter)
T adulufinisudn lambda baryon () waziiion1sinlaeunAg1nsauiiuIndy wazn13nand
1Usunsu Comprehensive Baryonic Matter (CBM) fifaainduly FAR agiduniunisunisauny

vl mawelulagaadeiaiudninisvuveseunalveglusyauiigay

1.1.4 Safety Instructions
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1.1.5 ROOT tutorial

nsussseidatuwieduiiugulvsuinGouiionnedodymuiludmuoswonduas Root luns
yi3de Fadurenduasilalumslinneviveyaiifisyansnmdslatuogunivans luflAndndaay
guuavauivinermaniaug egrdlsfiniu fwonduaity gnifmunnuiuuds Jedanudusou
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1.1.6 Computing for Experiment

Tun1susseneignuuaduaesdau Tngludnusnldyadssziinsluaeufinnodngslumy
Inermans wieuiaegwoseyaildannsvaassmisidndeyainainiaioussoyniaiil
Fo1dse 1vu CERN GSI waz DESY tHudu Tudufiaesiudunisussensfis "Green IT Cube’ 7
GSI/FAR Fudugudgiveinesfinmeiaratofiidedoduduussnsnmnslandsnu nislyssuy
szuemnufeudioihilifuendnval avlindnulunmsianubuliosndt 7% Weileutugud
sgvIeANLFeuiEaINIALUUAL (30-100%) uinnssuivielifinseeniuuiingsindn Usevdaiiud
Turnedliaruanunsolunsussinanaiinsmds Gignindafiosessunsneataiinsuduasalunie

AANTNUDY FAR dedosnisiiuiivrayadnuiuninuaziuszdnsnim

1.1.7 Hadron Physics with Anti-Protrons

N5USTEeEUEuen1saaauzsuwUanintves Quantum Chromodynamics (QCD) 1ag
Fnenseduseiiortuildnd waraninsalndfidureuvesensou Inenisussenawduluiing
drsansndneinsoumelunisnaans PANDA 7 FAIR Sawelifufadnuasfiavuasoynamaiil
1N1TUINANITNAADIANNTNABDILNAIAN & 1BFUIE %1%‘1?‘14@1@145%%515@ 5 VDITIATOU LA
msuesnmansnaaedltiduveyaiiinanleldeie uonand dafinsussensfis exotic QCD bound
states wagtdnalufingaInseu (Exotic Hadron) 93wdanTsvaans uagnadws v liifugadives
aumﬂmehﬁ?u Tumasieresnsusseaduionvesueulnlusasou (Anti-Proton) imszlunnsd

(%
v o

LNANTINTOUDBNUWNBYINNNSANYIEAalvLaulnlUInTauluNISNAaITeI1 PANDA fignanma

Y

ulu FAR Wensudymil@ndvesenseunasionslafnensou

1.1.8 Atomic Physics
nsusseneiitufianuiiiugiures atomic physics uazuided GSI/FAR fidsfn siumamiide
Algrsunsinuluansanssing q Atomic Physics Soiduununitneunslng lnesisendn 9 fions
Aniukarangumnivedsaynia (storing and cooling of ions) warlunszuaunsduneuiannin
waasoasmienisnaassoenleifiy 3 dau 1§un Experimental Storage Ring (ESR) daufuduiile
Tunmsfinuiuleseu Wielilleyniafignudessanududeia uasduduiflylumsangunngives
synadadunsmuauanusiveseynialursinifiu (storage ring) Aogravasnismaaadly ESR
1#un X-ray Electron uag Laser spectroscopy @usiaande CRYRING duiteuldiunisvaassii ESR
Dudulvy windsuvesloseulu CRYRING dusiniindsaulu ESR wn wazdugaiiede
HITRAP Saidudrufiinismeassiuloseuiinn Wuuasdusyags

uananiilunsneadns FAR flazudiadalunementh nsveaesdndiuiigninssnely

wazazidudunilavesunun atomic physics Ais SPARC Faduanuiifiloseuniuszqas gnvinlv
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wasuiinieanusuieuwas Tuauuliiuazauiuudrandunsaings NANusSIFURMsaIn P
n1sAnwiveslessuninuaziiuszaganarilfulseiuanuniiminididgylun1sidely atomic

physics

1.1.9 Nuclear Structure and Astrophysics

Tunsussened 1ilinsedureidassadisiueies ledrsninesndseneviifogunusasiou
Tnssafsiundofiveusyluininalsedisls mseAusenseunguianszuiumsnszidsiuades
(nuclear scattering processes) lngluguamdsny Imamﬁ'aLﬁulﬂﬁmiﬂsm?mwuﬁwsju (elastic
scattering) wag N13nseidewuuliEaney (inelastic scattering) “?iﬂﬁ]%LNEJIﬁLﬁWJ@ZJUaLﬁEJ’JﬁUSUUWW n13
nszefvetans uarlassadiedaliiuvanll Ingliveyadednfefulasaiemelunazauns
@nnuy (equation of state (EOS)) veosaansindusuuulianunns (asymmetric nuclear matter)
uananil Saiinisussensfsnavaasdlassainednndes uarnsdanistuauuandisinssuy
Handndanuge nsvhAnuilanismeuausstesaTasnInia (detector) Wy TPC gas detector
waz Fast Diamond Detectors {udu g iuniagnsniseaniuussuuiiuannaiu wy Tacquila

System (Integrated Electronics) wag Full DAQ system for 16 channels Huduy

1.1.10 Material Research

N15UTIEBE unun Material Research 71 GSI dsraufduiusiidureusewindlessuniniifindsnuy
gauazaansluanIugsng 9 nsAnwmdnvetununi Tiun msunnlessu (lon-track formation) N3
Usgiiumnuudsveanisunsedvesian i fusdrdymianalulad (Radiation hardness of
technologically relevant materials) §1533n155nwLafigsn MV LALT UGB IUNNTR18T9E
lowau (Stabilization of high-pressure phases by ion irradiation) LLazmﬁa%ﬂmaagwuﬂﬂﬂEﬂfg
walulagunsnlooou (Nanostructures fabricated by ion-track technology) Toediunun lunns
2N amuﬁﬁ%gmﬂqaamﬁudw M-branch uag A-branch @svisaesdaufiazyinnisveaaesd
wanenafy wagluusag branch Adaiinismaaesgasiisnsiudndae wu dauniaves M-branch 7

58n11 M1 Fadunisvmase Secondarylon and Neutral Mass Spectroscopy Dudu

1.1.11 Impact to Society

nsussegluieiiidunisnails Impact to society — from ideas to impact 1agn15UsIENBIEUT

LY =2

agl3f social impact 9MNUUAYATY Sustainable development goals HaiiNsaY 17 vasieiu lng

'
av A

AaundnAenisnnuitnwddenisvihguunseiunidudmuetuniely anduidunisnaiaia

Uselowivesuide suuadiauinisveanalulad wazn1svit Start up wagvineanfidunis

nAAeUHY Technology Transfer ¥4 GSI tivedsinunalulaglviiudsnuwazyuyulndifes



1.1.12 Tutorial: Scientific Writing/Latex Course

nsusseneluvedl Wunisussenedasnsuarlasiadnanis@ousisnumaing mans dasy
Faust ¥ave unih aunseisunazuuagdsBenuife nieuisuuzunnsly LATEX Sadulusunsu
mMsdsunufisaniuuinamdunusuingmaniviemadaanie nliazan sonsdaguuuu
TAsead1eees1e9u Sntadituaseavidsavaslasadesenuiialsluns Weusieanunsise
vhelasens wavwanlidsmethaitelydunumsunisi@eousienu il indannuiddaluannms

U o

ussenglaun nsdeulidndudessunnuniivils uasdafienfianlunslousisnufie Masusy

1.1.13 Plasma Physics with Intense lon Beams

ma‘ussmaﬁ L'%'uéfuﬁﬁwLLaalaaaumwwﬂ}mqa (Plasma Physics with Intense lon Beams) il GSI &
unumdAgluaonImmIensIdeudnnglunalanidnd Usensusn f1unIsnasIneRITaluy
Huseiawes PHELIX duaslerauain UNILAC agasradeuanmenanauniislesouluasiui dnnns
futlymitdndey wu msqaylﬁawé’muuazmsLLaﬂLﬂ§au‘dizfﬂ;uaalaaawﬁ’ﬂluwmam%au Uszns
fiaos aulesouan sis18 Tuifioasrsaaavuiuiugu (WOM) iel¥annsansiainnuausinon
ynaransuagmIvudsostanld lnsnanosis FAR Aifndssiatedulugig 4 aslvuselonian
aoﬁLLﬂﬂlaaauwﬂmL{JJ?,JQQL‘ﬁlaa%ﬁﬂLLﬁ%ﬁUﬁﬂﬁ’]@Eﬁ’NﬁﬂﬁﬁU’]LLﬁuquQ‘ﬁQQ dwsunsAnwraunis
an1uz (equation-of-state) AaaAIUASANBAMAIDE1ATANUMUII UFsFIBndBIanssay

TUsmouru High Energy Density Science

1.1.14 Plasma Physics with Intense Laser Beams

Tuiveussensl WuAIAUNUFIVYRINIVBUTIEY Plasma Physics with Intense lon Beams &4
Wun1suszyndly laser lnednisusseredunaialunisasne femtosecond laser pulse g alu
LLwasausaiindegalaoe petawatt Inswafini awi38n37 Chirped-Pulse Amplification (CPA)
Feogluaruaulaveslasinis PHELIX noms aawsd 2008 wazidugudiamosnaanugaiiugludu
wan Fadalvlszanuseninalseimainnisneaasdlessuawesuuunaunauly GSI 8nedayln
v = =3 1 . @ o = =3 [ ~ yu = a
1nfnwiiudn high peak-power lasers Alludnuilauinnssunanusalseynaloiu malulagnies

eeuals uagddidaninauladninninendanssissdnusely
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1.2 NMSLEYUBUEDIUN
MsBEnTLNLTkaranuANAaes TIualaTlansusIENaINglieIvgiviinsnaeiu q desialuil

1.2.1 unasniialaaau (lon sources)
n1sdsaynIAIgLe oussoyniaty Tnedgasududeundsiiialesou (lon sources)
fiduini esdelunisadrsleseu lnsdernvesd1in leseu e oxmeuiiduszqluii 3
ntfurzgridsaruilundonssoyningiuda (UNILAC) Faduindeadseyniauuuidunss
LLazm?aaLi'qauqmﬂmeaﬂauﬁ'ﬁam'w 51518 (Heavy-lon-Synchrotron 18) i uii 4
nrsuenazddnvuridud aownuineslansvualugy v 9440 uay nreluasidud ds
YosunadriLinlosaunandlananinauas

isuLaziendnualvesaatuidulessuniniiodle Ae duvasininlessufivainuais
Wewieuduussaianituldesialan 1i esarnaunsaadislessud TUsza uan
fAenusssundldnainvaiesin dausleauiiilassainedans wu lelasnuluaufemien
Foduloveuiindn deiuansdennudermgfivavues 6SI Yuie “lessunin (heavy ion)”

v

wazdszinnvedlesuignaiatiuasliuediuaudenisvesininemansimdsaniunside
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1.2.2 Lﬂ’éaﬂLiﬁaqﬂﬂﬂLLUULﬁuﬁia (UNIversal Linear Accelerator: UNILAC)

i3 passey AU unss lueTousseyaaniiannuenvondunianisiselssanm 120 wins
ansnisdlessulddaunlusmeunuluisginion dvlessudendgnisdidanudussun 20
WeslwuduasnuiIuas (60.000 km/s) v3efindsnu 11.4 MeV/u synaiiiiusygdniunsise
gndsnnuvasiuislessu (lon source) fildnanluneuntiril auaudianizyes UNILAC
fansil Alvarez-cavities Tlananselsenildlnglifosss fafuFenansalindenusig q wu 3.6, 4.8,
5.9, uag 8.6 MeV/u leag1951a157 qmﬁwdauﬁlﬂizﬂauﬁw single gap resonators (ERs)
yalannsafsmmdsnuloseuln 4 mudamsseving 3.4 uae 11.6 Mev/u Insfimgeaauazsingn
fludueudueg fudnduinalessureuszy antduazgnadlifiadsnsseyniadnald Juie

WATDATIBUNIALULNINANT 158071 SIS18 (Heavy-lon-Synchrotron 18)

ANHENS Lﬂ%i]\?Lils‘iaiéﬂ’]ﬂLLUU GITGEN



1.2.3 ¥@9AUANNAN (Main control)
sruuiAIousteymafidiedleazUsznoulufeiniesdiefivarnvanedidedinsaruumislyl
#n91 2,500 Fu wu windn Lﬂ%ﬁuq@mwmﬂ waziadosiletasag q duduiieruasain
AT UTANS LLazu”ﬂ"iwmmam‘lumimuquizuuﬁy Fuyruanias el o anua
Jegninsuiuluiesniuaundn uarsruuianuagnauguaniia Fududunasiiislooou
Lﬂ'%laal,i'qaumml,um%ué’u LLazLﬂ%QLﬁﬂawmﬂu,‘umqnau SIS18 (Heavy-lon-Synchrotron 18)
TUauiie 2aumuiniiulesu ESR (Experimental Storage Ring) wagusiinan, @nsuies (strippers)

uardianinsm (electrodes) Mnanlessu (ion beam) lUfwinsin1smaassdu 9 (caves)

MNLEAY NelueIRIUANANILALLATENID
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1.2.4 Materials Research Irradiation Facilities

n15798uarAny1iana1nn15a18598 (Materials Research Irradiation Facilities)
finnsnaaesfinannvats Fefesntsnismnassiiaued Savildwnluibeusudu Ao M-Branch
fivsznaude 3 Tulatl (beamlines) 1¥un ulatl M1 FefindesqanssmiBidnnsou (Electron
microscope) Sullatii i ousiatundasqanssmisifnaseunuvdesnsiafidauazBongs (high
resolution scanning electron microscope :HRSEM) ‘1/1°ﬂ‘1;fmmimlﬂﬂwiﬂ8mwaﬂ
nsUSuasuituiniiistuaindlessu dulatdaunie M2 Sedimsieszinsidenuuresididng
(X-Ray Diffraction) LLa:ﬁLﬂ%aﬁLﬂiwﬁmiLgmL‘UU%’Q?L@HG&? (x-ray diffractometer) LuU on-line
four-circle 7 waslWarursalalessulunisnszaresed s ng lunainvaisy
Q%ﬂﬁﬁy“tj"lEJGL‘L!ﬂ’ﬁiS‘L;ﬂﬁL‘LJadlEJULLU@Q‘U@QIﬂi\‘iﬂ%INVINNadﬂ (crystallographic structure)
AAnTuainmsanesaglonsy wazdulavgaving Ais M3 Faduudna In-situ spectroscopy Tud
dusznoudledeselundszan i fanuas oeilenie 9 1w He-cryostat wuua99sda,
\3asIATIEEMERNANg (residual gas analyser) LLazﬁaﬂwﬂmm‘ﬂMa%mgﬁ% (gas flow controller)
nsfiadadaelimuauuastufinanngnsaieddiieniuaaunginarusseniavasnislneialy
wu dmsunisiaanigeanainiannieldnisaisdsd uenaind dedesflodmdndu q Sny
aunlasdines o unssn (infrared spectrometer) wagalunlasdimes UV/Vis (UV/Vis
spectrometer ) ¥agliAnmunsinuUasian uazia3osiloRinainisiudauas (Luminescence
Spectrophotometer ) Qﬂﬁﬁlﬂi%LﬁamiaﬂaaULaaw aunnd uwaznshenadnasuvensiuaaes
fignnszdusnodnadlessuluianfeiini (semi-conductors) saufiandesganssmiuuy long-
distance on-line wansi udamo819nazn1sTanula e re819Ud Fen1siaudas

lassainavesian

1.2.5 SHIP-SHIPTRAP
SHIP (Separator for Heavy lon Reaction Products) 1Jwa3aaflednsuniswenndnsSasiain

Ufsu1veslessunmini ey luyivianad oudl 99 SHIP lalunisuendialada (nuclide)

% =

winv gnase? uludgnserdundes laed ldvilddaladadaiustanas §avae

Trinddpanuisadnwlolslnunidnegisaniziaizasla wasiinu@eimnaglunisfinuiidaladaiingn

' '
a aa = =

waglifiennuafios samsfe1adidinnd sl dunin visadslusedvlalasiud nnsAnuwimeni
ylfuarulalasaisdnnied UiAsendundes weanautfvesiuadeaiiuanll (exotic
nuclei)

SHIPTRAP 1iuia3 asflefilylunts@nuauant@lesauiininuin (super heavy ion)
fifiavogmeuninnin 100 dvliifeuadios Tnsiedesifinnudugouinnuarannsninnuautn

Teegaulug 1wy wa (mas), Useq (charge) waglassastanieilaades (nuclear structure)

q
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' (%
= o =

UnIdeninnimaassil lunsesdlaeauniiasAnwiieriiuanuwilafeifunuaudinugiues
super heavy elements lugjud darudragluni1svergnisnesia wenand &4

Tolunsuudsiiumdea Tiuniesmnass (Cave) DU 9 A

ATNLEAS N15UTTEIULAT94D SHIPTRAP
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1.2.6 Green cube (computer)

Green cube %30 Green IT Cube #sogneluinean GS/FAR Wuszuvasufaneiuuielng
anad1ad wi esesdunisufeesnisness FAIR wagdudud §9nddeifund duqud
voyan1einermians i nsanded anlulan uonatndsednsainniandsaunda
n1seenLUUT HUsEANS e ui uiliesfiddy densTaiiussuunsuRiamesuuy "high-bay
storage” FuifuntsdnFeswasdunadinesuuumuuiu TnsgunsaiazgniaFesisnuuis
i ol udl 7 deg i ui dasnagnsnsdafvuuadsd qudaouianesaiuisa

vivgunsalnisanuinund ulngladesvereiui i ulalddisnuiwazUszdngan

[ '
a0

nslndsauasgean Jagu drearsdaiduiitnennnislyau Wesessunisneadieiiay
Wera3aved FAIR

SnuarlauYes Green Cube 819819 AozUUTEUIANNTOUT TUTEANS A Mg
Fodisutugudveyadalvgfilmeianisssuisauioudiseinia Green Cube Idlnisszue
arufaude nagnsiannislindsnudmiunmsssueeiudouasosann Tnsussanuudilaiiu
daedfwuivomdsulriiioueifladmiunsdun

wonani vunaramaluladuagnszuiunisilduinsgiu Green Cube furmsnis
Wosnwiaudasndsvesyrainsuaggiond suvy leeudesinseduidesiias Aadiann
gunsaimsfwmuelnguarsruuszueamuieu Jedveimuslilayitedostu Fedldsuns

MvusluvnegneluanIui

AMNLEAS AI91AN5 Green cube hazn18luanAis wazestutinlylunisvasidu



13

1.2.7. View-point FAIR (Facility for Antiproton and lon Research)
Ja9vu FAIR §adulassnisidodi lna i gauviend sweslan ogsznin9n1sneasned GSl

Inglasenisiazliuselovdluniaiunisliiningamansiannyulan lagsguuisoyniai
Juendnvainsludaineimansuazuinnssumanaile ievihnisidenviuadeluaunineaans
MAYIveINUlATIAT N UFIUYDIETT Y9illATaNTI0UN1AT FAR dadnuanunsaanizlunisdam

a1ounia (Particle beams) warauninaiu1saisanusbaiiovazinlndainusiuas

LY

Frognan1snnaesAdefidndaivn NUSTAR, CBM, PANDA waz APPA udh

¥

USNUEIUNA19U89A01UT FAIR Usenaunieats9 SIS100 wag SIS300, N9a@098b59n s

(%

AnusItunsIuseugeda 4 /s wasilulalanseuiiiegmusouldusouinuwin 1100 wWns sIumadl

UIUANAUEYAIA (Storage rings) aziuiin1smaasdiiduniweddiaynia sauraieilawns

o w

mMsfleguatszuuAaasiounIai GSI asyiglunissseuniawasdumasdfyues FAR facility

SIS 300
SIS 100

ANWHEAY LRUEN9LATINS FAIR 91 GSI

11 : Guenther Rosner (2007)
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1.2.8 Medical cave

Medical cave Aoduwilsvas GSI Adreymatmioyniaiussuniolelunissnuigiae Tas
i psflorionun gnneainadudae sl e Tnefissuu CT uasifssdmiugUae angludnvme
witeutuiifisfaet feddelunwisesiiu gnites it uarinensAlddlifudoine uay
insesiledenitisluszminaihnisinu Tutlagtu 6l lilsvinsnissnwidiaednsiold Midleaun
iAoty waeinideiduiunsluilatu dunnudanduindrine Sesuand1snuaun
u q Mduinidnduioimns TuseninsnsiBouva finsadanlasinEou dmuiidawign
unluyn 9 naude duasduidnduaaviela Tussninafimsdnudonisansded ddludaui
Ingnsiesfldannsalvidnouls foidunumfnuazdamfiuandauazivdsusuuedluainysmes

Y99UNINeAEnsnaulaLA

A
[

Muuans Usunelu Medical cave wasieaduasiinagnnglu

1.2.9 CRYRING

“CRYRING” 1dursumiudaifulessuni’ni Twasaiun™ ¢ a0y’ dna1n ESR
wagidursumuiniAveyniai dvuiaidniige laglessunnviaf fin1sasied GSI vy
loooufifivszags lelelnuiiudaniva awnsadniAviiduaglusuianoradueudlusnoy
dievlUllunisneaes wu Suadeiand Mandoynaa uay Mddemedutan vedsanusoan
nassrulosauanindoUszuin 100 Kev/ losou el Tnsusuuselviuars

wazUSulindumalulagives FAR Mudanivl iiesainaeutleglulasanis FAR e
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AINKEAS USAUNUTNYD9 CRYRING wazwmiwmanilylunisvsduiianisvasanlosu

1.2.10 High Acceptance Di-Electron Spectrometer (HADES)

n1svaaes HADES Wuawnlasfimesfiduindanine lelunisnsntneyna efnwiuazaum
AavantAvesiiandesu (nucleon) lnaisseunialinnusigwnn vibisuiunasfnyioynianse
aa1siiAnd u i ovauduius iR sarestueynianisluiad 84m3193u (detector)
Aa8N1508nkuUNAvkazn1sT il dnvuinlug vldaiuisadneunialdag1auyugn
08198 swagnT19dvay A meanunld lassnisidausaudeainnidoainiaglsy

¥

wazsemnidadunddgueinisluanuduusdsensvesi@ndmiousy

R = R
4 oS R

AN
A

ATNLERS LATD9 HADES
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1.2.11 The Fragment Separator (FRS)

Wonaaos FRS 7 GS| Lﬂuamuﬁﬁ']mﬁmaaaﬁmmmLLazf{Tmﬂ'ﬁmmT'lmsuaq d1lopaunagl
(secondary ion beam) Tmaé’ﬂaaauﬂgmgﬁ (primary ion beam) ﬁ]%QﬂLilx‘iiJ’lﬁ]’lﬂLﬂ%'E]\‘iE]iéﬂ’lﬂ SIS18
nfuazilunsznunda twesaid ey (beryllium product, *Be ) 7 n11w 1989 FRS
FomiiAnlossundgddana1r Weanaaesd wasliaiuisanaaesiveynialuglé
Taganizey 198 sdulelelnulng i wieanuin lolelnui wrauleaiuisausneenain

NEnSUAze1duY 3ntuzgninlugnwnudafiu ESR welydmsunsneaesdu 9 sely

ANLEAS USLIALAZBIN15NAABY FRS

1.3 AANTTUNAN: N1SN151891UTY (Report)

anssunanves summer school at GSI A A1svilusiandsigyananlIug lUdudnes
o @ [3

AlPsUN15InassIyt warluyiinevesfanssuazidn1suiaus MelaaInYNNa0d ALaYinaulde

Tuve e ludl
1. Electric Field Computation from Particle Distributions: A Study of Boundary Effects
2. Evolution of activity during and after the implantation of radioactive ions

lngsgazidenvedlusianavaes azgnnanisluuni 2
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1.4 AANTTULETUDY 9

Tusgninsduanmininisilausseneuasnisvinlusendidufanssundn Sallnnsfafiaunauiudu 9

Y a

An19 GSI 1avinn1saad wii et unissulataunane ag9lavinanusInay ussAIALmes,

Y

nwinudedle wazinAnwvisisdaniusunsudu q Illauainauuundu

1.4.1 Aanssuusaaluiiasnnsuannit (Pedestrian rally in Darmstadt)

¥ ' [
= %

AanssutlagnInuluiuansvesduniusn dulaunauiuuasindaindufe Nswud15iasouilod

T30 Seedu vou AU MADAIUTTUUIUAIYOLT 0T WBNIINILYIY

e
D
™)

lady
To%

szuvatndnwndunguaz 5 au Wevhasfduseudeaiiensudain neludensuadniil

duiTynnid

U L% !

Jnidleetindl Jemsiunseduing alnaunduiieu 9 lulasinisdnaae lagdanssud

@allp

Tildmsudou Favsliseialitiunguitvue

1.4.2 U7 “Grill & Chill”

[ (%
= 14

U136 “ Grill & Chill” FaTusausiian 18:00 - 22:00 u. Wufanssuf bidnAnwiniaggsou
nnauddiusinlunisdaau Munsene1ms tasesdu wasdauiuves WnAnwl Anes
ware UsTEIEazInTINdeassany wenseduanuduiusuninidelueans winsiaiunse

11915750 FNADINSEUNLuUNSAE e

1.4.3 GSI sport club

Tusgminafanssy GSI fatannisnianstwnlituwmaidnssusiuainvaula liinaudu Jelalas,

a LY

895y, vinvea, teaiaduea wendnilfaiinsrapunsgdmiureninlLayTLIUALINYRUAURTANAME

LS1AIUTANLAUN WLA MUA15199 309 Ulude azdUA1Y Lazsd 99 WLAYD NDY19AD

1% ' 1%
o A [

Aafdduvwnlngnussy dndy winald WJes wavdivsziandu 9 wisulilidendnuinune

9

1%
o

wardieandnsunisenuundnee

1.4.4 loni Summer Cup

msuvstufmmdudnuisionssuves  1asen1sidndu laeynauaiuisaadwaslaniuauadnsl

dnvayAaInsves GSI faulaaunsaawasl laglidungudu 3-5 au I lviidenvainuang

¥ = ¥

TnTogs197anaztiusAuns 9995 9Tad T U suzdna e Lazisnaiusaluifesiiou

Y

winmsuwstuls feidudniuiinnauaynauiu Suseiuun
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1.4.5 msvieafigrdiuynna
TuwsazdUn1dt #9917 b TR0 sua7 L0 UTIIA1VDIN159TUTANS wasluy99 319

NNMITI iseluTuansending dnBSeunnauainInuEuN e edlaRenfnenis
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a 0o aw =) v a
Unn 2 ﬁ'a:ﬂﬂ']Wﬁ'J&lﬂ']ﬁVﬂ?ﬁ]EJGUE]\TIﬂ'i\‘iﬂ'ﬁUﬂﬂﬂﬂqﬂ']ﬂi]@ﬁEJUQL@ﬁl@

suidsdmyanavesind@nyildviluszninueidufonssudu adesdduraduaiil 7
waziafoudaviauesuludaisisely el guia usiesiugnsrvsaad undsde
wagfuuanlifugiandauied uauas 2 i Tngdruminudiondwasdulfiomid
wagirdniduueulifuAnnesUsedia lnsssaunazvididesaulusiandia i uly 14
grusunnseaulat edfunussmdlneddlduuunenuilihlilunarunidanns A uas B

wavhasUlnggoresnsviiideddiilonusioluil
2.1 Uszaun1salnns9ingy

#IVORN9U : Electric Field Computation from Particle Distributions: A Study of Boundary
Effects (NM13Auaaunalnifnainnisnszanefiveseynin: NsANYINANSENUINYBULLA)

AR WENEENE Uta (Uzimilen)

1. InqUszan
afinwdnsnavesweunneawulniififinainnisnszateeunIaLuLalaLe (uniform) way

WUUNAL e (Gaussian) Melwa3adissounia SIS100 antuidelessuntin FAR lngly python

' '
a 1

package 7lasun1simunlaefiuain CERN way GSI Afidean PyPIC Inadnwauulniln a1niensdn

fiveuiwn waglifiveuwn TudeiumienisnssneveseuMansluvaun

[

2. NULLATAUAIAY

v

'
LY ) | a s

anduiduloountin FAR Mdaimuiensdnuideidndeunia wisusseunialniddelasu

3

[ '
U =

ASAARNS 91

'
=

#Aund FAR AatAsadsaunia SIS100 Taesnduazaoainisitiugn

v 9

Jlussausznau

'
v a 1 |

famnudAyTeIvBa LN WU BVENaveiRdyyINA Feasiinsdamansenusieawuliiifniinen
N13nsEEvetenn1Aniivsey Jagtunanidu delalainsinidenetadmansenuainvouwn
Yo

(Vieagyey1n1e) nsAnwiidaduasuduveanisiveuwaidudumidunisiun Wiefnw
awuliihiiinannisnsyaredveseuMAaLuEaaue (uniform) kagwuuin1ddeu (Gaussian)

NIUFATefureuaadeiuveulalunIad ey IneEdls

3. MU HATNENNITTINNU

(%
¥ AN

Tumsvhawddeivell SuluegeBmagdesfiny waviwilannudiiugluzesmesaunulni

Aaus Gauss’s law TUaudle Poisson equation (1)
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vp=-L (1)

€o

'
=

lnglun153ded dnsdnwauuliihiinaineuniafiduszassdseian fe suniduseaiign

Y

N3¥319A LU NWAELUU uniform Waglhuu gaussian Iagluidasauagvinnisdnerannnsalf bl

Youwn lagaunisilvesuisauulninaineyniaivssgiinsganediluguuuy uniform Aeaunisn
APWUAINNRIN Gauss’s law lnsanunsadisuseanyn lagil
A ox .
_ TmegRZ if |x|<R -
Xci -
circ A1 if |x|=R
2TeQx

diulunsiivesoun1aliusyaNnsea1eaLuy Gaussian T¥aun1399A UKUVLIAIN Poisson’s

equation laganusalsueanun lasall

General analytic approach:

A
oo exp(_gt;x?(:}_ﬂa$+l)
0 (a§+z)\/(a§+r)(a;+r)

o A
EXGauss — 7 4ne, X X X

3)
Round beams oy = 0y:

Exase = gz X (1 - 00 (—52) ) (4)

Tagauni1si (3) uduauni1snitAs1E R laensaazAoul Nz usou 0871915A01L BINLSIRNTEUN

1Y

wnglunsdli x waz y duwawiiu vieffedsusiadudnyaziinay sxilildaunisiiseuae

YuAINLANILUEUNIST (4)

uanand Tunsiin x way y daliviniu azaesdinisAngunisnsessunsaldauan dsluniae
#1175 Basetti-Erskein formula (5) #%4iin15141 Faddewa function (6) ¥aglun1saiuin lngaunis

[

fsudtedl
Basetti-Erskine equation approach:

£ — A x+iy . x(3)+v(2)
Ey 4 2co\/21r(o§—a§) [W (\’/Z(crf—af)) e ( 2);,3 20;) =W ( (5)

2(af—a})

w(z) = exp(—2?) [1 + 5—'; I e dt] A (6)

Tunmsnaaestislyaunisvaiilunsaunaauulni uagly PyPIC igniaulaeinidy

370 CERN wag GSI lnggnluiiienisawinauidluiisiewmada numerical wievinnisiuSeuiiey
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navasaunlviinanNmgug (AuinaInauns) kagaInNn1sdnaseie PyPIC memallailizendn

Finite Difference (PIC_FD) @atlundislu numerical technique vl Tunsdlnfivouin difleawanis
195 PIC_FD isgdsldfinisAnauaunisiiagiiunlalunisiuianfiansanveuiwn muidediaiu

(% v

LAHlaUYAISUVBINITNIUIGNTHATUVBULUA

4. NANSANBILAZAITILAT Zﬁ"UG%ﬁ

Distribution type: | uniform | Gaussian round | Gaussian elliptic
Free space analytic } analytic ] analytic
Closed boundary PIC FD

analytic = fast computation
PIC FD = slow computation

dmsunsdlii lddveulan (Free space) 15 U3 8 UMW BUNAIINANNITILATIZI AU numerical
technique WU31N13NSEANBYRIEYN1AT I UsEuUUALLaNe nuTmavesauwlii1fuianf
willousu Tusazfinsnszarefuuunddeudnauenurimelumsunaduidownanauns
Sufindafidurou 15139MI15ANNNTNTEIBUULINAY Y3eFNLNTBINTTNTYANLFAMULYY X UaE y i)
ANy FeRonnsluaunis Basetti-Erskein §9MUINHANISTNARDY ATIAIINWIANEDAAGEIIN
numerical technique LazAINNITIATIZAAIAUNT

Tunsdlvesnisiiveuian (Closed boundary) 151iansannsaifioyneiiuseqitinisnseaed

9

MeapakuuagNnenas wazvduduluwuiwnu y Inefiansunasnsain numerical technique @4

FliudaauindoUszqlildegyannans veuwsiuiinasoauiulih

5. YBLAUBLUZINURNAI%S UL TuaUIAR

UseihudAgussnsuilsanmsfneveasinae wiimada Finite Difference (FD) azazidunnnau
wanlyarlunisAnauiu daly anuneiedlusuianeradaduluiinismmgasi sz

AANeugns Bassetti-Erskine uiuSuusslviAnflsiavauiuname
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2.2 Yszaun1sain1sneu

#IWORN9U : Evolution of activity during and after the implantation of radioactive ions
(MswasunUasvasduiiunnmisdvasloosutuiunded Tu PMMA phantom)

AANNY WIENINUNU LusAT (wauila)

1. Snquseeen

Wemmuwuudaedunsinwnsdsunlawestuiunnmsdvesnsanenmsadselndnsou
(Positron Emission Tomography : PET) Tunisanglessuiudunssdveslelaln eendiau (Oxygen
sotopes) ba wn O uag 0 T avw 1 Tulu PMMA phantom (homogeneous polymethyl

methacrylate phantom)

%3

2. ﬁmuagmm&mmu
ms¥nuumSadedunidunnurimiglunisnisumg Bunsfnvdidenuenuasdugeu Wesn
uziSainddnvasivannvansuazdesnmsmsinwiiuaiouaziiussansnim dagtufimsianiuas
AuAt1IBNsSnuuzSegninaaniuinisleitnissnudsoynalusnou (Proton Beam
Therapy) wazlaoauniin (Heavy lon Therapy) Fadumafianissnefivaofinauwduglunig

a

Shwnazanauidemennidaidesouvialusianieves]Uie lewniunudnvaiiayisenin

(%
(Y I

Bragg’s Peak AgliUSinaigeanuiaaniu wnzdniunislalumsinuinouusSeiidsoginuarll
annsardald swddlidesnslisdinldnssnuetozaun Famssheni Bulsunntuludsene
sine 9 lulan wiegndlsfinalutsanelve SsldldSunnuieuvielaiustraunsmas uflnruala
wazausalalunsaumaluladd fawsididerliussansamlunssne uwidnedidyming
Aeatuszuun minia (Image-suided system) i liiaosuyiugunniin Faszuunmiaenisenenmn
Sadvosfine variueusguuisduriesaissed ierssinmunuiUasuulasgunss vuinauas
fumis Teinsiasuulasiionainainnsiieterrlusieneinsedeulmluvasimela wy
Uan, fiu uay seugnuann iudu JsagiliAnenuliusiuguaranUssansamussnssnuaeise
a¢ SaflarusidulunsiauniBmdlunsasessuun g tudmsunssneil

Tud 2020 aa1ulossunindieale 145:5uTA59015 BARB (www.gsi.de/BARB) 714133
satfuluiinisundymifind1nunnsdu aneldsiane ¢ Preclinical validation of real-time beam
visualization in heavy ion therapy using positron- emitting isotopes” Tuesnsmaassdidenin
The Fragment Separator (FRS) Inendnnisaenisludloouiiidususiunssd (Radioactive beams )
FafleaanssrzUanuaesindnsou (positron-emitting) s ie@nwnmanaIes PET 7idu

nsanenmssdnislndnseu lunisarelessunutunssdveslelalnuaisusu (Carbon Isotopes)
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lawn 1°C uag 'C uaz oondlau (Oxygen Isotopes) tawn 0 uag 0 nisitenloleunaniin @

Uaoulndnsou (positron emitters)

£
v

TuyhusaReInudl auddetaed

[

nUszasALilofnwinar A uuuTa0dlunsAninis
WasuwUasvestudunnnsidaeinisateninssdsienisuasslndnsou (Positron Emission
Tomography : PET) lunisanglessusuiunssdvedlelelnueandiau (Oxysen Isotopes) liwn 0
way 0 L{Jjﬂqf PMMA phantom (hormogeneous polymethyl methacrylate phantom, CsHgO») 714
AUy 1.18 g/cm® tieliinlalus g Susunn nged Gy poo wazimunayliiuiuey

Tiffuveyawenlisy Astun1sMsuNIsHidIusTaduius (Relative contributions, R) vasdiUdes

=3

ndnsou (positron emitters) 30 udsd1Agy I8N avUsviliunazAuiunsiidiusiaindivase
INFNTUNLANANAUAD N1SANBIITRUINITVBIAVBUSINA A LT URN NS IE LA LazNISWeN

drunsilidusiuveakiaziivasslndnsau
3. MU HATNANNITVINNU

3.1 The Fragment Separator (FRS)

a

FRS #1 GSI \{ua1uivinnisvaaesiaiuAnuardnn1sNIsnuves ateesuninil (secondary ion

Y

beam) @sluuillaaulalunisneasives °0 waz 0 nadulossunuiiunsidnuantanslndnsou

AINET gANARTWAN Projectile fragmentation vasdleaauUgund °O (primary ion beam) lng
dlevaulguglil gnisesunannIeseynia SIS-18 antuasintunsenut wesadeu (beryllium

Y Y

'
= ] =

product, “Be ) Aimanves FRS Favhlviiinlessuniniinang 1y Fauanafsning 1

Final focal plane of the symmetric branch of FRS ;

r,
O PMMA
phantom

Turget Chamber
Production target
e =48 glom?

Mid-focal plane

Al wedge degrader,
SCL TPCs I

|
'

f r | >ty !
1 Vg,

Quadrupole magnet I [ Dipole magnet ¥4

mwﬁ 1 WHUASUBITRINAADIVDY The Fragment Separator (FRS)

IngvaulnvensAnwiazegluyisgavinevesiomaass FRS Fa5unin Final focal plane

v

of the symmetric branch of FRS wandldnsnseunfidnuaziluduledidor anguasiiuldingg
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anineiiaziidlossuiiulelelnuveseendiau (oxysen) wiunldun 0, 0 uag 0 léian FRS
iU AT eilorn g L time projection chambers (TPC), ionization chambers (MUSIC),
Plastic scintillators (SCI) wa ionization chamber (IC) #snsfnsagunsaiivaiiazvieannant
Y098 1000UVULLAUNINIY 1YY enerey deposition, magnetic rigifity (Bp) wazsauda SCI ﬁgﬂ
Aastsansgunanl iilo¥nnuLANA9BdLIaN (time of fight, TOF) N3 ¥aimani svanansavily
Aan1sainuaNsAdy q 1¢ wuiarisgarienaudilessulnng PMMA phantom aggnineuiay
vosalesausienieaile IC Faluseninauuuazasves PMMA phantom agiiin3aainm (Positron
emission tomography, PET) ﬁﬁaamaﬁwﬁaﬁﬁmemﬁaa%wamwma%’aﬁ Tngazesuefiuiy

Tuihvedald

3.2 Positron emission tomography (PET) based range verification
InesialutaIaaunm (Positron Emission Tomography: PET) LuLa3 eediensaaidadeviiaunieiivia
nihfgeam$dnaeeninanglie eganuraunfvessioizuaziloidelusianig widwiu

Tuauil a1funstvalosaureiivasslndnsaunin1nsaBIndu (short half-life ) @ 9swiia

LY

Audunnnssdagnued PET 92119uudlnanuiu Bragg peak war fiddsslndnsouwnaiilinis

UanUasunudunninsed (activity) eg19fidedny 1Ho991nn158A1AT 0 AT d Uz ALAANIS

o

1% '
aa o

YanUaosnuiiunn1nsdido81957a157 Fuduvrennyinla taseany 101505197 nnaza18nIns9dle

9819595 N DAY

Dual-panel
IC PET scanner

Al 2 uans d1lesauvnzIARaUNHIWATRWR IC Lazlung phantom

Tusaefigilessusinunlvludobovesitan dansmaassily PM Phantom (1.18 ¢/cm?)
wiumsluileibesngn dlessuihuluasindoavesoznevluioiety wAnUFATNT
138171 nuclear fragmentation Faliiin projectile fragmentation e target fragmentation
Tneunsdruiinduanisassduiine duaesindnsau (positron emitters) Aoiloaanafazlel
synadniuin B violndnseusenun TnsAruuAnA1993d81 fragmentation 7D projectile

fragmentation agamsiinnusnazianislunisindeuiideswuuly uaegnelsinuainsiuees
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AUTUANINTIFNANTUIZNINTINERIAIUE TN T UTTUAY
dlelndnsounUaeeenuvuiudianaseuiioglndidedly phantom aziiliinnisusyée
Sianmsou-lndnsou (Electron—positron annihilation) Aen1siinlnaeussdunuu (gamma) 74

WA 511 keV isaaaiifian1anseiuvy 990 PET 921n1505333unsiinvesa Sadunusn

[
v A

nna1nn1sUsEasll

3.3 NN3EA19A2YINNLUNSIE (Radioactive decay)
nsaaneiiveesmiuiunad (Activity; A) azulsiulaensaiudnuitesnay (N) a vaiziian (1) 1o 9
A(t) =2 = —AN(®), )

In2

N(t) = Ny Exp[—At], A =

Ty/2

dlo N(t) Aeswnudileadvseeznauiina ¢t 1n 9
N, fedruuinlaaduieoznenfinansudu 1,
T,/ A® ARSI
t flo Wszuznadililadadnnsaans

A A9 ANANNINISEANYA

woAnIIUNMIAaNefveiuiunnmidnazaulnen1sane Sdaunsauanslameaunisitaoyius

X _IN+R=-
dt Ty,

In2

N+R )

1ne? R Ao implantation rate e N(t = 0) = 0 Fanegauibifiedsaiudunsd

agneun13Anesed AelanaRasveansunaunisiieeuiusee

N(t) =RM<1—Exp [—;“2 t]) 3)

In2 1/2

[ 1Y

9L ADANADINUDATINTAA8FIVDIN UL UNS AR

A(t) =R (1 — Exp [— In2 t]) (4)

Ty/2

NOANITUNITAAIOAVDIN UL UANTIA NITLNINNITALAUNUNITANETIE (¢ < tyy,) WAY

VRRINAUANNTNETIE (¢ = t;,) MU PM phantom, #sesunalagaunisseludl



26

RTl/2 1—E lnzt t<t
lnz xp T1/2 ’ irr

A® =4 T, In2 In2 ®)
Rm 1_Exp _mtirr Exp _T/Z(t_tir‘r') 4 tZtiT‘T

4. 35N15AHUY

nsfnwnsasunUasestusunnmisd lunudadlyaunisd 1 wee 5 laeleveyadildainnis
naaedluiuidoras Purushothaman et al Tnssgazidoad esdnvosvoyai awuansoglu
AMARUINTDIFIBNY B ATUT 829 07 3.2 W na178 ¢ projectile fragmentation way target
fragmentation Faunsauilintuaniaans fragments e shudesindnseu (positron emitters)
wazLiiesainesnUsznauves PM Phantom (target) o CsHeO, Iaedi A1suau (Carbon ,C) fia 1C
way 2anTuau (Oxygen , O) Ao 0 Wlefinnsan projectile frasments vasdlesay 0 agliilelay
AL Froghau 0 willmaidiniiduduly was BN fionansiataeels

yenani esnUsznauves Clu tarcet fidrurunnn § adululadavld 1C 10w target
fragmentation wiieafudloau ®0 wazd1Mansai projectile frasments 83 0 2ziilalyui
Huld wu 190 way BN uenaniidaillelalnudy o foradululd us PET ldanunsonsiadald uay
My 1C uaz °0 flunen target nmsfinnsanveduaanisiaznlelslnuidushudes

INFN5UNAU50M51IALS Aduandlun1s1an 1

Isotope | half-life [s]
o0 122.24
140 70.606
13 997.9
e 8 1221.8
. 19.29

A15797 1 ANTIUENIAIATITIN (T4 2) Vaslalauiiludaudesndnsou

4.1 msnsm%aga

91NY8yasUITE983 Purushothaman et al iflathundennsmazgnudaduaesyns Inevaausn
fevafiglosoutuiunisdazan (accumulation) Huiwlulu phantom wardnvasierasiilessy
wianihAnnsaanea (decay) 9nnnnsananaziiuldinlurrausniinuenlunisnidulaed
wnza (curve fitting) wansldsannd 5 uwiluwasiigesiamnsalvaunisd 1 lunsmdulae

winnzaulaviudl Tumuddaundgymluduusnlaenislynisnsesuuuidsegiu (median filter) Fadu
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wallalun13NT0ANBAUIATUNIN MTadyaInT lifdpIn1seanaNnmMuIadyqyn kasdanssny

YOUVDIF Y IUNTONINVULTNAUIAAUNIUME U WHIBYIINIINIINTBIVBYAAING1IRARILARINIING

5 69Ul

35004 1 —— Filterad data 'O
sdon —— Original data Y0 30001
2500 1
4
000 — £ 20001
1 3000 15001
c
3
S 1000 {
2000
500 {
1000 ol
0 500 1000 1600 2000 2500
0 Time
0 500 1000 1500 2000 2500
Time
o] ~—— Filtered data 10
2 —— Original data **0 20000
20000 15000 {
a
[}
8
1 15000
£ — 10000
3 10000
50001
5000
01
0 0 200 400 600 800
S - i — — — Time

0 200 400 600 800

AT 3 LAAIYOLANBUNIINTBINAENAINITNTBIBNNboRaY PO Uag 1O

4.2 msml,é'uif;qﬁmmzauLﬁau’f]ué‘f'umu%a%aga (curve fitting)

4.2.1 msvdulasianzandmduluyanisaaneda

nnsmasiuluive 4.1 Tnsveyadinaridunsnufusssewiuresudunnmisdly
wiagiUaaslndnsou (positron emitters) fins19¥ald i efiasusndivaselndnseuluusiay
Tolalnyuil seduslaflanduonelmumen @exponentiol function) Auanddensaanssluaunis (1) lu
mavidulasnaunisusiulfaenadostuteyaainnaaes Fsazanansnlszanmniminiines
Sudy A, warLensns1n5iU (count) vasusarlelelnuUld anduisinnisndennsiw nssurunisd
Tymsdeulanlusunsunie Python tnedenlalausid (i) tdun pandas, numpy, matplotlib,
Way scipy.optimize Bufuden1sinuaAiidniuasadin (Ty /) voslolalnusing o (Fapng79dl
1) %@QagﬂéﬁumﬂlWﬁ Excel ﬁﬁ%aganm (t) azdnsIN19HU (count) uaﬂmﬂﬁ%ayladauﬁmﬁagﬂ
naenludesndengosiiuaniamuunneseriweyantmaaesiarnsdulamIEIN TR NG
wazmasiildldfinsanlolslnuueia WemndnmmstuBudumuarapssiinfiduauly

4.2.2. msmidulpsiisunsaudmiuniaasag

Tuduneudlynszurunadeadufuiane 4.2.1 wiRansauisaesriauaylvreyafitim

NSEUIUNITNTBIIUININD 4.1 TneuauwsnAavIaidi loesuiusiumnssdasay (accumulation) kagdn
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umevslesoumraiiiinn1saaiad (decay) Tu PM phantom nsaessilvaunisy (5) Tumdu

TAIIANNZ AL LaZAILITAMIAINNSIIMDS R Awananeiule
5. HaN1sANEIUAEN1TIATIEVIVRYA

5.1 HAN1SNAABIIUYINITEARvsbopauNuTUNS9E

Data %0
140 (7.66% £ 2.94)
1IN (8.27% + 3.04)

150 (84.08% + 9.22)
—— 150 4 140 4 13y

Data **0O
—— 140 (82.78% £ 9.15)
13N (3.80% + 2.19)
11C (13.43% + 3.80)
—_— g 4 13y 4 11

Counts
g

. PRI LT P SO S PSS, I I Y |
T i N T I e

00 &0 100 1200
time [s] time [s]

AT 1 wanenTsiasuwlasnisaatenlvesnulunssdainatessu °0 wag 0

5. 2 wan1snaaedluvlslossuniuiunsdasautazyisilosauinn1saatena

E} _
g |
o 8
[+4
-
3 _| — Fit :
20x10 — 50 = 93.39(11)% 3000 — — Fit
1 — "0 =78.84(11)%
— "0 =3.84(14)% i
Tl 2500 | — "N =0.58(01)%
15 - —"'c =2.76(01)% "o -
£ t,, = 305.16(6) s @ — S =155(01)%
3 : ezl
o 10 — 8 1500 ir =1207.9(1) s
1000 —
5
500
0 | T | T 0 - R
0 200 400 600 800 0 500 1000 1500 2000
Time [s] Time [s]

ASINT 2 wanenTsAsURUaINNSETENLATNNTEA18AvaINuNUnSIERIna tesau PO wag ‘0

NN NHANITNAABIV IR Y dru§unisnsaaiail ﬁLﬁw«jmaamemﬁﬁwé’mu 511 keV
Wiy fannsansiadald Wesandasidanisineuvesnios PET 1wy geometry wagsensitivity
o8nslsAnu HanIvnaBsEaINsaLandndILvasiUaes InGnsouTiAntuld Tnouandldsnnge
2
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deleseususfunssd °0 uag *0 vazirg PM Phantom @sazvilviiiin projectile uas
target fragment 711u1n31 Sudelelelnunsofvdeslndnsou dwsudlesu 0 flelalnvi
a111500529 3089 nmA3 09 PET Teun 20, 10 waz 1IC wazdiafiwaninisidiusiuvesiavdes
In@nsou (Relative fraction, R) Tunmazlolalnuvindu 93.39(11)%, 3.84(14)% Lag 2.76(01)%
AIuERU wazdnsu 0 nulelelnuiinsiatalaldun 0, N, 1C uaz 2°C Taefinn R winfu
78.84(11) %, 0.58(01) %, 1.55(01) % uag 19.03(34) % audwu azdiuléin 1C nsrafanuldvs
aaslesauiuiunded °0 uaz 1“0 Fesmnindudesindnseuilidy fragments 7111910 target ot

fvaoalndnsoudiulnginain projectile

Implanted Identifiable Relative fraction

isotope Isotopes (%]
20 93.39(11)
B0 140 3.84(14)
ng 2.76(01)
0 78.84(11)
140 13N 0.58(01)
ng 1.55(01)
s 19.03(34)

A15199 2 nanIANdndIusIU (Relative fraction, R) Tuwsiazlalalnd

MnnsminsnsazauLaznsaaneinvestusundidanglosey 0 avdaunauiuléinauiy
vosa1losuiinnuiunusuazaulduyey denssunuiu o Aflanulduyveuisndnies
uanantl msAnwilldraasidilosouiiiung PM Phantom uiuuseLiies (continuous beam)
wilunisneaesasudunuuiad (pulsing dynamics) @slunissevaeinisanglossuasivisves

beam-off waz beam-on wagguuuuveiadl lldegluveuinnisinyilunsall

6. vaLauauuzRIRNdWEUNLATEluBuAR
1. iileanauiliiuiusuresteya 0 amrsiansainislusuuuulassadisvasiad (pulse
structure) wazAnuuLUsvsIINTatElasau (beam intensity fluctuations)
2. MaUsuUgafisdslun1siiasei coincident event wonfiufidu 4 Auiiuitseugn

Bragg %L“f]u%’%mil,t,ﬂﬂzwﬂumﬂwﬂ projectile WLae target fragment e
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a v = ¢ 1 Yo, v = v
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Chapter 1 : dunsgansuannii
a4 AEUINAT 06.34 1. ¥aaiue1iindi 23 nsngian Wunafimnsfsaunuuursaniise

a

(Frankfurt Airport) Tnefunssanausdugssagi (ne) - ussniiidn (wosiu) fiilousaumade
fos wmdnwal vie “tesswilen” nmafunndiituidalveiunn Wesnitdan agium
vi3o “fiu” Fadudn@nuiildiansaulasens GSI/FAIR T 2562 Idunduiauiudu andusen
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Auaziiaudulinsuin

dofsruran ntutusaliganiludadosniuadent ndomisdmadonasusseinia
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SUAT 1 (24 n.a. - 30 N.A W.A. 2566 )

Chapter 2 : azaediadle

wrfuusnvesduni lurariimdsesaunduiivdilswsuielufeniudiedle Weiiou
q adausn fnsnmenens yneulvinisdiousuiouguinn luraiinisamadeuasndnseu
mﬂﬁ?uﬁawwnm 14.00 u. Lé@JLLiﬂLﬁumiUﬁmEfluﬁ?ﬁﬁya Accelerators: from the source to the
target vaugWausseredadud widuuin 18 esamdutuusn wagluaufanssy
anngvesTudentsnuleduAnnesvesdaies ¢ udui UFnwiuidevesunazay

lulpssnsnimggToul

v
a

dunvid daulngidunisussens wuaduusseneisesar 1 99lus 30 uld
wazusTuagdnisaeuniafUa 1dun n1s Anlelusunsy ROOT il alalunisiinsgsiveya
Haoulanuin grelumsiasslusunsusaiandeulanuaznivhuuuinda uenaini luusasu
dlausseeafalaviedenisludeuvuiomaasiuaziniaadonis 4 wu lon source, UNILAC,
Main control, Green Cube waz FAIR tJudu luszuaredunand baluasae
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Wl nuiadeniveideiaula damiusnidndeurateuazlatudnseuluiiedsouies

ANA 2 NAINTTUVDIAUANN 2



32

Chapter 3 : OPPENHEIMER (27 n.A. W.A. 2566)

nNvgLo e “Uatuwraszidausungy” winisimaidnde J. Robert Oppenheimer
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Chapter 4 : fiousuiunenale Pedestrian rally in Darmstadt (29 1.A. W.A. 2566)
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AWl 4 Aanssu Pedestrian rally

UM 2 (31 n.A. 66 — 6 &.0. W.A. 2566)

Qe

Chapter 5 : N5I3UAUDNATY
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v v s o s

wdunsvesdun1ild Medical check lnaidun1snsivguain aeuaiudinsngilsanaly
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Chapter 6 : wiaulu

Y YV v d'

U7 W1uule s 30N aulny

Y

79071 Gorkem 1duv119sA wuduauled
fersualtuwssnarsserdoiuin ndsaninneldlduin Isuifuudeilsussersvieiu
Tneunfdleiaseduianssuvestu mnduninisiardusnseutuienludumils 011 EDEKA
Patschull 1 udous Ing wavdToedlWidonurnuie wu 1 odn, 01M15uny,
pUnsaididnnsedndiad eend, vuu uardu q udvaind eade AUsePIveanIniIfe

fhilsiunstey dnyansusnianmnnsalluusias Juneundulsusy

(X v = A o <

Fund andsannaunan wn antduladnisviuluniud ordunuluiiies iduasausn

7ogluliosauiienoudn alvainsigidunainig i e9anninisy iuanlnauind ey

¥ o+
= =) £ U 1

mﬂqmﬁ%yuﬁaﬂ’aﬁ Luisenplatz wazsinauludsanilsalalnduadag arniuduesnduetnmngy
Tnedsfiinetsuasads aelulsida 15 uiit osananidsalwdana ogvrsainandsalnd
Tndiulsausy Wnelanandumaiies 5 wil

Tursduniilasuviluside weu q fnsmewmdeiuuesiu uazgrefufngalusunsy

= U

Fafdnlallaniien uenannillaluiBuvuaiudnisaUiniieglng « Nindneae

N7 6 Nanssuluduanin 2



36

SUAT 3 (7 8.0, - 13 .0, W.A. 2566)

Aawiifissnisusseademuntusianswingu lusfave Plasma Physics with Intense
lon & Laser Beams, Hadron physics with Anti-Proton Il Wwaig Nuclear Structure and Astrophysics
Il (Experiments at the ESR) wazarntuiaaiussuins 15.45 u. Iiluid susuiemnaans FRS
Tnoldwaludrsratui ou q wazinmesiwaddaiusnneuwds de3ndunisnuniy

Lazlafes18aslARIANYDINITNABDIUINDITU

Chapter 7 : Buineaudse (7 4.0, W.A. 2566)
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UM 4 (14 d.0. — 20 .0, W.A. 2566)

TugadUn i d lunn Suldis udoulasesesieauuiediu JedesdsSnosadunnidi 7
wazlusswineduansid dn1sussened satunisdiauesulud sinendians (Scientific
Presentations) way n13Anly Latex dmsumsifeusiesu (Scientific Writing/ Latex Course)
Tuseduid oadu Tnenisanidu GSI T3Uuuuves Latex 7 1afvanysalliifoudos
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Chapter 10 : @uIuAW1 GSI (18 &.A. W.A. 2566)
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Chapter 11 : w‘%ﬂ%’quﬂﬁ Heidelberg (19 &.A. W.A. 2566)
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SUAT 5 (21 d.0. — 27 d.0. 2566)

Chapter 12 : Jusssuanitlsisssunn
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Chapter 13 : S189°UAUNTIMTNVEINSHASE
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Electric Field Computation from Particle
Distributions: A Study of Boundary Effects

Yaowaluk Buanill
Suranaree University of Technology, B6211066Qg.sut.ac.th

This study examines the influence of boundaries on electric fields arising from uni-
form and Gaussian particle distributions within accelerators like the SIS100 at FAIR.
Initial investigations were conducted without considering boundaries, progressing to
scenarios that incorporate boundary considerations. Findings highlight computational
challenges in Gaussian distributions and emphasize the importance of symmetrical

configurations in bounded settings.

The research underscores the necessity for effi-

cient field computation methods in real-world accelerator contexts.

1 Introduction

As the world of particle physics evolves, so do
the facilities designed to probe its mysteries.
The Facility for Antiproton and Ion Research
(FAIR) in Darmstadt, Germany, stands at the
forefront of this progress. One of FAIR’s promis-
ing components, the SIS100 accelerator, high-
lights the significance of boundaries, like vac-
uum pipes, in affecting the electric fields gen-
erated by charged particle distributions. This
study explores how electric fields, originating
from both uniform and Gaussian particle dis-
tributions, interact with boundaries similar to
those in accelerators. Initial investigations con-
sidered fields without boundary influences. As
the research progressed, the effects of these
boundaries were introduced and analyzed. The
primary focus of this work is on identifying effi-
cient methods for computing these fields, essen-
tial for real-world accelerator applications such
as the SIS100.

1.1 Research tools and repository

To lay the groundwork for this study, sev-
eral essential Python libraries were incorpo-
rated. PyPIC[1] serves as a pivotal tool, utilizing
the numerical particle-in-cell (PIC) algorithm:
given a charge distribution, represented by elec-
tric charge density p, the algorithm first inter-
polates onto a regular grid. The potential ¢ is
obtained by solving the discrete Poisson equa-

tion,

_£ (1)
€0

Vi =

where V? is the Laplacian operator and e
is the electric vacuum permittivity. Within
PyPIC, the FFT (Fast Fourier Transform)
[6] technique is employed for unbounded
charge distributions in free space. On the
other hand, the FDSW (Finite Difference
with Shortley-Weller) [5] technique is em-
ployed for bounded distributions, ensuring the
potential at the boundary on the grid ap-
proaches zero by modifying the discrete Pois-
son equation. Hereafter, we will refer to it sim-
ply as the Finite Difference (FD) method for
brevity. numpy is employed for various calcula-
tions, spanning mathematical operations to par-
ticle generation, while matplotlib aids in plot-
ting and data visualization. Following open sci-
ence and FAIR principles, the entire codebase,
results, and a concise overview of the work have
been made available via Ref. [2].

1.2 Importance of geometry

In accelerator physics, the importance of geom-
etry is widely recognized. This is highlighted by
the elliptical design adopted for the SIS100 ring.
A symmetric circular uniform disk was initially
investigated, before attention was directed to-
wards the more reallistic Gaussian distributions.



2 Free space considerations

2 Free space considerations

In the following analyses without boundary, we
denote e as the elementary charge and x and y
as the coordinates of the charged particles. For
simplicity and to align with typical 2d consider-
ations in accelerator beam dynamics, we assume
a uniform linear charge density A per unit length
(i.e., per meter).

2.1

The electric field produced by a uniform charge
distributed within a circular region of radius
R centered at (z,y) = (0,0) along the x-axis
was assessed. This was done using both the
Fast Fourier Transform (FFT) method from the
PyPIC library and an analytical approach rooted
in Gauss’s law. The resulting equation from
Gauss’s law, which describes the electric field
in terms of A and R, is:

Uniform charge distribution

lz| <R
lz| > R

(2)
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The electric field, computed along y = 0 (x-
axis), demonstrates consistent results between
the analytical approach given by Eq. (2) and
the numerical method, FFT. This congruence
can be observed in Fig. 1, where the fields from
both methods overlap. Adjacent to this repre-
sentation in the same figure, the circular uni-
form distribution with a radius of 0.02m is de-
picted on the right side.

2.2 Round Gaussian charge
distribution

The electric field arising from a Gaussian charge
distribution centered at (z,y) = (0,0) amounts
to
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Fig. 1: Electric field along the z-axis due to a uni-
form charge distribution, and the geometry of the
distribution
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where o, and o, represent the standard devi-
ations for the respective plane. For the round
case, the standard deviation of this Gaussian
distribution is set equal to the one of the uni-
form distribution, namely o,, = R/2, which
corresponds to 0.01 m.

y? )
2012/+t dt
(02 +1) (02 +1)

To compute the discrete electric field, we em-
ployed the PyPIC library and its associated FFT
method, similarly to the approach in section 2.1.
For the analytical approach, Eq. (3) provides a
direct method; however, the numerical evalua-
tion of this intricate integral is computationally
expensive. For the round beam case, the inte-
gral can be solved analytically [4]:

A r?
= Dmeor® T <1 — exp (—%2>> (4)

where 72 = 22 4+ 42, and ¢ denotes the standard
deviation of the Gaussian distribution.

The electric fields derived from Eq. (4) and
those computed using the FFT method show
strong agreement. Figure 2 presents these fields
alongside those from the linearized version of
Eq. (4) and a uniform distribution. Notably,
near the center of the distribution, the slope of
the Gaussian field is twice as steep compared to
the uniform distribution, while both approach
the same electric field at large amplitudes. The
geometry of the Gaussian charge distribution is
also depicted on the right side of the figure.
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Fig. 2: Electric field along the x-axis due to a round
Gaussian charge distribution, and the geometry of
the distribution



2.3 Asymmetric elliptic Gaussian charge distribution and Bassetti-Erskine formula 3

2.8  Asymmetric elliptic Gaussian
charge distribution and
Bassetti- Erskine formula

In the case of non-round elliptical Gaussian
charge distribution centered at (z,y) = (0,0),
the equation for the electric field of a round
beam (given by equation 4) becomes inapplica-
ble. An alternative approach would be to use
the integral form of the Gaussian distribution,
as represented by Eq. (3). However, this method
can be computationally intensive. The Bassetti-
Erskine method [7], which leverages the Fad-
deeva function,

w(z) = exp(—22) [1 LA

v Jo

offers a more computationally efficient electric
field expression®.

For the Bassetti-Erskine formula to be valid,
the standard deviations must differ, o, # oy.
Here, we consider o, = 1.50, with o, = R/2
set to 0.01 m. The computational region for
the FFT method is expanded accordingly to be
1.5 times larger in the x-plane compared to the
y-plane, creating an asymmetric computational
domain for the FFT.

Comparing the electric fields calculated using
both the semi-analytic Bassetti-Erskine equa-
tion and the numerical FFT method reveals
matching results for the elliptic Gaussian distri-
bution, as depicted in Fig. 3. Furthermore, by
referencing the results from Eq. (4) computed
using a round beam (from Fig. 2), it becomes
evident that Eq. (4) is not suitable for the case
of an elliptical charge distribution where o, dif-
fers from o,,.

et’ dt] . (5)

3 Boundary Considerations

In accelerators, the beams are confined in a vac-
uum pipe. The effect particularly of the SIS100
vacuum pipe on the electric field of the dis-
tribution is to be investigated. While studies
have been conducted on the SIS100 [3], the in-
fluence of the boundary has not been exten-
sively explored, making this study’s focus es-
pecially pertinent. For a more accurate simu-

I The Bassetti-Erskine expression reads
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Fig. 3: Electric field along the z-azis from a Gaus-
stan distribution in an ellipse shape is compared to
the one from a circular shape, and the geometry of
the ellipse shape distribution

lation of such environments, it is essential to
account, for these boundaries. One approach to
achieving this is by solving the Poisson equa-
tion with the stipulation that the potential is
set to zero at the boundary. The electric field
of the beam is thus distorted to be perpendicu-
lar to the boundary. The Finite Difference with
Shortley-Weller (FDSW) method, here abbre-
viated as the Finite Difference (FD) method,
available in the PyPIC package, is well-suited for
this task. While a symmetric boundary around
a symmetrically located distribution has no im-
pact on the electric field, asymmetric boundaries
or dislocated distributions can lead to substan-
tial distortions. For simulating these different
scenarios and demonstrating the distortion, the
FFT method is employed as a proxy for the open
boundary case, while the FD method gives the
correct result for a closed boundary. Here, we
consider round beams in a round pipe.

3.1 Uniform Charge Distribution

For the uniform charge distribution, we retain
the parameters previously defined in the un-
bounded scenario. The distribution has a set
radius of R = 0.02m, and the vacuum pipe,
serving as the boundary, has a radius of 0.1 m.
The charge distribution remains centrally posi-
tioned at (z,y) = (0,0).

The simulation results for this setup, along
with the accompanying geometry of the distri-
bution on the right side, are illustrated in Fig. 4.
Both FFT and FD results are congruent, which is

= (32) +iv(5) }
NeT——
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Fig. 5: Electric field along the z-awis due to a
uniform charge distribution with boundary with off-
set = — 0.04 m and the geometry of the distribution

expected given the symmetric arrangement of
the charge distribution inside the vacuum pipe.

Upon altering the chamber’s position down-
ward to y = —0.04 m, this symmetry is broken.
The resulting disparity between the FFT and FD
methods is evident in Fig. 5. This discrepancy
primarily emerges due to the asymmetry intro-
duced by shifting the vacuum pipe.

3.2 Gaussian Charge Distribution

For the Gaussian charge distribution, we again
adhere to the parameters set in the unbounded
context. Retaining these specifications, the
charge distribution is centered at (z,y) = (0, 0).

Results from our simulations, using these pa-
rameters, are showcased in Fig. 6. As with the
uniform distribution, there is an agreement be-
tween the FFT and FD computations due to the
symmetric placement of the charge within the
vacuum pipe.

Introducing asymmetry by adjusting the
chamber’s position to y = —0.04 m leads to vari-
ations between the FFT and FD results, as dis-
played in Fig. 7. Similar to the uniform distri-
bution, this difference is attributed to the dis-
tortion of symmetry caused by the chamber’s
displacement.
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Fig. 6: Electric field along the z-azis due to a Gaus-
stan charge distribution with boundary and the ge-
ometry of the distribution
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Fig. 7: Electric field along the z-axis due to a
Gaussian charge distribution with boundary with off-
set = — 0.04 m and the geometry of the distribution

4 Conclusion

For unbounded cases, we compared analytical
equations to the numerical FFT method. Uni-
form charge distributions proved straightfor-
ward, while Gaussian distributions presented
computational challenges due to the intricate
integral equation involved. For round distribu-
tions (0, = oy), the analytic formula yielded
consistency with FFT results. For elliptical dis-
tributions (o, # 0y), the semi-analytic Bassetti-
Erskine approach preserved this consistency.

Shifting to bounded scenarios with a vacuum
pipe, centered charge placements mirrored un-
bounded results. However, deviating from this
symmetry—Dby repositioning the pipe—revealed
the expected discrepancies between FD and FFT
calculations due to the distortion of the electric
field by the present boundary.

5 Outlook

One key takeaway from our studies is that while
the FD method is thorough, it is also computa-
tionally expensive. Therefore, future endeavors
could focus on deriving a semi-analytical for-
mula akin to the Bassetti-Erskine formulation
but tailored to include the boundary effect.
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Evolution of activity during and after the
implantation of radioactive ions

Nantana Monktata

Khon Kaen University, nantana.mon@kkumail.com

This study develops a model to study the time evolution of PET activity during and af-
ter the irradiation of positron-emitting isotope of oxygen, >0 and '* O Ions implanted
in a homogeneous polymethyl methacrylate (PMMA) phantom. During ion implanta-
tion, nuclear fragmentation occurs, primarily influencing positron yield via projectile
emission. Although not all positron annihilation events are detectable, our results ac-
curately represent relative positron emitter proportions. The results demonstrate that
the proposed model effectively captures the data when there are no fluctuations in in-
tensity during the ion implantation process. Further analysis is needed to differentiate
target and projectile contributions, considering pulsing dynamics during implantation

to reduce uncertainties.
1 Introduction

Building on the fundamental understanding
that charged particles moving through matter
interact with atoms, gradually losing energy.
However, their energy loss is not constant along
their path. Instead, the energy loss increases
as the particle slows down due to interactions
with the material’s electrons and nuclei. This
interaction depends on particle type, speed, and
material characteristics. The particle initially
loses energy relatively slowly, and then, as it
approaches a certain depth within the material,
its energy loss increases significantly. This re-
sults in a distinct peak in the energy deposi-
tion profile, where a higher amount of energy is
deposited in a localized region near the end of
the particle’s path which is referred to as the
Bragg peak. The Bragg peak has important im-
plications for radiation therapy, particularly in
proton therapy and heavy ion therapy Under-
standing the Bragg peak makes the control of
the radiation dosage to a specific depth possible,
which allows for the precise targeting of tumor
tissue while minimizing damage to surrounding
healthy tissue. Proton and heavy ion particle
therapy offers advantages over photon or elec-
tron methods thanks to a thinner Bragg peak,
which results in a narrower deposition range.

One of the major problems of particle ther-
apy is the lack of accuracy in the image guid-

ance systems. This is due to the inherent un-
certainties in the conversion from X-ray CT
data to particle stopping powers, ranges and
the anatomical changes leading to margin in-
clusion and potential harm to healthy tissues.
Accurate monitoring of this range is crucial
to ensure treatment effectiveness and safety.
Feedback is lacking during ion therapy, neces-
sitating precise planning. Anatomical changes
pose challenges. A solution being explored in-
volves feedback via image-guided ion therapy
with positron-emitting radioactive beams, align-
ing activity peaks with ion-beam ranges for en-
hanced accuracy. For this reason, there is a need
for the next generation of heavy-ion therapy fa-
cilities to provide therapy beams of short-lived
positron-emitters for in vivo beam visualization.

In the pioneering work at Lawrence Berke-
ley National Laboratory in the early 1980s, this
technique was first used as a low-dose probe
beam for pre-treatment localization of malig-
nant tissue prior to the heavy-ion therapy with
stable beams. At the early stage of ion-beam
therapy investigations at GSI, the scope of the
in-beam PET imaging using radioactive ion-
beam was investigated. Further developments
at HIMAC, Japan, are focused on the positron-
emitting isotopes of carbon and oxygen for ther-
apy [1, 2].

In 2020, GSI initiated the BARB project
(www.gsi.de/BARB), primarily aimed at pre-



2 Material and Methods

clinical validation of real-time beam visual-
ization in heavy ion therapy using positron-
emitting isotopes, alongside fundamental re-
search in this area [3]. As a part of this project,
experiments were performed with the fragment
separator FRS studying the evolution of the
PET image during irradiation with positron
emitters of carbon (1°C and ''C) and oxygen
(%0 and 50) [4, 5, 6]

The work outlined in this report is to de-
velop a model to study the time evolution
of PET activity during and after the irradia-
tion of positron-emitting isotope of oxygen, °O
Tons implanted in a homogeneous polymethyl
methacrylate (PMMA) phantom for PET imag-
ing studies.

2 Material and Methods

FRS at GSI where this experiment was con-
ducted is an in-flight secondary-beam facility.
Secondary beams of positron emitters of oxy-
gen were produced by projectile fragmentation
of the 0 ion beams accelerated by the SIS18
synchrotron and impinging on a beryllium pro-
duction target at the entrance of the FRS. Iso-
topically pure beams of *O was delivered to the
PET imaging setup. Details of the experiments
can be found in [5, 6].

2.1 Positron emission tomography
(PET) based range verification

The basic idea behind PET-based range veri-
fication involves utilizing a beam of positron-
emitters with short lifespans for therapy pur-
poses. The location of their PET activity peak
aligns closely with the Bragg peak, and these
positron-emitters emit significantly more activ-
ity. This results in the advantage of shorter
PET measurement times. As the ion beam
passes through the tissue, both the primary
beam ions and the atomic nuclei in the pa-
tient, undergo nuclear fragmentation reactions
respectively called projectile and target frag-
mentation. Some of these reaction products are
positron emitters. Projectile fragments retain
the velocity and direction of the projectile but
with some deviations. The overall positron ac-
tivity profile is composed of the contributions
from the positron-emitting projectile fragment
peaks superimposed on a plateau formed by
the positron-emitting target fragments. The ac-

tivity peaks resulting from the implantation of
positron-emitting therapy beams are expected
to match closely the corresponding ion-beam
range.

PET relies on the detection of coincident
511 keV gamma pairs produced in the anni-
hilation of positrons released in the decay of
positron-emitters. To understand the activity
profile and to assign the uncertainty to the range
information obtained, it is vital to know the rel-
ative contributions of positron emitters other
than the therapeutical positron emitter, espe-
cially the secondary fragments whose main con-
tribution is within the vicinity of the peak of
interest. The only method to estimate contri-
butions from different positron emitters is by
studying the time evolution of the overall activ-
ity profile and disentangling individual contribu-
tions using the known half-lives of the potential
candidates.

2.2 Radioactive decay

The rate at which a radioactive element decays
is expressed in terms of its half-life, i.e., the time
required for one-half of any given quantity of the
isotope to decay. The "activity” A(t), or the
number of decays per unit time of a radioac-
tive sample, can be expressed by the differential
equation:

_dN

Ay =~ v,
dt
e In2 (1)
N(t) = Nype A= ——
Tyo

Here, N(t) is the number of atoms present at
time ¢, and A is the decay constant. The decay
constant A and the half-life (,/2), which is the
time required for a quantity of the isotope to
reduce to half of its initial value.
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Fig. 1: Radioactive sample decay.



Decay behaviour of an radioactive sample ac-
cumulated by irradiation can be expressed by
the differential equation is shown in Fig. 1

dN In2
A(t)zﬁz—)\N—i—R:—%mN—i—R 2)

Where R is the implantation rate. Here the ini-
tial condition is N (¢ = 0) = 0, which signifies
that no radioactive nuclei exist before irradia-
tion. The solution of this differential equation

-l 52

The corresponding activity is given by

AW =R (1o HI/%D

The saturation activity A, is obtained when
the rate of implantation is equal to the rate of
nucleus decay, i.e., A; = A(t — 00).

sy
In2

N(t) =R

(4)

It can easily be shown that after an irradiation
time equivalent to 5 half-times of the activation
material, the obtained activity already accounts
for 97% of the saturation activity. If the sce-
nario involves the accumulation of a radioactive
isotope through an external process for a speci-
fied duration and data collection by the detector
occurs both during and after this accumulation,
as seen in experiments described by Kostlyleva
et al. and Purushothaman et al., the decay be-
havior of a radioactive sample can be described
by the following Eq.(5):
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Fig. 2: The decay behavior of a radioactive sample
during the accumulation through irradiation and af-
ter the irradiation is ended.
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3 Analysis

To test the model described by Eq.(5), we uti-
lized time evolution data recorded during coin-
cidence events of positron activity signals from
the high-energy run of 'O, as presented by Pu-
rushothaman et al. During this run, a 99.5%
pure secondary beam of O with an energy
of 307 MeV/u was implanted in a homoge-
neous polymethyl methacrylate (PMMA) phan-
tom (with a density of 1.18 g/cm®) for 312s. Co-
incidence events of positron activity signals were
accumulated over a total of 900 s. The positron
emitters considered for the analysis, taking into
account the chemical composition of the phan-
tom, are listed in Table 1. Positron emitters
with lifetimes shorter than 1°C are not expected
to be identified due to the experimental condi-
tions and their low production cross-sections.

The source data collected by the sensor setup
is in timestamp format, accurate to 1 millisec-
ond. The timestamps were binned into segments
of 100 ms, then curve fitted. The data can be
divided into two consecutive segments, the first
segment records during implantation and the
second segment records the decay of the isotopes
implanted and generated in the phantom. The
first segment features peaks that coincide with
beam-ON times, leading to a regular spiking in
the reading, whereas the later segment features
a simple decay curve that is immediately suit-
able for curve fitting. The rate increase during
beam-ON time can be attributed to the fast-
decaying positron-emitting projectile fragments
(e.g.%C, 12N, 130 with half-lives in the millisec-
ond range) produced within the phantom dur-
ing the stopping process as well as to prompt
g-emission from excited nuclear levels.

Curve fitting was performed for both sections
using slightly different processes to account for
the differences in the situation. Implantation
was performed in a pulsed mode with a cycle
time of 2.5 seconds (comprising 1.0 s of beam-on
time followed by a 1.5s beam-off period). Nat-
urally, this predictable behavior could be used



4 Results and discussion

Isotope | half-life [s]
B0 122.24
40 70.606
13N 597.9
e 1221.8
e 19.29

Tab. 1: The characteristics of positron-emitters isotopes considered for the analysis

to simply remove the data in the beam’s active
times. However, because of a lack of recording
of the beam timing signal, the next best solu-
tion was to filter this PET data directly. This
implantation segment was filtered using a mov-
ing median filter of a duration equal to the cycle
duration of the beam, and it removed any value
beyond 1 standard deviation of the moving me-
dian. This filtering works because the median
cannot be close to the peak values because the
spill time is shorter than half of the beam cycle.
To preserve the time information, a time axis
was made for the binned data, and the removal
of a data point by filtering also removed the cor-
responding time on the time axis. This filtering
approach avoids any guesswork that other kinds
of smoothing lead to. All data points that re-
main from the filtering originate from the orig-
inal binned data. The curve fitting can then
be performed on this filtered data. The curve
fitting made use of a piece-wise function where
the implantation and the decay behaviors were
modeled using a linear combination of exponen-
tial functions. The model function was fitted
using an iterative fitting model built into the
Python library. Given the number of possible
isotope candidates, the fitting was performed in
steps. The curve fit only needed to find the
initial value parameter of the exponential func-
tions as the half-lives of the isotopes should not
deviate significantly from literature values. A
curve fit was first obtained in the later section
of the decay curve, beyond 5 half-lives of the
shorter-lived isotopes. This provided a reliable
estimate of the initial amount for longer-lived
isotopes. These estimates were then provided
to the fitting tool, which further decreased the
uncertainty reported by the algorithm.

The Python code is designed to execute the
parameter fitting process using Python 3 for
data acquisition based on Eq.(5). This equa-
tion represents a superposition of exponential
decay components. The process assumes the

existence of specific isotopes, as mentioned ear-
lier, and aims to illustrate their initial count
rates. The code utilizes libraries such as pan-
das, numpy, matplotlib, and scipy.optimize. It
begins by defining constants for the half-life (T)
of various isotopes (see Table 1). It also defines
the exponential and decay functions necessary
based on Eq.(1) for the fitting process. Data
is read from an Excel file containing time and
count information. The data is then fitted to the
defined decay function using curve fitting tech-
niques. Coefficients representing initial counts
are calculated based on the fitting. The fitted
data and residuals are plotted on two subplots
within a single figure. The main graph displays
the original data and the fitted decay function,
while the residual subplot shows the difference
between the data and the fit. Subsequently, our
analysis led us to discard certain isotopes due
to their low initial count rates and shorter half-
lives, while incorporating others into the inves-
tigation.

4 Results and discussion

For simplicity’s sake, let’s begin by examining
the pure decay aspect of the activity profiles’
temporal evolution. In Figures 3 and 4, we can
observe the recorded time evolution data from
coincidental positron activity signals during the
high-energy run of *O and O.

In Figure 3, **O dominates initially, followed
by ®N and '?O. The percent of initial count
rates for 1°0, %0, and N are 84.08% + 9.22,
7.66% + 2.94, and 8.27% =+ 3.04. In Figure 4,
140 dominates, with minor contributions from
other isotopes. The percent of for 40O, N,
and 11C are 82.78% + 9.15, 3.80% + 2.19, and
13.43% =+ 3.80.

To improve fitting, a sequential approach is
suggested, starting with the longest-lived iso-
tope’s data and progressing to shorter-lived
ones.
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Fig. 3: the time evolution data recorded during co-
incidence events of positron activity signals from the
high-energy run of °O.
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Fig. 4: the time evolution data recorded during co-
incidence events of positron activity signals from the
high-energy run of **O.

The curve fitting model utilizing Eq.(5) and
given the number of possible isotope candidates
as shown in Fig.5 and Fig.6

Fig.5 and Fig. 6 depict the curve fitting per-
formed on this filtered data and compare it to
the number of possible isotope candidates ob-
tained previously. The fit to the data shows that
the isotopes are present in relative quantities, es-
pecially those that emit positrons. In the case of
140, it is observed that the evolution of activity
during and after the implantation of radioactive
ions exhibits beam intensity fluctuations, con-
trasting with %0, which shows minimal fluctu-
ation. When the ion beam is implanted in the
PMMA phantom, both the projectile and target
nuclei undergo nuclear fragmentation, resulting
in the production of lighter fragments. The pro-
duction yield depends on the cross-sections of
the processes involved.
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Fig. 5: The curve fitting performed on filtered data
for 13 0.
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Fig. 6: The curve fitting performed on filtered data
for 0.

The data used for the analysis presented in
this report is generated by implanting positron-
emitting isotopes of oxygen, specifically *O and
150, as described in [6]. Consequently, the
positron yield is primarily influenced by the
positron emission projectile itself. It’s impor-
tant to note that only a fraction of the 511 keV
gamma pairs produced in the positron annihi-
lation process are detectable, depending on the
geometry and sensitivity of the PET scanner.
However, the results obtained in this study accu-
rately represent the relative proportions of var-
ious positron emitters produced during the im-
plantation process. The outcomes of the anal-
ysis, as detailed in Section 3, are presented in
Table 2

The preliminary assumption is that the 'C
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Implanted Identifiable Relative fraction ~ and beam intensity fluctuations.
isotope Isotopes (%]
. 0 93.39(11) Acknowledgments
¢} 140 3.84(14)

e 2.76(01) This project has been successfully completed
0 78.84(11) with great satisfaction. I would like to ex-
10 BN 0.58(01) press my sincere gratitude to Dr. Sivaji Pu-
He 1.55(01) rushothaman, my tutor during the GSI sum-
10¢ 19.03(34) mer student program, for his guidance, clear ex-

Tab. 2: Relative contributions of positron-emitting
isotopes relevant for the implantation of **O and
0 beams to a PMMA phantom

component observed in the data is from the tar-
get fragmentation and the rest from the projec-
tile fragments. The data used in this report con-
sists of the total coincidence events recorded by
the PET scanner. A further refinement of sepa-
rately analyzing the coincidence events from the
plateau region and the region around the Bragg
peak will be a way forward to disentangle the
projectile and target fragmentation contribution
to a certain degree. Further, this study assumes
that the implantation was carried out using a
continuous beam. In reality, the beam operated
in a pulsed mode. Incorporating the pulsing dy-
namics into the model was beyond the scope of
this work. A comprehensive analysis process,
which considers the pulse structure of the im-
plantation as well as the intensity fluctuations
of the beam, would be necessary to mitigate as-
sociated uncertainties as observed in 14O data.

5 Conclusion

In this study, we developed a model to analyze
the time evolution of PET activity during and
after the implantation of positron-emitting iso-
topes in a PMMA phantom for PET imaging
studies.

Isotopically pure beams of O, >0 were de-
livered to the PET imaging setup, lons were
implanted in a PMMA phantom but signifi-
cant amount of lighter positron-emitting iso-
topes produced by nuclear fragmentation of
both the beam and the target can be identified.

The study assumed continuous beam implan-
tation but the beam in the experiment is pulse.
Pulsing dynamics were not included in the
model due to the study’s scope. To reduce un-
certainties in *O data, a comprehensive analy-
sis should consider implantation pulse structure

planations, and project instructions. I'm also
thankful to my fellow graduate student, Zixin
He, for their valuable assistance in clarifying
concepts and addressing my questions. My ex-
perience at GSI has been incredibly enriching,
and I'm grateful for this opportunity.
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