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Obsah
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Kapitola 1

Úvod

Tato práce vznikla na základě zapojeńı pracovǐstě Společné laboratoře optiky Univerzity

Palackého v Olomouci a Fyzikálńıho ústavu Akademie věd České republiky (dále jen SLO)

v projektu ATLAS v laboratoř́ıch CERN, který je jedńım ze čtyř základńıch experiment̊u

vybudovaných na Velkém hadronovém srážeči (LHC) [1]. V roce 2007 vznikla na SLO sku-

pina, která se začlenila do kolaborace projektu ALFA [2]. Tento detektor se až do roku 2023

nacházel v dopředné oblasti centrálńıho detektoru ATLAS a jeho ćılem bylo měřit lumi-

nozitu (intenzitu) protonového svazku LHC. V rámci tohoto projektu se skupina věnovala

předevš́ım modelováńı geometrie a fyzikálńı analýze za použit́ı dat vzešlých z kombinace

výstupu z detektoru ATLAS a ALFA [3, 4, 5].

V roce 2011 jsme jako skupina plynule přešli na vývoj detektoru AFP, který je do jisté

mı́ry nástupcem detektoru ALFA. Zprvu jsme se opět věnovali předevš́ım softwarovým

záležitostem v oblasti modelováńı detektoru. Postupně se těžǐstě naš́ı práce posunulo do

hardwarové části. Protože se pracovǐstě SLO specializuje na výrobu optických prvk̊u, stali

jsme se zodpovědnými za vývoj a výrobu optické části jednoho z d́ılč́ıch detektor̊u AFP,

detektoru času pr̊uletu odchýlených proton̊u ze srážek v centrálńı části detektoru AT-

LAS, zkráceně detektoru ToF (z angl. Time-of-Flight). Postupně jsme také převzali zod-

povědnost za vývoj a výrobu části elektroniky pro vyč́ıtáńı signálu z detektoru ToF a op-

timalizaci samotného fotodetektoru (fotonásobiče), která byla realizována v součinnosti

s výrobcem, společnost́ı Photonis, Inc. (USA). Ve všech zmı́něných aspektech naš́ı práce

jsme uplatnili moderńı metody modelováńı, pomoćı kterých jsme úspěšně směřovali cestu
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vývoje detektoru ToF. Modelováńı se t́ımto stalo nepostradatelnou součást́ı jeho vývoje.

Tato práce byla vytvořena na základech několika článk̊u uvedených v plném zněńı v části C

na konci textu. Ty tvoř́ı pouze část ze všech publikaćı, které vznikly během vývoje detek-

toru. Seznam těch publikaćı o detektoru ToF, na kterých je autor této práce veden jako

spoluautor, je uveden v Př́ıloze B.

V následuj́ıćı kapitole bude krátce představen projekt AFP včetně detailněǰśıho popisu

detektoru ToF. Hardwarové části detektoru bylo v minulosti věnováno dostatek publikaćı,

na které se tato kapitola odkazuje. Problematika modelováńı si zaslouž́ı uceleněǰśı popis

a daľśı kapitoly, které jsou těžǐstěm této práce, se věnuj́ı nejd̊uležitěǰśım aspekt̊um této

části vývoje. Fyzikálńı simulace popisuj́ıćı fyzikálńı motivaci pro vznik projektu AFP

nejsou součást́ı této práce, a jsou krátce zmı́něny v rámci představeńı projektu v následuj́ıćı

kapitole s odkazy na bližš́ı informace.
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Kapitola 2

Projekt AFP

2.1 Fyzikálńı motivace

Projekt AFP (z angl. ATLAS Forward Proton) spadá do dopředné oblasti detektoru

ATLAS v laboratoř́ıch CERN. Fyzikálńı motivace je detailně uvedena v [6]. AFP byl

navržen pro detekci difrakčńıch událost́ı při srážkách dvou proton̊u v interakčńım bodě P1

urychlovače LHC. Schématicky je situace znázorněna na Obrázku 2.1. Centrálńı detektor

(v tomto př́ıpadě ATLAS) je umı́stěn v okoĺı interakčńıho bodu (IP) urychlovače LHC.

Dopředná oblast detektoru je v př́ıpadě velkých detektor̊u ATLAS a CMS na urychlovači

LHC dlouhá přibližně 250 m na obě strany od IP. V této oblasti se na odchoźı trubici

urychlovače instaluj́ı dopředné detektory. Mezi základńı charakteristiky centrálńıch detek-

tor̊u je úhlová viditelnost produkt̊u srážek, tj. úhel rozptylu θ, pod kterým lze aktivńı část́ı

detektoru ještě zachytit trajektorii odchoźı částice. V částicové fyzice se, sṕı̌se než úhel

odchýleńı, použ́ıvá odvozená veličina pseudorapidity definovaná jako η = − ln[tan(θ/2)],

kde θ je úhel odchýleńı od p̊uvodńıho směru, tj. od osy svazku. Hodnota η = 0 odpov́ıdá

úhlu 90◦ od osy svazku a η = ∞ odpov́ıdá nulovému odklonu od svazku. Pro detektor AT-

LAS je nejvyšš́ı hodnota psudorapidity rovna ηmax = 4.9 [7]. Vyšš́ı hodnoty pseudorapidity

lze v tomto př́ıpadě měřit pouze dopřednými detektory.

Vysokoenergetické proton-protonové interakčńı procesy lze rozdělit do skupin podle

Obrázku 2.2. Při, obecně hadronových, srážkách na energetických škálách odpov́ıdaj́ıćıch

velikostem hadron̊u (1 fm) je coulombická interakce upozaděna a do popřed́ı se dostávaj́ı
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Obrázek 2.1: Schéma umı́stěńı centrálńıho detektoru v okoĺı interakčńıho bodu (IP) urych-

lovače s dopřednými detektory.

procesy spojené s elektroslabou a silnou interakćı, které lze popsat moderńımi metodami

kvantové chromodynamiky (QCD). Při těchto interakćıch docháźı obecně ke změnám

čtyřhybnost́ı zúčastněných částic, popř́ıpadě k jejich excitaci a rozpadu na fragmenty,

které hadronizuj́ı v nové částice. Ze zákon̊u zachováńı plyne, že součet čtyřhybnost́ı pro-
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Obrázek 2.2: Typy vysokoenergetických proton-protonových srážek. Prvńı čtyři se řad́ı

mezi měkké procesy a posledńı mezi tvrdé procesy.

dukt̊u srážky je roven součtu čtyřhybnost́ı vstupuj́ıćıch částic. Např́ıklad podle procesu na

Obrázku 2.2a plat́ı p1 + p2 = p3 + p4 apod. Kinematika těchto reakćı se popisuje pomoćı

Mandelstamových proměnných (invariant̊u):

s = (p1 + p2)
2 = (p3 + p4)

2

t = (p1 − p3)
2 = (p2 − p4)

2

u = (p1 − p4)
2 = (p2 + p3)

2

(2.1)

Veličina s je kvadrát celkové energie v těžǐsti systému srážky a t je kvadrát přenosu hyb-

nosti. Při dostatečně ńızkých energíıch interaguj́ıćıch částic docháźı pouze k jejich rozptylu

(ve které však neńı coulombická interakce dominantńı), Obrázek 2.2a. Nedocháźı při ńı
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výměně kvantových č́ısel, protože oba p̊uvodńı protony po interakci přežij́ı a jsou jen ne-

patrně odkloněny od svých p̊uvodńıch trajektoríı, a to v řádu mikroradián̊u. Souvisej́ıćı

změna veličiny t je v řádu stovek MeV2 [8] a závislost diferenciálńıho účinného pr̊uřezu

těchto interakćı na t exponenciálně klesá, tj. dσ/dt ∼ exp(|t|).

Vzhledem k takto ńızkým přenos̊um momentu hybnosti nelze pro popis těchto inerakćı

použ́ıt poruchovou QCD. Mı́sto toho se použ́ıvá od 60. let 20. stolet́ı Reggeho teorie [9],

která je založena na kvantově-mechanickém př́ıstupu s operátorem matice přechodu (tzv.

matice S). Matematický zp̊usob řešeńı odpov́ıdaj́ıćıch vlnových rovnic je založeno na

rozš́ı̌reńı čtyřhybnost́ı do komplexńı roviny a integraci přes tzv. Reggeho křivky v kom-

plexńı rovině. Reggeho teorie zavedla novou abstraktńı částici zvanou pomeron, která má

charakter částice vakua (s př́ıslušnými kvantovými č́ısly). Pomoćı této částice byl dobře

popsán účinný pr̊uřez těchto rozptylových proces̊u a to i pro vyšš́ı energie, kde účinný

pr̊uřez vykazuje lokálńı minima. Tento charakter rozptylu je podobný difrakci známé v

optice, proto jsou tyto procesy obecně označeny jako difrakčńı procesy.

S rostoućı energíı částic může docházet k uvolněńı energie dostatečné ke vzniku nových

částic v centrálńım systému (s ńızkou dopřednou složkou hybnosti), Obrázek 2.2b. Tento

proces se označuje jako centrálńı difrakce (CD) a obsahuje tedy jednak elastickou složku

(s vyšš́ım přenosem hybnosti t oproti čistě elastickému rozptylu) a také neelastickou

složku, kterou lze popsat poruchovou QCD. Protože oba protony procháźı interakćı beze

změn svých kvantových č́ısel, vysvětluje se proces přenosu energie z proton̊u pomerony

(výměna kvantových č́ısel vakua). Při stále se zvyšuj́ıćıch energíıch mohou nastat procesy,

při kterých docháźı k excitaci jednoho z proton̊u nebo obou proton̊u, která zp̊usob́ı jejich

rozpad (fragmentaci), Obrázek 2.2c a 2.2d. Tyto srážky se označuj́ı single difrakčńı (SD)

resp. double difrakčńı (DD). Fragmenty rozpadaj́ıćıch se proton̊u si zachovávaj́ı dopředný

směr trajektorie, a nejsou tedy detekované centrálńım detektorem. Přeživš́ı produkty se

však zř́ıdkakdy dostanou do některého z dopředných detektor̊u, což v př́ıpadě srážky typu

DD znamená, že je téměř neměřitelná. Difrakčńı procesy popsané Obrázky 2.2a-d spadaj́ı

do tzv. měkkých proces̊u, ve kterých se uplatňuje Reggeho teorie. Posledńı typ srážky

na Obrázku 2.2e je spojen s velkým přenosem hybnosti nad 1 GeV2. Při těchto srážkách

docháźı k disociaci obou vstupuj́ıćıch částic a k výměně jejich kvantových č́ısel za vzniku
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produkt̊u z jejich fragment̊u procesem hadronizace. Nedifrakčńı procesy představuj́ı hlavńı

oblast zájmu experimentu ATLAS.

Pro centrálńı difrakčńı proces a procesy spojené s disociaćı proton̊u (tj. SD, a DD) je

typický vznik mezer ve směrech trajektoríı odchoźıch částic, tj. mezer v pseudorapiditě.

Např́ıklad, v př́ıpadě single difrakce je celková invariantńı hmotaM vzniklých fragment̊uX

rovna:

M2 = (p1 + p2 − p3)
2 , (2.2)

Mezera v pseudorapiditě ∆η úzce koreluje s invariantńı hmotnost́ı s invariantńı hmo-

tou [10]:

∆η ∼ ln
M2

s
. (2.3)

Fyzikálńı motivace pro konstrukci detektoru AFP vyplývá z podstaty difrakčńıch

proces̊u, a t́ım je jejich měřeńı na vysokých hodnotách pseudorapidity, která je mimo

dosah centrálńıho detektoru ATLAS. Zahrnuje tedy měkké procesy s nižš́ım přenosem

čtyřhybnosti. Jedná se předevš́ım o procesy spojené se single difrakćı a centrálńı difrakćı [6].

Vzhledem k tomu, že SD srážky jsou relativně běžnou součást́ı interakćı v interakčńım bodě

(přibližně 10% z celkového účinného pr̊uřezu), je snadné zaměnit dva odchoźı protony ze

dvou r̊uzných difrakčńıch událost́ı. Proto se od počátku projektu AFP poč́ıtalo i s de-

tektorem času pr̊uletu těchto částic, aby bylo možné párovat protony zachycené na obou

stranách dopředné oblasti ze stejné interakce. Podrobný rozbor možnost́ı detektor̊u ToF

pro použit́ı v dopředné fyzice lze naj́ıt v [11]. Př́ıkladem fyzikálńı analýzy za použit́ı infor-

maćı s ToF je detekce axionu-podobných částic (ALP, zangl. Axion-Like Particles) [12].

2.2 Konstrukce detektoru

Poloha detektor̊u AFP je schématicky naznačena na Obrázku 2.3. Po obou stranách A

(z ang. Anticlockwise) a C (z ang. Clockwise) centrálńıho detektoru se na odchoźıch tru-

bićıch nacháźı po dvou detektorech AFP a to přibližně 205 m a 217 m od interakčńıho

bodu P1, konkrétně mezi kvadrupólovými magnety Q5 a Q6. Ze schématu je také vidět,

že předchoźı detektory ALFA se nacházely za magnety Q6. Na každé straně jsou nain-

stalovány dvě stanice. Ta bližš́ı k P1 se označuje NEAR a vzdáleněǰśı FAR. Podle strany
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dopředné oblasti jsou pak stanice označeny jako A-FAR, A-NEAR, C-NEAR a C-FAR.

Vlastńı detektory jsou umı́stěny v Ř́ımských hrnćıch, které jsou dlouhodobě osvědčenou

Obrázek 2.3: Schéma rozmı́stěńı detektor̊u ALFA a AFP v dopředné oblasti detektoru

ATLAS. Vzdálenosti jsou v̊uči interakčńımu bodu P1. Dipólové magnety jsou označeny

modře a kvadrupólové magnety červeně.

konstrukćı dopředných detektor̊u, Obrázek 2.4. Ř́ımské hrnce jsou ke stanici připevněny na

pohyblivém ústroj́ı, takže je možné dálkově precizně vysouvat hrnec s detektory do měř́ıćı

polohy směrem ke svazku nebo jej oddálit do parkovaćı polohy. V hrnćıch se rotačńımi

vývěvami udržuje vakuum v rozmeźı 100 Pa - 1 kPa, aby se sńıžil tlak na strany hrnce

přiléhaj́ıćı ke svazku v trubici LHC, kde je vysoké vakuum 10−8−10−9 Pa [13] 1. Nevýhodou

Ř́ımských hrnc̊u je omezený prostor pro detektory, které maj́ı takto k dispozici objem ve

formě válce o pr̊uměru 130 mm a výšce 135 mm. Důležitým prvkem konstrukčńıho řešeńı

pro AFP je odděleńı fotonásobiče od prostoru s ńızkým vakuem (tedy v podstatě mimo

hrnec) válcovým tubusem, aby nedocházelo k nechtěným výboj̊um kv̊uli napájećımu vy-

sokému napět́ı, Obrázek 2.4a. Pro vzdálené ověřováńı funkčnosti fotonásobiče jsou přes

tubus vedena čtyři optická vlákna z optického pulzru [14].

1Uvedené rozmeźı je platné v oblastech experiment̊u pro sńıžeńı signálového pozad́ı, v ostatńıch částech

je tlak přibližně 10−4 Pa [13].
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Obrázek 2.4: Detektor AFP: (a) schématické umı́stěńı v Ř́ımském hrnci, (b) pohled na

sestavu na př́ırubě hrnce s oddělaným krytem.

2.2.1 Křemı́kové detektory

Primárńımi měř́ıćımi prvky AFP jsou křemı́kové trasovaćı detektory (SiT), které se nacházej́ı

ve všech stanićıch AFP, Obrázek 2.5. Jejich úkolem je měřeńı trajektorie a hybnosti pro-

ton̊u odchýlených vlivem srážek v interakčńım bodě. Jsou tvořeny radiačně odolnými

křemı́kovými 3D senzory o velikosti sńımaćı plochy 20 × 20 mm2 s pixely o velikosti

50×250 µm2 [15]. Vyč́ıtáńı prob́ıhá přes čip FEI4, který je osvědčeným prvkem schopným

pracovat ve vysokém taktu přicházej́ıćıch dat při vysoké radiačńı zátěži [16]. V rámci jedné

stanice tvoř́ı jednotlivé senzory čtveřici skloněnou o úhel 13◦ kv̊uli zvýšeńı citlivosti jeho

odezvy a prostorového rozlǐseńı, které je 2, 8 µm ve směru od svazku [15].

2.2.2 Detektory času pr̊uletu částic

Detektory času pr̊uletu odchýlených proton̊u jsou umı́stěny pouze ve vzdálených stanićıch.

Pracuj́ı na principu tvorby Čerenkovského zářeńı, které je detekované pixelovým mikro-

kanálkovým fotonásobičem. Časové rozlǐseńı detektor̊u ToF je přibližně 20 ps [17]. Citlivá

optická část detektor̊u ToF je tvořena matićı 4 × 4 optických tyčinek z křemenného skla

9



(a) (b)

Obrázek 2.5: Křemı́kový detektor AFP: (a) detailńı pohled na skupinu čtyř vrstev detek-

toru, (b) pohled na vyč́ıtaćı čip FE-I4 [15].

(SK-1300 společnosti O’Hara) ve tvaru ṕısmene ’L’, Obrázek 2.6. Návrh a výroba celé této

optické části proběhla na pracovǐsti SLO.

Optická část detektoru ToF byla navržena tak, že měřená částice procháźı jednou

čtveřićı tyčinek. Tyto řady (čtveřice) se označuj́ı výrazem train a jednotlivé řady se

označuj́ı jako T1 (nejbĺıže ose svazku proton̊u), T2, T3, a T4. Tyčinky v každé řadě

se označuj́ı ṕısmeny A (prvńı v pořad́ı ve směru svazku), B, C, a D. Na tomto základě

se jednotlivé tyčinky označuj́ı 1A, 1B, apod. až 4D. Vněǰśı rozměry této optické sestavy

jsou 73,3 mm na výšku (ve směru od př́ıruby), 65,5 mm na š́ı̌rku, a 25,2 mm na hloubku.

Celá sestava tyčinek je pootočena o úhel 48◦, aby významná část Čerenkovova zářeńı byla

svedena po nejkratš́ı dráze do fotonásobiče, viz Obrázek 2.6b. Rozměry tyčinek pro prvńı

prototyp jsou zveřejněny v [18]. Každá tyčinka slouž́ı zároveň jako vyzařovač Čerenkovova

zářeńı (radiátor) a jeho světlovod do fotonásobiče. V mı́stě zalomeńı tyčinek se nacháźı

seř́ıznut́ı o úhel 45◦ a na vzniklé ploše seř́ıznut́ı je nanesena zrcadlová plocha z hlińıku [18].

Komplikovaný tvar tyčinek je dán omezeným prostorem uvnitř Ř́ımského hrnce a snahou

oddálit fotonásobič od svazku kv̊uli vysoké radiaci. Bližš́ı informace ke geometrii tyčinek

jsou podány v kapitole 5.

V prvńı verzi detektoru, byly tyčinky vyráběny tak, že jednotlivá ramena tyčinky se
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vyráběla zvlášt’ a v mı́stě spoje byly slepeny lepidlem s vysokou propustnost́ı v ultra-

fialové oblasti spektra (Epotek 305 [19]). Použit́ı lepidla mělo negativńı vliv na odezvu

(propustnost) tyčinek. Př́ıtomnost lepidla odfiltrovala část světelných pulz̊u pod 230 nm,

tedy v oblasti, kde se nacháźı značná část vytvořeného Čerenkovova zářeńı. Zvýšená ra-

diace nadále zvyšovala absorpci lepidla - v́ıce podrobnost́ı je uvedeno ńıže v následuj́ıćı

části. Lepeńım obou ramen nav́ıc docházelo k odchylkám od požadovaného výsledného

tvaru tyčinky, což se projevilo t́ım, že tyčinky nebyly precizně zarovnané v̊uči ostatńım.

Tento nedostatek byl sṕı̌se kosmetické povahy, na účinnost detektoru to mělo nepatrný

vliv. Postupně byla technologie výroby tyčinek na našem pracovǐsti změněna tak, že bylo

možné vyrábět tyčinky z jednoho kusu. T́ım se odstranily všechny uvedené nedostatky.

Předevš́ım propustnost se zvýšila až o 60 % [20], což umožnilo zvýšit účinnost detekce

a časové rozlǐseńı.

(a) (b)

svazek 48°

SiT

radiátory
1
2
3
4svazek

ABCD

vlnovody

oddělovací sklíčko

rovina hrany

fotokatoda fotonásobiče

Obrázek 2.6: Detektor ToF: (a) pohled na nainstalovanou optickou část, (b) geometrické

schéma, převzato z [17].

Geometrie tyčinek je nastavena tak, aby každá z nich vyvedla optický signál na je-

den z 16-ti pixel̊u (kanál̊u) mikrokanálkového fotonásobiče miniPLANACON XPM85112

společnosti Photonis [21], Obrázek 2.7a. Základńı parametry tohoto fotonásobiče jsou uve-

deny v Tabulce 2.1 a kvantová účinnost jeho fotokatody je na Obrázku 2.7b. Jej́ı hodnoty

jsou známe od 200 nm, ale očekává se, že je nenulová až do 160 nm (přibližná dolńı mez
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citlivosti bialkalického materiálu fotokatody). Pro potřeby simulaćı byl tedy nakonec zvo-

len pracovńı rozsah fotonásobiče 160 – 650 nm, přičemž v rozmeźı 160 – 200 nm byla

kvantová účinnost považována za konstantńı s hodnotou na vlnové délce 200 nm. Během

vývoje detektoru ToF jsme aktivně zasáhli do elektronické části fotonásobiče ve snaze op-

timalizovat jeho odezvu pro potřeby našeho detektoru [22]. Podrobněǰśı informace o těchto

změnách jsou uvedeny v kapitole 7 v rámci popisu modelováńı odezvy fotonásobiče.

(a) (b)

Obrázek 2.7: (a) Mikrokanálkový fotonásobič miniPLANACON XPM85112 společnosti

Photonis, (b) kvantová účinnost fotonásobiče (převzato z [18]).

PA-a
(inline)

Osciloskop
trigr

Svazek
SiT

MCP-PMT

Tyčinky

Napájení VN

Posuv X-Y

S2 S3S1

PA-b
(NIM)

CFD

CFD HPTDC TDAQ

Napájení NN
část zapojení pouze pro potřeby ověřovacích měření

Obrázek 2.8: Zjednodušené schéma měř́ıćıho řetězce detektoru ToF v AFP.

Obecné zjednodušené schéma zapojeńı detektoru ToF do měř́ıćıho řetězce je ukázáno

na Obrázku 2.8. Měřená částice po výstupu z trekru SiT procháźı jednou z řad tyčinek de-
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Tabulka 2.1: Parametry mikrokanálkového fotonásobiče miniPLANACON XPM85112

společnosti Photonis [21].

Parametr Hodnota/Popis

Materiál vstupńıho okénka syntetické křemenné sklo

Materiál fotokatody Bialkali

Struktura MCP 2 vrstvy, 10 µm póry, L:D=60:1

Struktura anody 4× 4, velikost pixelu 5, 8× 5, 8 mm2, rozteč 6,4 mm

Aktivńı plocha 25× 25 mm2

Prostorová uniformita max 2:1, typicky < 1.5 : 1

Čas náběhu pulzu 0,5 ns

Š́ı̌rka pulzu 0,7 ns

TTS max. 50 ps, typicky < 35 ps

Kolekčńı účinnost 0,6

tektoru ToF. V př́ıpadě ověřovaćıch měřeńı procháźı částice trojićı referenčńıch detektor̊u

ze SiPM s př́ıčným aktivńım pr̊uřezem 3× 3 mm2 [23]. Prvńı z nich, S1, se použ́ıval jako

trigr událost́ı pro detektor ToF. Pomoćı ř́ızeného posuvného stolku se vyb́ıraly jednotlivé

zájmové oblasti tyčinek.

Signál vytvořený tyčinkami a registrovaný fotonásobičem je dále ześılen dvěma stupni

předzesilovač̊u PA-a a PA-b. Jednotkou CFD (z angl. Constant Fraction Discriminator)

je dále převeden na logický pulz s náběžnou hranou, jej́ıž časová značka je následně

určena jednotkou HPTDC (z angl. High Precision Time-to-Digital Converter) a zpra-

cována systémem TDAQ (z angl. Tigger and Data AQuisition). Pro měřeńı na ověřovaćıch

svazćıch byl nejčastěji měřen výstup z PA-b, trigrovaný detektorem S1. V př́ıpadě inte-

gračńıch testech s použit́ım obou detektor̊u SiT a ToF bylo použito synchronizovaného

sběru dat z obou detektor̊u.
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Tabulka 2.2: Očekávané dávky ozářeńı a tok̊u částic v bĺızkosti urychlovače při luminozitě

100 fb−1. Převzato z [6].

Vzdálenost od svazku 5 mm 5 cm 70 cm

Tok proton̊u < 5× 1015cm−2 5× 1012cm−2 1× 1011cm−2

Ekvivalentńı tok neutron̊u < 3× 1015cm−2 3× 1012cm−2 5× 1010cm−2

Dávka < 700 kGy 200 Gy 50 Gy

2.3 Radiačńı odolnost detektor̊u AFP

Vzhledem k faktu, že se citlivé měř́ıćı části detektoru přibližuj́ı na vzdálenost pouze

několika málo milimetr̊u od osy svazku (tvořené nevychýlenými protony), je úroveň radiace

velmi vysoká [6]. Bližš́ı hodnoty očekávaných dávek a tok̊u částic na celkovou luminozitu

(intenzitu) svazku 100 fb−1 jsou uvedeny v Tabulce 2.2. Uvedená luminozita 100 fb−1

odpov́ıdá celkové luminozitě svazku LHC v roce 2017.

Radiačńı odolnost křemı́kových senzor̊u byla v minulosti úspěšně ověřena [24] a senzory

se použ́ıvaj́ı i v pixelovém subdetektoru IBL centrálńıho detektoru ATLAS [25]. Co se

týče detektoru ToF, radiačńı odolnost a životnost fotonásobič̊u XPM85112 byla měřena

r̊uznými skupinami v minulosti [26, 27]. Odolnost tyčinek i lepidla jsme proměřovali ve

spolupráci Ústavem jaderné fyziky Akademie věd v Řeži, která k tomuto účelu poskytnula

protonový svazek o energii 30 MeV na zdeǰśım cyklotronu [28]. K tomuto účelu jsme použili

kruhové vzorky o tloušt’ce 2 mm, některé z nich byly slepeny proměřovaným lepidlem (v

tomto př́ıpadě byla celková tloušt’ka skla tedy 4 mm). Vliv radiace byl sledován podle

poklesu propustnosti vzork̊u vlivem degradace skla a lepidla. Výsledky jsou znázorněny

na Obrázku 2.9. Odtud je zřejmé, že část tyčinek, která je velmi bĺızko svazku (tyčinky v

Trainu 1), kde je celková ročńı dávka nad 700 kGy, trṕı výrazným poklesem propustnosti.

Avšak již následuj́ıćı řady, které jsou vystaveny řádově nižš́ı dávce (přibližně 20 kGy),

nevykazuj́ı významný pokles propustnosti. Degradace lepidla je oproti tomu znatelná, viz

Obrázek 2.9b. Při dávce 20 kGy docháźı ke znatelnému poklesu propustnosti o 30% v

okoĺı vlnové délky 280 nm. Při započteńı spektrálńı odezvy fotonásobiče a spektrálńıho

rozložeńı Čerenkovova zářeńı (oboj́ı viz následuj́ıćı kapitola), byl celkový pokles po ročńım

běhu LHC v roce 2017 odhadnut na 11% při dávce 20 kGy.
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(a) (b)

Obrázek 2.9: Výsledky měřeńı radiačńı odolnosti optické části detektoru ToF: (a) pokles

propustnosti SK-1300 o tloušt’ce 2 mm, (b) pokles propustnosti SK-1300 s lepidlem Epotek

305 (celková tloušt’ka skla 4 mm). Dávka odpov́ıdá celkové luminozitě 100 fb−1. Převzato

z [20].

2.4 Závěrečné poznámky ke konstrukci detektoru ToF

Vı́ce informaćı o konstrukci detektoru lze nalézt v [29, 30], vybrané výsledky z měřeńı na

testovaćıch svazćıch v CERNu a DESY v [15, 31, 20]. Samostatnou praćı při vývoji de-

tektoru ToF představovaly fotonásobiče. Středem pozornosti bylo jejich časové rozlǐseńı v

závislosti na zisku a závislost jejich signálové odezvy na frekvenci přicházej́ıćıch pulz̊u [32,

22]. Během nasazeńı AFP mezi roky 2017 až 2023 byla funkčnost detektoru ToF ověřována

i př́ımo na svazku LHC. V roce 2017 trpěl detektor sńıženou účinnost́ı do 10% [33] z

d̊uvodu překročeńı nejvyšš́ıho povoleného akumulovaného náboje na fotonásobič́ıch, které

činilo až 20 C. To vedlo k poklesu kvantové účinnosti jejich fotokatod a k degradaci mik-

rokanálkových destiček.

V souladu s tématem této práce jsou následuj́ıćıch kapitoly věnovány otázkám mode-

lováńı nejd̊uležitěǰśıch část́ı detektoru ToF, tj. jeho optické části a odezvy fotonásobiče.

Tyto simulace sloužily jednak k vývoji geometrie detektoru, tak k odhadu jeho celkové

odezvy na výstupu fotonásobiče směrem k zesilovaćı elektronice. Následuj́ıćı část je bĺıže

věnována základńı problematice pr̊uchodu elektricky nabitých vysokoenergetických částic

materiálem včetně emise Čerenkovova zářeńı.
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Kapitola 3

Princip detektoru ToF - emise

Čerenkovova zářeńı

Jak již bylo zmı́něno v předchoźı kapitole, je detektor ToF založen na jevu emise Čerenkovova

zářeńı při pr̊uchodu proton̊u materiálem křemenného skla. Tento jev je dobře popsán

známou Frankovou-Tamnovou rovnićı. Z ńı mimo jiné plyne charakteristický spektrálńı

profil emitovaného zářeńı který je výrazný v ultrafialové oblasti a počet vyzářených foton̊u

klesá s druhou mocninou vlnové délky. Nav́ıc je světlo na dané vlnovou délce vyzařováno

pod specifickým úhlem vzhledem k trajektorii částice, který záviśı na indexu lomu prostřed́ı.

Na urychlovači LHC se v současné době (kampaň Run-3) využ́ıvá přednostně protonových

svazk̊u o celkové energii 6,8 TeV. Během vývoje se detektor ToF testoval na svazćıch částic

π+ o energii 120 GeV urychlovače SPS (Super Proton Synchrontron) v laboratoř́ıch CERN

a elektronech o energíıch 5 GeV v DESY u Hamburku. Odpov́ıdaj́ıćı hodnoty relativis-

tických veličin β = v/c (kde v je rychlost částic a c rychlost světla v vakuu) a Lorentzova

faktoru γ = 1/
√
1− β2 částic jednotlivých svazk̊u jsou shrnuty v Tabulce 3.1. Ve všech

př́ıpadech je β ≈ 1, jedná se tedy o vysokoenergetické relativistické částice.
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Tabulka 3.1: Hodnoty poměru rychlosti částic k rychlosti světla β a Lorentz̊uv faktor γ

pro svazky, které byly použity pro testováńı detektoru ToF nebo pro konečné použit́ı na

LHC.

Urychlovač typ částice klidová hmotnost Energie γ [-] 1− β [-]

LHC (CERN) proton 938 MeV/c2 6,8 TeV 7249 9, 52 · 10−9

SPS (CERN) π+ 139 MeV/c2 120 GeV 863 6, 70 · 10−7

DESY II e− 0,511 MeV/c2 5 GeV 9784 5, 22 · 10−9

3.1 Pr̊uchod energetických částic materiálem

Elektricky nabitá vysokoenergetická částice při pr̊uchodu materiálem interaguje s elektrony

(volnými nebo vázanými) a s atomovými jádry okolńıho materiálu. Jestliže je procházej́ıćı

částice mnohem těžš́ı než elektrony (např. protony, mezony π, atd.), jsou projevy interakćı

s elektrony a jádry atomů rozd́ılné. S ohledem na velmi malou velikost jádra, vyplňuj́ı

elektronové obaly atomů a molekul naprostou většinu prostoru materiálu. Lehké elek-

trony mohou při interakci s částićı odebrat značné množstv́ı energie aniž by významně

odchýlily částici s p̊uvodńı trajektorie. Oproti tomu, těžká atomová jádra zp̊usobuj́ı roz-

ptyl procházej́ıćı částice. Vzhledem k malým rozměr̊u jak jádra tak částice, je rozptyl

v téměř naprosté většině př́ıpad̊u elastický a omezený na malé rozptylové úhly. Těžké

částice o vysoké energii si tedy prakticky zachovávaj́ı svou p̊uvodńı trajektorii při pr̊uchodu

materiálem. Lehké částice jako elektrony nebo pozitrony interaguj́ı prakticky pouze s elek-

trony materiálového prostřed́ı. Při těchto srážkách rychle ztrácej́ı svou energii a docháźı

k jejich rozptylu. V d̊usledku toho jsou mnohem snadněji pohlceny materiálem.

Na Obrázku 3.1 je schématicky znázorněn elastický rozptyl částice P , pohybuj́ıćı se

rychlost́ı v podél osy z, na rozptylovém centru T materiálu (molekula nebo atom). Protože

se jedná o elastický rozptyl, je na straně rozptylového centra zprostředkován jeho elek-

tronovým obalem, který zp̊usobuje energetické ztráty procházej́ıćı částice a jej́ı rozptyl

(který je pro těžké částice nepatrný). Úhel rozptylu částice θ záviśı na kolmé vzdálenosti b

trajektorie částice od T , která se nazývá impaktńı parametr. Hodnota impaktńıho para-

metru je zdola omezena hodnotou bmin = h̄/(γmev) [34], kde me je hmotnost elektronu,

γ = 1/
√
1− β2 je Lorentz̊uv dilatačńı faktor, přičemž β = v/c je poměr rychlosti částice
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Obrázek 3.1: Schéma kolize částice p s částićı T materiálu.

v souřadnicovém systému T k rychlosti světla. S rostoućı vzdálenost́ı b postupně úhel roz-

ptylu klesá až při bmax = h̄γv/ϵexc klesne na nulu. Od této hodnoty výše tedy nedocháźı

k ovlivněńı částice p rozptylovým centrem T . Hodnota bmax záviśı na minimálńı efek-

tivńı excitačńı energii ϵexc materiálu, která je v př́ıpadě SiO2 (molekula křemenného skla)

120 eV [35].

Pro uvedený dvoučásticový systém P − T jsou hodnoty bmin a bmax srovnatelné s

rozměry atomů a molekul. Ve skutečné materiálovém prostřed́ı však docháźı k ovlivňováńı

procházej́ıćı částice P molekulami v okoĺı uvažované rozptylové částice T . Elektromagne-

tické pole vytvářené procházej́ıćı částićı zp̊usobuje v materiálovém prostřed́ı jejich polari-

zaci, a vzniklé dipóly zpětně ovlivňuj́ı pole generované částićı. Odpov́ıdaj́ıćı hodnota bmax

je tedy mnohem vyšš́ı než jsou atomárńı rozměry, zvláště pro vyšš́ı hodnoty γ procházej́ıćı

částice.

Elektromagnetické pole kolem nabité částice procházej́ıćı materiálem lze pospat př́ıslušnými

Maxwellovými rovnicemi, zde uvedené v mikroskopické formě a v jednotkách CGS:

∇ · E =
4π

ε
ρ ,

∇ ·B = 0 ,

∇× E = −1

c

∂B

∂t
,

∇×H =
1

c

(
4πJ+

∂D

∂t

)
,

(3.1)

kde E je intenzita elektrického pole, H intenzita magnetického pole, D elektrická indukce,

B magnetická indukce, ρ hustota volného náboje (vlastńı procházej́ıćı částici), a J hustota
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volného elektrického proudu. Přitom plat́ı materiálové vztahy: D = εE a B = µH, kde ε je

relativńı elektrická permitivita a µ relativńı magnetická susceptibilita prostřed́ı (relativńı

v jednotkách CGS). V daľśım textu je relativńı permitivita prostřed́ı označena pojmem

dielektrická funkce ε(ω), který odráž́ı závislost odezvy materiálového prostřed́ı skrze na

dopadaj́ıćı elektromagnetické zářeńı na jeho úhlové frekvenci ω.

Je-li náboj částice q a rychlost v, pak lze psát:

ρ(r, t) = qδ(r− vt) ,

J(r, t) = vρ(r, t) .
(3.2)

Ekvivalentně lze Maxwellovy rovnice vyjádřit pomoćı skalárńıho a vektorového potenciálu,

φ(r, t) a A(r, t), které jsou definovány vztahy:

B = ∇×A ,

E = −∇φ− ∂A

∂t
.

(3.3)

Dosazeńım rovnic (3.3) do (3.1) a použit́ım Lorenzovy kalibračńı podmı́nky

∇ ·A+
1

c

∂φ

∂t
= 0 , (3.4)

nabývaj́ı Maxwellovy rovnice tvaru nehomogenńıch vlnových funkćı:

∇2φ− 1

c2
∂2φ

∂t2
= −4π

ε
ρ ,

∇2A− 1

c2
∂2A

∂t2
= −4π

c
J .

(3.5)

Řešeńı těchto rovnic pro vyjádřeńı elektromagnetického pole vytvářené pohybuj́ıćı se

částićı se snázeji řeš́ı převedeńım Fourierovou transformaćı [34] do př́ıslušných Fourierových

obraz̊u φ(k, ω) a A(k, ω) (kde k je vlnový vektor, a ω úhlová frekvence):[
k2 − ω2

c2
ε(ω)

]
φ(k, ω) =

4π

ε(ω)
ρ(k, ω) ,[

k2 − ω2

c2
ε(ω)

]
A(k, ω) =

4π

c
J(k, ω) ,

(3.6)

kde ρ(k, ω) = q/(2π)δ(ω − kv) a J(k, ω) = vρ(k, ω). Fourierovy obrazy obou potenciál̊u

jsou tedy rovny:

φ(k, ω) =
2q

ε(ω)

δ(ω − kv)

k2 − ω2

c2
ε(ω)

,

A(k, ω) = ε(ω)
v

c
φ(k, ω) .

(3.7)
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Známe-li hodnoty φ(k, ω) a A(k, ω), dostaneme využit́ım vztah̊u (3.3) Fourierovy obrazy

elektrické intenzity a magnetické indukce:

E(k, ω) = i

[
ωε(ω)

c2
v− k

]
φ(k, ω) ,

B(k, ω) = i
ε(ω)

c
(k× v)φ(k, ω) .

(3.8)

Pro výpočet energetických ztrát částice P na rozptylovém centru T , které je v̊uči

částici ve vzdálenosti b, je potřeba určit složky elektromagnetického pole částice v kolmé

vzdálenosti b od jej́ı trajektorie:

E(b, ω) =
1

(2π)3/2

∫
k

d3kE(k, ω)eibkx ,

B(b, ω) =
1

(2π)3/2

∫
k

d3kB(k, ω)eibkx ,

(3.9)

Dosazeńım rovnic (3.7) a (3.8) do rovnice (3.9), jsou složky elektromagnetického pole

rovny [34]:

Ez(b, ω) =
iqω

c2

(
2

π

)1/2 [
1− 1

β2ε(ω)

]
K0(λb) ,

Ex(b, ω) =
q

v

(
2

π

)1/2
λ

ε(ω)
K1(λb) ,

By(b, ω) = ε(ω)βEx(b, ω) ,

(3.10)

kde K0 a K1 jsou modifikované Besselovy funkce nultého a prvńıho řádu a

λ2 =
ω2

v2
[
1− β2ε(ω)

]
, (3.11)

přičemž odmocnina výrazu na pravé straně je vybraná tak, aby faktor λ ležel ve čtvrtém

kvadrantu. Ostatńı složky elektromagnetického pole jsou v tomto př́ıpadě rovny nule, tj.

Ey = 0, Bx = 0, a Bz = 0.

Působeńım elektromagnetického pole částice docháźı předáńım části jej́ı kinetické ener-

gie na elektrony materiálového prostřed́ı podél jej́ı trajektorie. Ve vzdálenosti a od osy

trajektorie jsou ztráty rovny [34]:(
dE

dx

)
b>a

=
1

v

dE

dt
= −ca

2

∫ ∞

−∞
By(t)Ez(t)dt = −ca

∫ ∞

0

B∗
y(ω)Ez(ω)dω , (3.12)

Z výše uvedených vztah̊u vyplývá frekvenčńı závislost složek elektromagnetického pole

procházej́ıćı částice podle tvaru dielektrické funkce okolńıho materiálu. Tyčinky detek-

toru ToF jsou vyrobeny z křemenného skla (SiO2). Na Obrázku 3.2a je graficky uvedena
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závislost indexu lomu tohoto materiálu podle datového listu výrobce O’Hara (v rozmeźı

140-2500 nm) doplněné o výsledky v [36] v rozmeźı 90-140 nm, ze kterých je zřejmé, že

v okoĺı vlnové délky 100 nm docháźı k rezonančńı odezvě materiálu na p̊usob́ıćı elek-

tromagnetické pole doprovázené jeho zvýšeným útlumem. Extinčńı koeficient k zač́ıná

r̊ust už pod 170 nm, ale až pod 140 nm překroč́ı hodnotu 10−5, přičemž je nár̊ust velmi

strmý. Tuto vlnovou délku lze tedy považovat za hraničńı, pod kterou se stává SK-1300

prostřed́ım se zvýšenou absorpćı. Odpov́ıdaj́ıćı frekvenčńı závislost dielektrické funkce je

na Obrázku 3.2b.

(a) (b)

Obrázek 3.2: Optické konstanty křemenného skla SK-1300: (a) experimentálńı hodnoty

indexu lomu dle datového listu výrobce O’Hara (v rozmeźı 140-2500 nm) doplněné o

výsledky v [36] v rozmeźı 90-140 nm, (b) odpov́ıdaj́ıćı frekvenčńı spektrum dielektrické

funkce.

Faktor λ je komplexńı veličina závislá tvaru dielektrické funkce. Jeho d̊uležitou vlast-

nost́ı je, že je čistě imaginárńı, pokud je útlum prostřed́ı minimálńı. Jeho frekvenčńı

závislost je pro př́ıpad skla SK-1300 na Obrázku 3.11a. Červená oblast vyznačuje pra-

covńı oblast fotonásobiče pro potřeby detektoru ToF (viz též předchoźı kapitola 2.2.2).
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(a) (b)

Obrázek 3.3: (a) Spektrálńı závislost λ-faktoru pro sklo SK-1300, (b) součet λ+λ∗ vysky-

tuj́ıćı se v exponentu výpočtu vyzářené energie. Červená oblast vyznačuje pracovńı oblast

fotonásobiče pro potřeby detektoru ToF.

3.2 Čerenkovovo zářeńı v SK-1300

Emise Čerenkovova zářeńı odpov́ıdá energetickým ztrátám ve velké vzdálenosti od procházej́ıćı

částice. Pro |λa| ≫ 1 lze Besselovy funkce vyjádřit asymptoticky jakoKα(x) →
√
π/2e−x/

√
x

a vztahy (3.10) přejdou do tvaru:

Ez(b, ω) =
iqω

c2

[
1− 1

β2ε(ω)

]
e−λb

√
λb

,

Ex(b, ω) =
q

vε(ω)

√
λ

b
e−λb ,

By(b, ω) = ε(ω)βEx(b, ω) ,

(3.13)

Z podmı́nky |λa| ≫ 1 lze při znalosti λ-faktoru odhadnout minimálńı hodnotu impaktńı

vzdálenosti b, od které lze toto vyjádřeńı použ́ıt. Besselovy funkce K0 a K1 lze nahradit

uvedeným asymptotickým výrazem pro λb ≈ 2.5. Pro SK-1300 je min(|λ|) = 2, 6 µm−1.

Odtud plyne, že bmin muśı být alespoň rovno 1 µm.

Na Obrázku 3.4 jsou pro zaj́ımavost vykresleny frekvenčńı obrazy složek elektromag-

netického pole pro b = 1 µm ve skle tvořené procházej́ıćım protonem s γ = 7247 (tj. o

energii 6,8 TeV). Všechny složky vykazuj́ı silné oscilace reálných a imaginárńıch část́ı v

závislosti na frekvenci. S rostoućı frekvenćı roste hodnota imaginárńı složky λ s ńı i mı́ra
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(a) (b)

Obrázek 3.4: Frekvenčńı obrazy složek elektromagnetického pole vytvářeného protonem o

γ = 7247 (6,8 TeV) v křemenném skle SK-1300 (ve vzdálenosti bmin = 10−4 cm). Červená

oblast vyznačuje pracovńı oblast fotonásobiče pro potřeby detektoru ToF.

oscilaćı (ke stejnému jevu docháźı při rostoućım b). Od frekvence 1, 35·1016 Hz odpov́ıdaj́ıćı

vlnové délce 140 nm, kde nar̊ustá absorpce SK-1300, významně vzroste reálná složka λ-

faktoru, Obrázek 3.3a. To zp̊usob́ı vymizeńı složek elektromagnetického pole ve větš́ıch

vzdálenostech pro vyšš́ı frekvence.

Energii vyzářenou ve vzdálenosti a = bmin od částice lze odvodit dosazeńım vztah̊u (3.13)

do rovnice (3.12). V diferenciálńım tvaru je rovna:

dE

dxdω
=

q2ω

c2

(
−i

√
λ∗

λ

)[
1− 1

β2ε(ω)

]
e−(λ+λ∗)a . (3.14)

Graficky je spektrálńı závislost vyzářené energie uvedena na Obrázku 3.5a. V oblasti,

kde má faktor λ svou reálnou část bĺızké nule, je spektrum nezávislé na a, nebot’ součet

λ + λ∗ v exponentu rovnice (3.14) je roven nule, viz též Obrázek 3.3b. Nad hraničńı

frekvenćı se projev́ı rostoućı reálná složka tohoto součtu, která má za následek rychlý pokles

vyzářené energie směrem k nule, jak již naznačuj́ı frekvenčńı spektra elektromagnetického

pole (Obrázek 3.4). Odtud je tedy zřejmé, že ve skle SK-1300 se Čerenkovovo zářeńı emituje

od vlnové délky 140 nm. Obecněji lze konstatovat, že extinčńı koeficient k muśı být menš́ı

než 10−5, aby bylo možné pozorovat Čerenkovo zářeńı v makroskopickém měř́ıtku.

Vyjádř́ıme-li vyzářenou energii na konkrétńı frekvenci v počtu foton̊u N , tj. E = Nh̄ω,

můžeme z využit́ım vztahu dE=h̄ωdN a rovnice pro energii fotonu dEn = h̄dω vyjádřit
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(a) (b)

Obrázek 3.5: (a) Spektrum vyzářené energie protonem o γ = 7247 (6,8 TeV) v křemenném

skle SK-1300, (b) četnost emitovaných foton̊u Čerenkovova zářeńı. Červená oblast vy-

značuje pracovńı oblast fotonásobiče pro potřeby detektoru ToF.

emisńı spektrum v počtu foton̊u:

dN

dxdEn

=
q2

h̄2c2

(
−i

√
λ∗

λ

)[
1− 1

β2ε(ω)

]
e−(λ+λ∗)a . (3.15)

Graficky je spektrum četnosti emitovaných foton̊u znázorněno na Obrázku 3.5b. Odtud lze

integraćı přes pracovńı oblast detektoru ToF spoč́ıtat celkový počet foton̊u, které vzniknou

pr̊uchodem tyčinkou detektoru ToF. Efektivńı vzdálenost pr̊uchodu jednou tyčinkou je

přibližně 8,07 mm. Tomu odpov́ıdá celkový počet přibližně 1430 vyzářených foton̊u.

Z požadavku na hodnoty λ-faktoru se silně potlačenou reálnou složkou plyne, že ke

vzniku Čerenkovova jevu muśı platit λ2 < 0. Podle rovnice 3.11 je tato podmı́nka splněna,

pokud je imaginárńı (absorpčńı) složka ε(ω) nulová (v praxi velmi bĺızká nule) a β2ε(ω) >

1, tj.

v >
c√
ε(ω)

=
c

n
. (3.16)

Toto je známá podmı́nka vzniku Čerenkovova zářeńı, totiž, že rychlost částice v prostřed́ı

muśı být větš́ı než rychlost světla v tomto prostřed́ı. Vhledem k disperzi materiálového

prostřed́ı, je tato podmı́nka závislá na frekvenci. Protože v oblasti emise Čerenkovova

zářeńı plat́ı λ ≈ −i|λ|, je v rovnićıch (3.14) a (3.15) výraz −i
√

λ∗/λ ≈ −i · i = +1

a výraz λ+λ∗ ≈ 0, jak již bylo naznačeno výše (viz též Obrázek 3.3b). T́ım se obě rovnice
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zjednoduš́ı:

dE

dxdω
=

q2ω

c2

[
1− 1

β2ε(ω)

]
dN

dxdEn

=
q2

h̄2c2

[
1− 1

β2ε(ω)

]
,

(3.17)

což jsou dvě možná vyjádřeńı téže Frankovy-Tammovy rovnice.

Směr š́ı̌reńı Čerenkovova zářeńı je dán směrem Poyntingova vektoru E×B. Úhel směru

š́ı̌reńı v̊uči trajektorii částice je dán vztahem tgθc = −E1/E2. Použit́ım rovnic (3.13) lze

źıskat vztah:

cos θc =
1

β
√
ε(ω)

=
1

βn
. (3.18)

S rostoućı vlnovou délkou index lomu skla SK-1300 klesá, viz Obrázek 3.2a, t́ım klesá i úhel

emitovaného zářeńı θc, jak je to zřejmé z Obrázku 3.6a. V oblasti od 160–1000 nm se θc měńı

výrazně v rozmeźı 46◦−56◦, což se negativně projevuje na zp̊usobu vedeńı světelného pulzu

tyčinkami detektoru ToF. Detailněǰśı rozbor vlivu disperze je v následuj́ıćı kapitole. Pro

konstrukci detektoru zvolen úhel 48◦, který přibližně odpov́ıdá vlnové délce 300 nm. Tato

vlnová délka byla zvolena jako kompromis s ohledem na kvantovou účinnost fotonásobiče,

Obrázek 2.7b. Dı́ky symetrii jsou fotony v rovině kolmé na trajektorii částice vyzařovány

rovnoměrně (rovnoměrné rozděleńı úhl̊u φ projekce Poyntigova vektoru v rovině x − y).

Výsledkem je, že pro danou vlnovou délku tvoř́ı Čerenkovovo zářeńı kužel s vrcholovým

úhlem 2θc.

Pro zaj́ımavost je na Obrázku 3.6b uvedeno srovnáńı minimálńı celkové energie částice

ve svazćıch urychlovač̊u LHC, SPS, a DESY II pro vyvoláńı Čerenkovova jevu (viz též

Tabulka 3.1). Např́ıklad pro elektrony je jej́ı hodnota 0,690 MeV, tj. při klidové hmot-

nosti elektronu 0,511 MeV/c2 je jeho minimálńı kinetická energie 0,179 MeV pro vyvoláńı

Čerenkovova jevu v křemenném skle.

Na závěr této kapitoly je v následuj́ıćı Tabulce 3.2 uvedena celková bilance pro detektor

ToF při pr̊uchodu částic z výše uvedených urychlovač̊u (viz též Tabulka 3.1). Bez ohledu

na typ svazku (protože u všech plat́ı, že β ≈ 1) je celková vyzářená energie v jedné

tyčince přibližně 7 keV. Protože částice procházej́ıćı detektorem projde vždy jednou ze čtyř

řad detektoru se čtyřmi tyčinkami, ztrat́ı vyzářeńım celkem přibližně 28 keV. V oblasti

vlnových délek 160–650 eV se vytvoř́ı přibližně 1000 foton̊u.
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(a) (b)

Obrázek 3.6: (a) Úhel vyzařováńı Čerenkovova zářeńı v křemenném skle SK-1300 pro

částici s β ≈ 1 (zde proton o energii 6,8 TeV), (b) minimálńı celková energie částic svazku

urychlovač̊u týkaj́ıćıch se detektoru ToF pro AFP. Pro orientaci jsou nav́ıc zobrazeny

hodnoty v [MeV] na vlnové délce 300 nm.

Tabulka 3.2: Celková bilance vyzářených ztrát v detektoru ToF při pr̊uchodu jedné částice

svazku z urychlovač̊u LHC, SPS a DESY II.

Parametr Hodnota

Celková vyzářená energie (tyčinka/ToF) ≈ 7 keV/28 keV

Celkový počet vyzářených foton̊u (tyčinka/ToF) ≈ 1430/5720

Relativńı ztráta energie částice pr̊uchodem přes ToF

proton (6,8 TeV) 4 · 10−7 %

π+ (120 GeV) 2 · 10−5 %

elektron (5 GeV) 6 · 10−4 %

v rozmeźı vlnových délek 160–650 nm:

Celková vyzářená energie (tyčinka/ToF) ≈ 5 keV/20 keV

Celkový počet vyzářených foton̊u (tyčinka/ToF) ≈ 1000/4000
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Kapitola 4

Modelováńı v nástroji Geant4

Jádrem všech simulaćı, které jsou představeny v následuj́ıćıch dvou kapitolách, je software

který autor této práce vyvinul v modelovaćım nástroji Geant4 [37]. Předmětem této části je

pouze krátce představit tento nástroj. Na oficiálńıch internetových stránkách je k dispozici

několik dokument̊u, které bĺıže popisuj́ı zp̊usob jeho použit́ı stejně jako fyzikálńı pozad́ı

řešeńı problematiky interakce částic s hmotou. Zkrácený popis nástroje lze také nalézt

v [38].

Geant4 je simulačńı nástroj typu Monte Carlo. Jedná se o softwarový produkt vyv́ıjený

mnoha spolupracuj́ıćımi institucemi v čele s CERN, ESA (European Space Agency), SLAC

(Stanford Linear Accelerator Center) a HIP (Helsinki Institute of Physics). V současné

době je hojně použ́ıván vědeckými pracovǐsti zabývaj́ıćımi se problematikou fyziky vy-

sokých energíı (CERN, SLAC, Fermilab apod.). Umožňuje simulovat rozsáhlé experimenty,

které tato pracovǐstě realizuj́ı (např. projekt ATLAS, CMS, DELPHI) a pomáhat tak při je-

jich úpravách a odstraňováńı některých problémů. Geant4, v současné době ve verzi 11.2.1

(v roce 2024), je v podstatě knihovna tř́ıd v jazyce C++, jejichž použit́ım se vytvář́ı si-

mulačńı program ve formě spustitelného souboru. Každá z těchto tř́ıd implementuje určitou

specifickou část kódu simulace a jejich vhodným ”poskládáńım” a úpravami se v jazyce

C++ vytvář́ı kód určený pro danou simulaci. Otevřený kód zároveň umožňuje ve speci-

fických př́ıpadech editovat již existuj́ıćı implementaci (viz např. [39]).

Každá tř́ıda definovaná v Geant4 popisuje specifický problém spojený se simulaćı. Podle

toho je lze zařadit do jedné z následuj́ıćıch skupin (z pohledu autora této práce):
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• Řı́zeńı běhu simulace: kategorie tř́ıd vztahuj́ıćı se k ř́ızeńı běhu simulace a vytvářeńı

událost́ı,

• Řı́zeńı trasováńı: skupina tř́ıd, které ř́ıd́ı krokováńı (trasováńı) běhu simulace.

Sleduj́ı š́ı̌reńı všech částic existuj́ıćıch v daném kroku simulace a uplatňuj́ı na nich

relevantńı fyzikálńı procesy.

• Částice a materiály: tř́ıdy této skupiny umožňuj́ı specifikovat částice a materiály

použité pro konstrukci modelu detektoru. Samostatnou část́ı jsou tř́ıdy pro definici

magnetického pole v částech detektoru.

• Fyzikálńı procesy: tato skupina sdružuje tř́ıdy popisuj́ıćı všechny fyzikálńı procesy,

které se účastńı interakćı mezi částicemi.

• Geometrie a rozhrańı pro CAD: tř́ıdy spravuj́ıćı geometrii detektor̊u a vzájemnou

polohu jejich d́ılč́ıch prvk̊u. Geant4 obsahuje návrhář geometrických objekt̊u založený

na standardu ISO STEP, a je tak slučitelný se systémy CAD.

• Záznam dat: tř́ıdy v této kategorii pomáhaj́ı se sběrem dat a s uložeńım do vhodného

formátu podle potřeb uživatele, nejčastěji se jedná o formát ROOT [40].

• Vizualizace a uživatelské rozhrańı: tato kategorie zahrnuje tř́ıdy spravuj́ıćı vi-

zualizaci detektoru a trajektoríı částic a zadáváńı př́ıkaz̊u pro ř́ızeńı simulace. Dále

usnadňuj́ı komunikaci s ostatńımi softwarovými technologiemi, např. s databázovými

systémy OODBMS, MySQL apod.

Projekt simulace detektoru ToF se nacháźı na úložǐsti https://gitlab.cern.ch/nozka/-

AfpToF.git. Začal jako samostatný projekt, ale časem se velká část kódu přenesla do soft-

warového prostřed́ı Athena, oficiálńıho softwarového nástroje projektu detektoru ATLAS

na LHC. V současnosti projekt simulace obsahuje 40 soubor̊u s kódem jazyka C++ včetně

sedmi soubor̊u s kódem pro zpracováńı výstupu nástrojem ROOT. Celkově je projekt

tvořen přibližně 9500 řádky kódu.

Simulačńı program v sobě obsahuje experimentálńı hodnoty indexu lomu materiálu skla

SK-1300. Ostatńı specifikace materiálu pro potřeby modelováńı interakce částic svazk̊u
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LHC, SPS a DESY-II jsou součást́ı jádra nástroje Geant4 1. Co se týče modelu chováńı

fotonásobiče, simulace obsahuje experimentálně určenou kvantovou účinnost fotokatody

použitých fotonásobič̊u dle [41].

Simulačńı program umožňuje modelovat rozličné konstrukčńı varianty tyčinek optické

části [18] se snadným nastaveńım jejich geometrie. Jedńım z výstup̊u programu jsou pod-

klady pro technické výkresy jednotlivých tyčinek a soubory pro vizualizaci ve standardu

VRML. Stěžejńım výstupem jsou datové soubory formátu .root, který se běžně použ́ıvá v

částicové fyzice. Datové soubory poskytuj́ı rozličné záznamy týkaj́ıćıch se tvořeným pulz̊u

Čerenkovova zářeńı, zásah̊u foton̊u fotokatodou fotonásobiče a daľśı podp̊urná metadata.

V následuj́ıćı kapitole jsou veškeré výstupy vytvořeny makry nad těmito výstupy.

1Pro tyto účely je nutné zadat složeńı materiálu a jeho hustotu.
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Kapitola 5

Š́ı̌reńı světelného pulzu optickou

části detektoru ToF

Jak plyne z Obrázku 2.6 na straně 11, je optická část detektoru ToF postavena do cesty

odchýleným proton̊um tak, že každá z těchto částic procháźı vždy právě jednou ze čtyř řad

tyčinek, které se označuj́ı T1, T2, T3, a T4 (zkratka z anglického slova Train). Nejbĺıže se

ose svazku LHC (svazek nevychýlených proton̊u) přibližuje řada T1. V dané řadě částice

postupně procháźı čtyřmi tyčinkami A, B, C, a D, tj. v př́ıpadě řady T1 jsou to tyčinky 1A

– 1D apod. pro ostatńı řady. Každá z tyčinek má tvar ṕısmene L. Jeden konec tyčinek je

seř́ıznut o referenčńı Čerenkov̊uv úhel 48◦. Odpov́ıdaj́ıćı rameno tyčinky se označuje jako

radiátor. Seř́ıznutá hrana radiátoru se označuje jako hrana tyčinky. Naproti tomu druhá

část tyčinky dosedá na fotonásobič a nese označeńı světlovod. Každá z tyčinek má své

jedinečné rozměry tak, že seř́ıznuté hrany tyčinek lež́ı v jedné specifické rovině, která nese

označeńı rovina hrany detektoru.

V mı́stě zalomeńı tyčinek jsou tyčinky seř́ıznuté v úhlu 45◦ a na seř́ıznuté ploše je

nanesena odrazná vrstva hlińıku zaručuj́ıćı odraz světla do světlovodu. V tomto stan-

dardńım uspořádáńı maj́ı tyčinky v obou ramenech př́ıčný pr̊uřez 5 × 6 mm2 (š́ı̌rka

5 mm z pohledu přicházej́ıćı částice), takže délka trajektorie částice v jedné tyčince je

6 mm/sin(48◦) = 8, 07 mm. Rozměry tyčinek se v pr̊uběhu let do určité mı́ry měnily,

v Př́ıloze A jsou uvedeny výrobńı výkresy tyčinek určené pro posledńı nasazeńı na LHC

v kampani Run-3 (2022 – 2025). Největš́ı tyčinkou je 1A jej́ıž délka ramen je 65,5 mm
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(radiátor) a 73,3 mm. Naopak nejkratš́ı tyčinkou je 4D s rozměry 29,3 mm a 62,0 mm.

Každé tyčince optické části detektoru ToF odpov́ıdá podle návrhu jeden pixel fotonásobiče

o rozměru 5, 8×5, 8 mm2, který primárně detekuje světelný pulz vycházej́ıćı z dané tyčinky.

V daľśı části textu se pixely odpov́ıdaj́ıćı dané tyčince označuj́ı př́ıponou ’P-’ ke značce

tyčinky, např. P-1A apod.

Ve specifické geometrii tyčinek podstupuje emitované světlo sérii odraz̊u na jejich

stěnách a poté dopadá na fotokatodu fotonásobiče. Ačkoliv lze analyticky vysledovat tra-

jektorii jednotlivých foton̊u [42], je pro komplexněǰśı popis vhodněǰśı modelováńı vhodným

softwarovým nástrojem typu Monte Carlo, jakým je nástroj Geant4. V následuj́ıćıch

částech této kapitoly jsou použity výsledky simulaćı v tomto nástroji. Většina z nich byla

publikována v rámci autorských publikaćı věnovaných vývoji detektoru ToF. Simulace byly

určené ke srovnáńı s experimenty na urychlovači SPS a DESY-II, ve kterých byl použit re-

ferečńı trigrovaćı detektor s akceptanćı 3×3 mm2, viz též Obrázek 2.8 na straně 12. Proto

byl během modelováńı použ́ıván simulovaný svazek s odpov́ıdaj́ıćım čtvercovým př́ıčným

pr̊uřezem.

5.1 Š́ı̌reńı světelného pulzu tyčinkou ToF

Odchýlené protony vstupuj́ı do tyčinky v určité vzdálenosti od jej́ı hrany, Obrázek 5.1a. V

závislosti na vlnové délce se pod r̊uznými úhly š́ı̌ŕı z trajektorie částice fotony Čerenkovova

zářeńı, kterých připadá přibližně 1000 na každou tyčinku. Část z nich se na druhý konec

tyčinky dostane př́ımo přes odraz v mı́stě zalomeńı, část nich se do fotonásobiče dostane

několikanásobným totálńı odrazem o stěny tyčinek, Obrázek 5.1b. Tyčinky řad T1 a T2

jsou nav́ıc vybaveny dodatečným zkoseńım o 18◦, Obrázek 5.1c, který část světelného

svazku směruje př́ımo k fotonásobiči. Uvedený úhel zkoseńı byl stanoven na základě mo-

delováńı. Podrobněǰśı informace lze nalézt v [18]. Vedleǰśım d̊usledkem dodatečného úkosu

je sńıžeńı š́ı̌rky radiátoru tyčinky. Pro tyčinky určené pro Run-3 je toto sńıžeńı na 3 mm

v řadách T1 a T2. Toto zúžeńı je částečně vykompenzované širš́ı řadou T4 (5,5 mm). Jed-

notlivé konfigurace tyčinek pro r̊uzná nasazeńı se rozlǐsuj́ı právě š́ı̌rkou jednotlivých řad.

Např́ıklad pro testovaćı měřeńı byly p̊uvodně vyrobeny tyčinky v konfiguraci (postupně

31



od T1 k T4) 2-5-5-5 mm. Pro kampaň LHC Run-2 (2015 – 2018) to byla konfigurace 2-

4-5-5,5 mm (lepené tyčinky). V následuj́ıćım jsou diskutovány výsledky modelováńı nad

konfiguraćı nelepených tyčinek 3-3-5-5,5 mm určenou pro posledńı instalaci na urychlovači

LHC (kampaň Run-3).

(a)

radiátor

odrazná plocha
(zrcadlo)

světlovod

úkos (taper)
odrazná plocha
(zrcadlo)

radiátor

světlovod

(b) (c)

48°

Obrázek 5.1: (a) Vizualizace emise Čerenkovova zářeńı v simulačńım nástroji Geant4, (b)

detail postupu optického signálu přes standardńı zalomeńı tyčinky př́ımo (modré šipky)

nebo totálńım odrazem (černé šipky), (c) totéž s př́ıdavným úkosem.

Jak je patrné z Obrázku 5.1a, část vzniklých foton̊u postupuje k hraně tyčinky, kde

se odraźı a postupuje směrem k druhému konci. Avšak část z nich opust́ı tyčinku dř́ıve,

než dosáhne hrany a vstouṕı do následuj́ıćı tyčinky, kde se odraźı od jej́ı hrany a směřuje

druhou tyčinkou, Obrázek 5.2a. V závislosti na vzdálenosti trajektorie částice od hrany

tyčinky, může část foton̊u proniknout až do vzdáleněǰśıch tyčinek a stát se součást́ı signálu

z těchto tyčinek nebo zcela opust́ı optickou část detektoru ToF. Mı́ra zastoupeńı ”para-

zitńıch”foton̊u v tyčince je patrná na př́ıkladu tyčinky 1B na Obrázku 5.2b [31], která

přij́ımá část foton̊u emitovaných v tyčince 1A. Zde je třeba poznamenat, že výsledky v

tomto grafu jsou založeny na použit́ı svazku částic o čtvercovém př́ıčném pr̊uřezu disku-

tovaném výše. Vzdálenost svazku v simulaci byl nastaven tak, že vzdálenost́ı od svazku

na ose x se mı́ńı vzdálenost bližš́ı hrany svazku. Střed svazku je o 1,5 mm dál od hrany.

Důvodem bylo sladěńı s experimenty a zachováńı statistiky nab́ıraných dat.

Z grafu vyplývaj́ı dvě skutečnosti. Za prvé, s rostoućı vzdálenost́ı částice od hrany

tyčinky klesá počet foton̊u, které doraźı na konec světlovodu (k fotonásobiči) v téže tyčince,

přičemž od 4 mm se tento pokles zastav́ı. Za druhé, největš́ı pod́ıl parazitńıch foton̊u z
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Total photons

Obrázek 5.2: Optický pr̊usak mezi tyčinkami v rámci téže řady v bĺızkosti hrany tyčinky:

(a) vizualizace v nástroji Geant4, (b) relativńı př́ıspěvek parazitńıch foton̊u z tyčinky 1A

v tyčince 1B (převzato z [31]).

předchoźı tyčinky nastává ve vzdálenosti 3 mm od hrany detektoru (střed svaku 4,5 mm

od hrany). Poté s rostoućı vzdálenost́ı jejich pod́ıl klesá, protože přecházej́ı až do daľśıch

tyčinek v řadě. Z obrázku je také patrné, že největš́ı počet foton̊u se dostane k fotonásobiči,

pokud se trajektorie částice nacháźı v bĺızkosti hrany tyčinky (zelená křivka v grafu).

K optickému pr̊usaku částečně docháźı i na druhé straně tyčinek. V oddělovaćım skĺıčku

o tloušt’ce 2,9 mm mezi tyčinkami a fotonásobičem část foton̊u přejde do prostoru, který

spadá po pixel fotonásobiče přiléhaj́ıćı jedné ze sousedńıch tyčinek. Tento optický přeslech

zp̊usobuje registraci světelných pulz̊u i do pixel̊u sousedńıch řad (kudy částice neprocháźı).

Důsledkem obou optických pr̊usak̊u je chováńı tyčinek z hlediska vedeńı světla silně

provázané a to předevš́ım v rámci dané řady, jak je ukázáno na př́ıkladu 1. řady v souhrnné

Tabulce 5.1 pro vzdálenost částice 5 mm od hrany tyčinek. Z tabulky je patrné, že z 1000

emitovaných foton̊u pouze 18–19 % foton̊u vytvořených tyčinkou dopadne na odpov́ıdaj́ıćı

pixel fotonásobiče. Přibližně 10 % foton̊u přijmou následuj́ıćı dvě tyčinky. Do ostatńıch řad

proniknou 2–3 % foton̊u. Zničeno nebo pohlceno je přibližně 70–80 %vytvořených foton̊u.

Do detektoru se dostane přibližně 30 % emitovaných foton̊u z tyčinek A, B a C, a 20 %

foton̊u vytvořených v tyčince D. S přibližuj́ıćı se vzdálenost́ı částice k hraně tyčinek stoupá

množstv́ı foton̊u dopadaj́ıćıch na pixel odpov́ıdaj́ıćı tyčince kde byly vyzářeny, konkrétně

na hraně tyčinky je to 29 % a pouze 5 % přecháźı a zužitkuje se v sousedńıch tyčinkách.
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Přibližně 60 % foton̊u je ztraceno. Z celkového počtu 1000 foton̊u na tyčinku se jich

tedy k fotonásobiči dostane 200–300 za každou tyčinku v zasažené řadě a to závislosti na

vzdálenosti trajektorie částice od hrany detektoru ToF. V řadách tyčinek T3 a T4 bez

př́ıdavného zkoseńı je počet přijatých tyčinek přibližně polovičńı, na fotonásobič dostane

přibližně 100–150 foton̊u na tyčinku.

Tabulka 5.1: Poměrné zastoupeńı foton̊u vytvořených v tyčinkách řady T1 na pixelech

fotonásobiče včetně zničených (pohlcených materiálem nebo opuštivš́ıch detektor). Hod-

noty jsou vztaženy k celkovému počtu ≈ 1000 vytvořených foton̊u a pro vzdálenost částice

5 mm od hrany detektoru ToF.

Tyčinka P-1A P-1B P-1C P-1D Ostatńı Zničeno/Pohlceno

1A 19% 7% 3% 1% 3% 66%

1B 1% 18% 7% 3% 3% 68%

1C 0% 1% 19% 7% 2% 71%

1D 0% 0% 1% 19% 2% 78%

Vlivem r̊uzně dlouhých trajektoríı foton̊u při jejich cestě tyčinkou k fotonásobiči, které

budou bĺıže diskutovány v daľśı části, a d́ıky disperzi, se výsledný světelný pulz na druhém

konci tyčinky v čase natáhne do 600 ps. Pro srovnáńı, procházej́ıćı částićı trvá necelých

108 ps než projde celou řadou tyčinek, tj. 27 ps na jednu tyčinku. Prvńı a nejvýznamněǰśı

část tvoř́ı fotony, které přicháźı v př́ımém směru. To se týká foton̊u, jejichž Čerenkovský

úhel lež́ı v bĺızkosti referenčńıho úhlu, tj. 48◦±2◦. Při pohledu na Obrázek 3.6a na straně 26

je zřejmé, že se jedná fotony s vlnovými délkami nad 200 nm.

Z časového hlediska má geometrie tyčinek d̊uležitou vlastnost kompenzace časového

rozposunut́ı vytvořených foton̊u vlivem rozd́ılných čas̊u emise během p̊usobeńı částice, viz

Obrázek 5.3. Podle obrázku je mezi prvńımi emitovanými fotony v tyčince A a posledńımi

emitovanými fotony v tyčince D časový rozd́ıl L/c. Aby prvńı fotony byly od druhého

konce tyčinky stejně vzdáleny jako fotony posledńı a dosáhly fotonásobiče ve stejný čas,

muśı během této doby urazit dráhu s. Čas potřebný k dosažeńı této vzdálenosti je:

τ =
ns

c
=

nL cosα

c
, (5.1)
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kde α = θc(300 nm) = 48◦ je referenčńı Čerenkov̊uv úhel. Protože podle (3.18) plat́ı

cosα = 1/n, plyne odtud:

τ =
L

c
, (5.2)

což je rovno době pr̊uchodu částice tyčinkami. Časové rozd́ıly ve vyzařováńı foton̊u jsou

tedy efektivně kompenzovány geometríı tyčinek. Všechny tyčinky v řadě tedy přenesou

vytvořený světelný pulz ve stejném čase do fotonásobiče.

částice

L

s

A B C D



Obrázek 5.3: Princip kompenzace času emitovaného světelného pulzu v řadě tyčinek při

pr̊uchodu primárńı částice.

5.2 Tvar a spektrum optického pulzu

Vlivem disperze a relativně složitého tvaru tyčinek se optický signál neš́ı̌ŕı tyčinkou triviálně

a docháźı k jeho natažeńı v čase. Podél trajektorie prolétávaj́ıćı částice je Čerenkovovo

zářeńı emitováno ve tvaru kužele s vrcholovým úhlem θ = 2θc(λ) podle vztahu (3.18) a s

rovnoměrným rozděleńım úhlu φ v rovině kolmé na trajektorii částice, viz definice úhl̊u

na Obrázku 5.4 a zelenkavá křivka na Obrázku 5.5.



z
x

y
y

x

z

částice

Obrázek 5.4: Definice směru emise foton̊u podél trajektorie částice pomoćı úhl̊u θ a φ.
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(a) (b)

negativní částpozitivní část pozitivní část

generováno
1A (úkos)
1D (úkos)
3A (bez úkosu)
3D (bez úkosu)

Obrázek 5.5: Rozděleńı úhl̊u (a) φ a (b) θ foton̊u v mı́stě jejich vzniku (ve vrcholu/vertexu)

v tyčinkách 1A, 1D, 3A a 3D, které se dostaly na fotokatodu fotonásobiče. Vzdálenost

svazku proton̊u o energii 6,8 TeV byla 5 mm od okraj̊u tyčinek.

Vlivem geometrie tyčinek se na fotokatodu fotonásobiče dostanou pouze fotony vyzářené

pod určitým úhlem φ a s r̊uznou pravděpodobnost́ı, jak je vidět na Obrázku 5.5a. His-

togramy byly vytvořeny pro fotony vyzářené tyčinkami 3A a 3D bez úkosu a 1A a 1D

s úkosem, a za použit́ı svazku proton̊u (6,8 TeV) ve vzdálenosti 5 mm od kraje tyčinek 1.

Jsou odtud zřejmé dvě oblasti rozložeńı φ. Prvńı, pozitivńı část, odpov́ıdá směr̊um př́ımého

š́ı̌reńı foton̊u tyčinkou směrem k fotonásobiči. Druhá, negativńı část, odpov́ıdá směr̊um

š́ı̌reńı opačným směrem (odtud označeńı pozitivńı a negativńı část). Fotony negativńıho

směru se š́ı̌ŕı směrem k hraně tyčinky, kde se odraźı a směřuj́ı k fotonásobiči. Dı́ky 5 mm

vzdálenosti od hrany se fotony tyčinek A nedostanou k jejich hranám a odraźı se až v

tyčinkách B, jak bylo již diskutováno v předchoźı části. Negativńı část tyčinek A je tedy

tvořena fotony, které byly registrovány v pixelech přiléhaj́ıćıch k tyčinkám B (převážně), C

a D. Naopak, fotony vyzářené tyčinkami D a jdoućı ke hraně tyčinek, opouštěj́ı ToF a proto

těmto tyčinkám chyb́ı negativńı část v úhlovém rozložeńı φ. Pro svazek procházej́ıćı bĺızko

hrany tyčinek se negativńı část distribuce objevuje i u tyčinek D. Dále je z obrázku zřejmé,

že dodatečné zkoseńı u tyčinek 1A a 1D zp̊usobuje navýšeńı foton̊u emitovaných pod úhly

1Je nutno vźıt v potaz, že se jedná o vzdálenost nejbližš́ı strany čtvercového profilu svazku jak je

vysvětleno na začátku kapitoly.
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φ ≈ ±(1, 2− 2, 5) rad (v pozitivńı části rozděleńı). Oproti tomu, rozděleńı úhl̊u θ foton̊u,

které se dostaly na fotokatodu, viz Obrázek 5.5b, sleduje rozložeńı vlivem disperze indexu

lomu, jak je tomu na Obrázku 3.6a na straně 26.

Na následuj́ıćım Obrázku 5.6 jsou dva př́ıklady rozložeńı úhl̊u φ v závislosti na době

př́ıchodu foton̊u na fotokatodu fotonásobiče pro pixely P-3B a P-1B. Z obrázku je vidět,

že Čerenkovský pulz je široký přibližně 600 ps s t́ım, že většina z nich přicháźı během

400 ps. Z Obrázku 5.6b je patrné navýšeńı počtu foton̊u na tyčince 1B vlivem zkoseńı,

které přicháźı s větš́ım zpožděńım v čase mezi 100–600 ps po př́ıchodu prvńıch (př́ımých)

foton̊u.

(a) (b)

Obrázek 5.6: Rozděleńı úhl̊u φ v závislosti na době př́ıchodu foton̊u na fotokatodu fo-

tonásobiče pro (a) pixel P-3B (řada tyčinek bez úkosu), (b) pixel P-1B (s úkosem).

Vzdálenost svazku proton̊u o energii 6,8 TeV byla 5 mm od okraj̊u tyčinek. Čas ∆t je

doba pr̊uchodu tyčinkou a je poč́ıtaný od př́ıchodu prvńıho fotonu na fotokatodu.

Vliv disperze skla SK-1300 je patrný předevš́ım z časového rozložeńı př́ıchod̊u foton̊u do

fotonásobiče v závislosti na jejich vlnové délce, jak je vidět na Obrázku 5.7a na př́ıkladu

tyčinky 3A. Fotokatoda fotonásobiče konvertuje dopadnuvš́ı fotony na fotoelektrony v

závislosti na své kvantové účinnosti. Je-li pr̊uměrná kvantová účinnost přibližně 15 %

a kolekčńı účinnost 0,6, vytvoř́ı se v zasažených částech fotokatody přibližně 10–30 foto-

elektron̊u na jeden pixel. Přesněǰśı odhad podává výstup ze simulace na Obrázku 5.7b, kde

je znázorněn časový rozvoj vytvořených fotoelektron̊u pro pixely tyčinek A a D z řad T1
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a T3. Ve vysvětlivkách k obrázku jsou také uvedeny odhady počtu vytvořených fotoelek-

tron̊u. Tyčinky s př́ıdavným zkoseńım svým zvýšeným optickým prostupem zvyšuj́ı četnost

vytvořených fotoelektron̊u faktorem 1,7–1,8, což se př́ıznivě projevuje na zlepšeńı časového

rozlǐseńı detektoru. Protože však zkoseńı zp̊usobuje sńıžeńı š́ı̌rky radiátoru tyčinky, neńı

možné zkoseńı provést ve všech čtyřech řadách detektoru aniž by došlo ke zmenšeńı jeho

akceptačńıho okna.

Je nutné poznamenat, že výsledky uvedené v této kapitole jsou založeny na vyzařováńı

Čerenkovova zářeńı samotnou primárńı částićı. Sekundárńı částice, vzniklé p̊usobeńım

odlǐsných fyzikálńıch proces̊u na primárńı částici v materiálu tyčinek, vyzařuj́ı dodatečné

Čerenkovovo zářeńı, které přisṕıvá do celkové bilance počtu foton̊u. Tomuto tématu se

věnuje následuj́ıćı kapitola.

(a) (b)

Obrázek 5.7: (a) Vliv disperze SK-1300 na době př́ıletu foton̊u na fotokatodu fotonásobiče

(v př́ıkladu tyčinky 3A a pixelu P-3A), (b) časový rozvoj počtu fotoelektron̊u registro-

vaných fotonásobičem s kvantovou účinnost́ı dle [41] pro vybrané pixely. Vzdálenost svazku

proton̊u o energii 6,8 TeV byla 5 mm od okraj̊u tyčinek. Čas ∆t je doba pr̊uchodu tyčinkou

a je poč́ıtaný od př́ıchodu prvńıho fotonu na fotokatodu.
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Kapitola 6

Vliv sekundárńıch částic na odezvě

detektoru ToF

V předchoźı části bylo předpokládáno, že procházej́ıćı nabitá částice ztráćı energii pouze

procesem vyzařováńı Čerenkovova zářeńı. Protože všechny tři typy částic LHC, SPS a DESY-

II maj́ı stejný elektrický náboj a β ≈ 1 u všech, je jejich odezva v tomto směru stejná.

Během pr̊uchodu materiálem částice podstupuj́ı hned několik fyzikálńıch interakćı, které

zp̊usobuj́ı ztrátu jejich kinetické energie. Může docházet k ionizaci materiálu (tj. uvolněńı

elektron̊u z valenčńıho pásu molekul), k vyvoláńı brzdného zářeńı (bremsstrahlung) ve

formě gama zářeńı, které může zpětně podstoupit fotoelektrický jev nebo Compton̊uv roz-

ptyl s uvolněńım daľśıch elektron̊u apod. Při těchto procesech vznikaj́ı spršky sekundárńıch

částic, které, pokud jsou nabité a maj́ı dostatečnou kinetickou energii, mohou samy vyzařovat

Čerenkovovo zářeńı.

Vlivem sekundárńıch částice se skupina ToF začala intenzivněji zabývat od roku 2018,

kdy se kv̊uli dlouhodobé odstávce urychlovače SPS v CERNu přesunula měřeńı do la-

boratoř́ı DESY u Hamburku, kde je v provozu synchrotron DESY-II produkuj́ıćı svazek

elektron̊u o energíıch 1-8 GeV [43]. Některé výsledky těchto studíı byly publikovány v [20]

a v této kapitole jsou uvedeny v rozš́ı̌reněǰśı podobě.

Na Obrázku 6.1 je zobrazen př́ıklad pr̊uchodu elektronu o energii 5 GeV tyčinkami de-

tektoru ToF s viditelnými trajektoriemi vzniklých sekundárńıch částic. Mı́ra kontaminace

Čerenkovovým zářeńım zp̊usobené sekundárńımi částicemi záviśı na výši energetických
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Obrázek 6.1: Vizualizace pr̊uchodu elektronu o energii 5 GeV tyčinkami detektoru ToF s

viditelnými trajektoriemi vzniklých sekundárńıch částic.

ztrát primárńı částice svazku v materiálu a ta je závislá na typu a energii procházej́ıćı

primárńı částice. Dá se očekávat, že lehké elektrony svazku DESY-II budou v materiálu

tyčinek produkovat bohatš́ı spršky sekundárńıch částic, které významně ovlivńı celkovou

bilanci počtu foton̊u, které dopadnou na fotokatodu fotonásobiče po projit́ı tyčinkami.

Rozděleńı energetických ztrát pro všechny tři typy svazk̊u je zobrazeno na Obrázku 6.2a.

Odtud je zřejmé, že elektrony svazku DESY-II vykazuj́ı výrazně vyšš́ı ztráty své energie

oproti LHC a SPS, a se zvýšenou pravděpodobnost́ı (přibližně 10/2000=0.5 %) jsou za-

chyceny v tyčinkách. Ztráty částic svazk̊u LHC a SPS jsou nanejvýš do 500 MeV, přičemž

většinou se jedná o hodnoty 50 MeV a nižš́ı, Obrázek 6.2b. Jak vyplývá z Tabulky 3.2 na

straně 26, ztráty v d̊usledku vyzařováńı Čerenkovova zářeńı tvoř́ı pouze zlomek celkových

ztrát v materiálu tyčinek.

Vlivem energetických ztrát klesá celková hybnost primárńı částice a docháźı k jej́ımu

odchýleńı od p̊uvodńıho směru. Ta je v př́ıpadě svazku LHC v jednotkách mikroradián̊u,

jak naznačuje Obrázek 6.3a. Vezmeme-li typickou hodnotu vychýleńı 1 µrad, bude to na

vzdálenosti 12 m mezi bĺızkými a vzdáleněǰśımi stanicemi AFP, Obrázek 2.3, znamenat

posun o 12 µm, což je o řád vyšš́ı hodnota než je rozlǐseńı detektoru SiT, které je 2,8 µm.

To je jeden z d̊uvod̊u, proč nebyly detektory ToF instalovány v bĺızkých stanićıch.

V př́ıpadě testovaćıho svazku SPS je d̊uležité znát úhlovou disperzi odchoźıch primárńıch
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(a) (b)

LHC
SPS

LHC
SPS
DESY-II

Obrázek 6.2: (a) Energetické ztráty částic svazk̊u LHC (proton, 6,8 TeV), SPS (π+, 120

GeV) a DESY-II (e−, 5 GeV) v jedné řadě tyčinek detektoru ToF, (b) detail ztrát pro

LHC a SPS.

částic z d̊uvodu následné detekce referenčńımi trigrovaćımi detektory SiPM, které jsou

vzdáleny od detektoru až o 30 cm po svazku. Ty jsou mimo jiné použ́ıvány k ověřováńı

účinnosti detekce detektoru ToF. Na svazku SPS je rozptyl až o dva řády vyšš́ı než pro

LHC, do 250 µrad, typicky 60 µrad, Obrázek 6.3b. Přesto je to dostatečně málo na to,

aby se t́ım ovlivnila měřeńı účinnosti detektoru ToF, pro které byla hraničńı hodnota

stanovena na 200 µrad v rovině referenčńıch detektor̊u.1

Úhlová disperze odchoźıch primárńıch elektron̊u svazku DESY-II je oproti svazku SPS

ještě o daľśı řád vyšš́ı až do 10 mrad a typicky 2 mrad, Obrázek 6.3c. Tento fakt komplikoval

instalaci detektoru na testovaćıch měřeńıch v DESY, nebot’ bylo nutné minimalizovat

vzdálenost referenčńıch detektor̊u od detektoru ToF. V typické vzdálenosti 30 cm je rozptyl

v pr̊uměru 0,6 mm a často vyšš́ı (do 3 mm), což bylo nepřijatelné. V minimálńı možné

vzdálenosti 70 mm je odchylka 0,14 mm, ale často až 0,7 mm.

V následuj́ıćım je uveden detailněǰśı pohled na vliv sekundárńıch částic pro jednotlivé

urychlovače zvlášt’.

1Hodnotě 200 µrad odpov́ıdá odchylka 60 µm na 30 cm, což byla typická vzdálenost detektor̊u SiPM

od ToF. Přesnost instalace těchto detektor̊u nebyla lepš́ı než 0,1 mm.
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(a) (b) (c)

Obrázek 6.3: Úhlová disperze primárńıch částic vlivem interakćı v materiálovém prostřed́ı

detektoru ToF vyjádřeno úhlem odchýleńı od nominálńı trajektorie. Histogramy jsou

vytořeny postupně pro (a) primárńı částice proton̊u o energii 6,8 TeV svazku LHC, (b))

primárńı částice π+ o energii 120 GeV svazku SPS, a (c) primárńı částice elektron̊u o

energii 5 GeV svazku DESY-II.

6.1 Sekundárńı částice vzniklé pr̊uchodem protonu

6,8 TeV

Proton svazku LHC o celkové energii 6,8 TeV vykazuje energetické ztráty do 500 MeV,

viz Obrázek 6.2b. Bližš́ı rozbor simulace ukazuje, že jsou tyto ztráty zp̊usobeny ioni-

zaćı elektron̊u vázaných v materiálu skla SK-1300. Ionizaćı źıskaj́ı elektrony kinetickou

energii a postupuj́ı materiálem. Tyto elektrony tvoř́ı prvńı generaci sekundárńıch částic.

Obrázek 6.4a ukazuje statistické rozděleńı počátečńı kinetické energie těchto uvolněných

elektron̊u. Výtěžnost sekundárńıch elektron̊u prvńı generace je v pr̊uměru dNe/dx=24 mm−1.

Tyto volné elektrony samy interaguj́ı s materiálem. Ionizaćı zp̊usobuj́ı uvolněńı daľśıch

elektron̊u z materiálu nebo procesem brzdného zářeńı (bremsstrahlung) emituj́ı fotony

gama zářeńı (oboj́ı tvoř́ı částice druhé generace). Ty bud’ na základě fotoelektrického jevu

nebo Comptonova rozptylu uvolňuj́ı daľśı elektrony, které mohou podstoupit zmı́něné pro-

cesy a vytvořit sekundárńı částice vyšš́ıch generaćı. Výsledkem je sprška energetických

částic, která se š́ı̌ŕı tyčinkami detektoru ToF. Rozložeńı energíı sekundárńıch částic od

druhé generace a výše je na Obrázku 6.4b a jejich výtěžnost vzhledem k trajektorii primárńı

částice je souhrnně uvedena v Tabulce 6.1.
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(a) (b)

sekundární částice druhé a vyšší generace

- e (ionizace)

- e (fotoelektricky jev)

- e (Comptonův rozptyl)

  (bremsstrahlung)

sekundární částice první generace

- e (ionizace)

Obrázek 6.4: (a) Rozděleńı kinetické energie elektron̊u uvolněných interakćı primárńı

částice protonu o energii 6,8 TeV s materiálem křemenného skla jedné řady tyčinek (prvńı

generace sekundárńıch částic), (b) rozděleńı kinetické energie sekundárńıch částic druhé

a vyšš́ı generace, které následně vznikly interakćı sekundárńıch elektron̊u prvńı generace

se stejným prostřed́ım.

Podle výstup̊u z předchoźı kapitoly, viz též Obrázek 3.6b na straně 26, elektrony o

celkové energii 0,690 MeV a vyšš́ı, tj. o kinetické energii 0,179 MeV a vyšš́ı, vyzařuj́ı

Čerenkovo zářeńı. To tvoř́ı dodatečný př́ıspěvek do celkové bilance vytvořených foton̊u,

které doputuj́ı do fotonásobiče. V Tabulce 6.1 je uvedena výtěžnost těchto elektron̊u s

procentuálńım zastoupeńım vzhledem k celkovému počtu dané generaci. Odtud je zřejmé,

že dodatečné Čerenkovo zářeńı je tvořeno převážně elektrony prvńı generace. Výtěžnost

dodatečných foton̊u je přibližně 130 na jednu tyčinku, to je 11 % z celkově vytvořených

foton̊u. Na fotokatodu se dostane přibližně 20 foton̊u na tyčinku (7 % z celkového počtu).

To odpov́ıdá přibližně třem dodatečně vytvořeným fotoelektron̊um.

Na Obrázku 6.5a je detailněǰśı pohled na úhlovém rozložeńı směru vyzářených foton̊u

vzhledem ke směru š́ı̌reńı primárńı částice. Rozložeńı foton̊u vyzářených primárńı částićı

(červeně) sleduje profil podle Obrázk̊u 3.6a (strana 26) a 5.5b (strana 36). V př́ıpadě fo-

ton̊u vyzářených sekundárńımi částicemi je distribuce mnohem širš́ı (světle modře), což na-

značuje, že sekundárńı částice se š́ı̌ŕı v rozličných směrech. Geometríı tyčinek jsou některé

směry dále potlačeny a na fotokatodu se světlo z některých směr̊u nedostane, konkrétně v
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Tabulka 6.1: Druhy sekundárńıch částic vzniklých pr̊uchodem protonu o celkové energii

6,8 TeV materiálem SK-1300 a jejich výtěžnost vzhledem k trajektorii primárńı částice.

Zvlášt’ je uvedena výtěžnost těch částic (elektron̊u), které maj́ı kinetickou energii do-

statečnou k vyvoláńı Čerenkovova zářeńı.

Druh částice Proces vzniku Působ́ıćı částice Výtěžnost dN/dx

Prvńı generace:

e− ionizace proton 24 mm−1

e− (Ek > 0, 179 MeV) 3,4 mm−1 (14 %)

Druhá a vyšš́ı generace:

e− ionizace e− 11 mm−1

γ bremsstrahlung e− 0,02 mm−1

e− fotoel. jev γ 0,02 mm−1

e− Compton̊uv rozptyl γ 0,008 mm−1

e− (Ek > 0, 179 MeV) 0,17 mm−1 (1,5 %)

oblasti nad 2,6 rad (150◦) jak ukazuje sytě modře zbarvená distribuce.

Na Obrázku 6.5b je podrobněji znázorněno srovnáńı př́ıspěvku primárńı částićı a sekundárńıch

částic v rámci rozložeńı vytvořených fotoelektron̊u v čase. Srovnáńı je provedeno pro pi-

xely P-2A a P-2D druhé řady tyčinek s úkosem. S postupuj́ıćı a rozv́ıjej́ıćı se sprškou se

dá očekávat větš́ı relativńı př́ıspěvek sekundárńıch částic v zadńı tyčince 2D oproti tyčince

2A. Ten je přibližně 1,3 (2D/2A), což je nižš́ı nár̊ust oproti př́ıpadu s primárńı částici s

navýšeńım 1,5.
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(a) (b)

vyzarenim primarni castici

celkove

vyzarene sekundarnimi casticemi

fotony ze sekundarnich castic
dopadnuvsi na fotokatodu

Obrázek 6.5: (a) Úhlové rozložeńı směr̊u š́ı̌reńı foton̊u vyzařovaných protony svazku LHC

o energii 6,8 TeV v jedné řadě tyčinek ToF s př́ıspěvkem sekundárńıch částic, (b) rozložeńı

počtu fotoelektron̊u na pixelech P-2A a P-2D s rozlǐseńım př́ıspěvku primárńı částice

a sekundárńıch částic. Pro výpočet byl použit model fotonásobiče s kvantovou účinnost́ı

dle [41] a kolektivńı účinnost́ı 0,6.

6.2 Sekundárńı částice vzniklé pr̊uchodem pion̊u o

energii 120 GeV

Studium vlivu sekundárńıch částic v d̊usledku pr̊uchodu svazku pion̊u urychlovače SPS

mělo své opodstatněńı při testovaćıch měřeńıch. V těchto měřeńı se mimo jiné porovnávala

účinnost detekce detektorem ToF vzhledem k referenčńım detektor̊um SiPM [17]. Př́ıpadná

větš́ı disperze svazku vlivem detektoru by se projevila na umělém sńıžeńı účinnosti detekce.

Vzhledem k tomu, že spektrum energetických ztrát na SPS je podobné jako v př́ıpadě

LHC, viz Obrázek 6.2b, dá se očekávat podobné zastoupeńı fyzikálńıch proces̊u, které

se uplatňuj́ı při tvorbě spršek sekundárńıch částic, stejně jako struktura struktura těchto

spršek. Jak naznačuje Obrázek 6.6a je rozděleńı energíı sekundárńıch částic prvńı gene-

race (elektron̊u) podobné jako v př́ıpadě LHC, zastoupeńı vyšš́ıch energíı je však nižš́ı.

Tyto elektrony podstupuj́ı stejné fyzikálńı procesy, viz Obrázek 6.6b. Za povšimnut́ı stoj́ı

potlačená tvorba sekundárńıch elektron̊u Comptonovým rozptylem nad 1 MeV.

Výtěžnosti sekundárńıch částic vzhledem k trajektorii primárńı částice je v Tabulce 6.2
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a jsou srovnatelné s hodnotami pro svazek LHC. Tomu odpov́ıdá i podobná výtěžnost

Čerenkovských foton̊u: 125 foton̊u vytvořených v každé tyčince a 23 foton̊u dopadaj́ıćıch

na fotokatodu fotonásobiče. Distribuce směr̊u emitovaných foton̊u sekundárńıch částic,

Obrázek 6.7a, v podstatě koṕıruje výsledky pro svazek LHC. Stejně tak je tomu v př́ıpadě

odhadovaného rozděleńı počtu fotoelektron̊u v čase podle Obrázku 6.7b. Z tohoto d̊uvodu

se dá očekávat, že odezva detektoru ToF na svazku SPS je stejná jako na svazku LHC,

a tud́ıž, že experimentálńı ověřovaćı měřeńı na SPS jsou dostatečně relevantńı pro vývoj

detektoru ToF.

(a) (b)

sekundární částice první generace

- e (ionizace)

sekundární částice druhé a vyšší generace

- e (ionizace)

- e (fotoelektricky jev)

- e (Comptonův rozptyl)

  (bremsstrahlung)

Obrázek 6.6: (a) Rozděleńı kinetické energie elektron̊u uvolněných interakćı primárńı

částice π+ o energii 120 GeV s materiálem křemenného skla jedné řady tyčinek (prvńı

generace sekundárńıch částic), (b) rozděleńı kinetické energie sekundárńıch částic druhé

a vyšš́ı generace, které následně vznikly interakćı sekundárńıch elektron̊u prvńı generace

se stejným prostřed́ım.
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Tabulka 6.2: Druhy sekundárńıch částic vzniklých pr̊uchodem π+ o celkové energii 120 GeV

materiálem SK-1300 a jejich výtěžnost vzhledem k trajektorii primárńı částice. Zvlášt’ je

uvedena výtěžnost těch částic (elektron̊u), které maj́ı kinetickou energii dostatečnou k

vyvoláńı Čerenkovova zářeńı.

Druh částice Proces vzniku Působ́ıćı částice Výtěžnost dN/dx

Prvńı generace:

e− ionizace π+ 24 mm−1

e− (Ek > 0, 179 MeV) 3,1 mm−1 (13 %)

Druhá a vyšš́ı generace:

e− ionizace e− 11 mm−1

γ bremsstrahlung e− 0,02 mm−1

e− fotoel. jev γ 0,02 mm−1

e− Compton̊uv rozptyl γ 0,004 mm−1

e− (Ek > 0, 179 MeV) 0,14 mm−1 (1,2 %)

(a) (b)

vyzarenim primarni castici

celkove

vyzarene sekundarnimi casticemi

fotony ze sekundarnich castic
dopadnuvsi na fotokatodu

Obrázek 6.7: (a) Úhlové rozložeńı směr̊u š́ı̌reńı foton̊u vyzařovaných částicemi π+ svazku

SPS o energii 120 GeV v jedné řadě tyčinek ToF s př́ıspěvkem sekundárńıch částic, (b)

rozložeńı počtu fotoelektron̊u na pixelech P-2A a P-2D s rozlǐseńım př́ıspěvku primárńı

částice a sekundárńıch částic. Pro výpočet byl použit model fotonásobiče s kvantovou

účinnost́ı dle [41] a kolektivńı účinnost́ı 0,6.
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6.3 Sekundárńı částice vzniklé pr̊uchodem elektronu

5 GeV

V př́ıpadě elektron̊u o energíıch v jednotkách GeV je výsledný vliv sekundárńıch částic

odlǐsný oproti oběma předchoźım př́ıpad̊um. Elektrony intenzivně interaguj́ı se svými

protěǰsky vázanými v materiálu a výsledkem jsou značné energetické ztráty, jak ukazuje

Obrázek 6.2a. Ty se přetav́ı ve tvorbu spršek bohatých na druhotné částice a v konečném

d̊usledku i na fotony Čerenkovova zářeńı, které registruje fotonásobič.

(a) (b)

sekundární částice první generace

- e (ionizace)

  (bremsstrahlung)

sekundární částice druhé a vyšší generace

- e (ionizace)

- e (fotoelektricky jev)

- e (Comptonův rozptyl)

  (bremsstrahlung)

  (anihilace)

+ -
e e (konverze )

Obrázek 6.8: (a) Rozděleńı kinetické energie elektron̊u a foton̊u gama uvolněných interakćı

primárńı částice elektronu o energii 5 GeV s materiálem křemenného skla jedné řady

tyčinek (prvńı generace sekundárńıch částic), (b) rozděleńı kinetické energie sekundárńıch

částic druhé a vyšš́ı generace, které následně vznikly interakćı sekundárńıch částic prvńı

generace se stejným prostřed́ım.

Během pr̊uchodu materiálem SK-1300 podléhá primárńı částice elektronu dvěma pro-

ces̊um: ionizaci, při které docháźı k uvolněńı elektron̊u vázaných v materiálu, a brzdnému

zářeńı, při němž se tvoř́ı fotony (zářeńı gama). Jak je ukázáno na Obrázku 6.8a, fotony

gama zářeńı se tvoř́ı v širokém spektru energíı až do 5 GeV, při které ztrat́ı primárńı

částice veškerou kinetickou energii a je zachycena materiálem. Jejich výtěžnost je přibližně

0,12 mm−1 poč́ıtáno k trajektorii primárńı částice. Ionizace prob́ıhá převážně při energíıch

pod 100 MeV. Výtěžnost ionizovaných elektron̊u je okolo 23 mm−1, je tedy o dva řády
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Tabulka 6.3: Druhy sekundárńıch částic vzniklých pr̊uchodem e− o celkové energii 5 GeV

materiálem SK-1300 a jejich výtěžnost vzhledem k trajektorii primárńı částice. Zvlášt’

je uvedena výtěžnost těch částic (e− a e+), které maj́ı kinetickou energii dostatečnou

k vyvoláńı Čerenkovova zářeńı.

Druh částice Proces vzniku Působ́ıćı částice Výtěžnost dN/dx

Prvńı generace:

e− ionizace e− 23 mm−1

γ bremsstrahlung e− 0,1 mm−1

e− (Ek > 0, 179 MeV) 3,1 mm−1 (13 %)

Druhá a vyšš́ı generace:

e− ionizace e− 16 mm−1

e− gama konverze γ 1 mm−1

e+ gama konverze γ 1 mm−1

e− Compton̊uv rozptyl γ 0,5 mm−1

γ bremsstrahlung e− 0,04 mm−1

e− fotoel. jev γ 0,03 mm−1

γ anihilace e+ 0,001 mm−1

e− (Ek > 0, 179 MeV) 2 mm−1 (12 %)

e+ (Ek > 0, 179 MeV) 1 mm−1 (100 %)

vyšš́ı než v př́ıpadě tvorby foton̊u brzdným zářeńım.

Tyto sekundárńı částice prvńı generace následně interakćı s týmž materiálem v tyčinkách

vytvář́ı daľśı částice druhé generace atd. Na rozd́ıl od předchoźıch př́ıpad̊u se ve sprškách

nacháźı gama fotony o vysokých energíıch až do 5 GeV. Tyto fotony podléhaj́ı v př́ıtomnosti

atomových jader materiálu procesu gama-konverze nebo-li procesu produkce páru elektron-

pozitron. Rozložeńı energie sekundárńıch částic druhé a vyšš́ı generace je na Obrázku 6.8b

podle proces̊u při kterých vznikly. Jejich výtěžnost vzhledem k trajektorii primárńı částice

je uvedena v Tabulce 6.3.

Celkově se ve sprškách vytvoř́ı přibližně 1100 foton̊u, tj. v pr̊uměru 275 foton̊u na

tyčinku (22 % z celkového počtu). Z nich do fotonásobiče doraźı 235 (16 %). Z rozložeńı
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směr̊u vyzařováńı foton̊u primárńımi částicemi, červený histogram Obrázek 6.9a, je zřejmé,

že nemálo vychyluj́ıćıch se primárńıch elektron̊u zp̊usobuj́ı rozš́ı̌reńı rozložeńı podélného

směru vyzařováńı Čerenkovových foton̊u. Rozložeńı počtu vytvořených fotoelektron̊u v

čase je na Obrázku 6.9b. Odtud je zřejmé, že na pixelech tyčinek A tvoř́ı fotoelektrony,

maj́ıćı p̊uvod v sekundárńıch sprškách, 15 % celkové bilance. Na pixelech posledńıch

tyčinek D tvoř́ı tyto fotoelektrony téměř třetinu (32 %) celkové bilance. Zároveň jejich

počet vykazuje vysoké fluktuace.

(a) (b)

vyzarenim primarni castici

celkove

vyzarene sekundarnimi casticemi

fotony ze sekundarnich castic
dopadnuvsi na fotokatodu

Obrázek 6.9: (a) Úhlové rozložeńı směr̊u š́ı̌reńı foton̊u vyzařovaných elektrony svazku

DESY-II o energii 5 GeV v jedné řadě tyčinek ToF s př́ıspěvkem sekundárńıch částic, (b)

rozložeńı počtu fotoelektron̊u na pixelech P-2A a P-2D s rozlǐseńım př́ıspěvku primárńı

částice a sekundárńıch částic. Pro výpočet byl použit model fotonásobiče s kvantovou

účinnost́ı dle [41] a kolektivńı účinnost́ı 0,6.
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Kapitola 7

Simulace odezvy fotonásobiče

Konečným požadovaným výstupem simulace detektoru ToF v nástroji Geant4 byl kvali-

fikovaný odhad počtu fotoelektron̊u, které se vytvoř́ı na základě interakce procházej́ıćıch

částic, jejichž čas pr̊uchodu je ćılem stanovit, v materiálu tyčinek optické části detektoru.

Komplexńı př́ıstup umožňuje zjistit r̊uzné aspekty š́ı̌reńı Čerenkovova zářeńı v celé optické

části včetně vlivu oddělovaćıho skĺıčka mezi tyčinkami a fotonásobičem.

Při řešeńı úprav fotonásobič̊u také došlo na modelováńı jejich odezvy na př́ıchoźı fo-

toelektrony v čase. Tato tématika byla poprvé bĺıže zpracována v [22] a rozpracována

v [17]. Jádrem těchto studíı je model fotonásobiče v podobě jeho dostatečně komplexńıho

náhradńıho elektrického schématu. Elektrické schéma bylo p̊uvodně vytvořeno pro potřeby

vývoje nové zadńı elektroniky samotného fotonásobiče miniPLANACON XPM85112 v

rámci úprav pro kampaň Run-3. Z d̊uvodu vysoké luminozity svazku LHC v této kam-

pani bylo nutné upravit fotonásobiče tak, aby byly schopné běžet na frekvenci 20 MHz

na jednu řadu tyčinek bez významného poklesu ześıleńı mikrokanálkových destiček (dále

označených zkratkou MCP z angl. Micro Channel Plate) fotonásobiče [22]. Jednalo se o

optimalizaci stávaj́ıćıch řešeńı, které mělo za úkol potlačit přeslech mezi kanály a překmity

ve výstupńıch signálech.
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(a) (b) (c) (d)

Obrázek 7.1: Ukázky z konstrukce prototypu upraveného fotonásobiče miniPLANACON

XPM85112: (a) plošný spoj napájeńı s černým vstupńım blokem vysokého napět́ı a čtyřmi

niklovými zemńıćımi páskami, (b) anodový plošný spoj se samič́ımi konektory MMCX, (c)

pohled na sestavený prototyp, (d) koaxiálńı jednokanálový předzesilovač PA-a se samč́ım

konektorem MMCX.

7.1 Fotonásobiče pro kampaň Run-3

Ve spolupráci se společnost́ı Photonis, Inc. pracovǐstě SLO provedlo návrh úprav fo-

tonásobiče [17]. Na základě vytvořeńı náhradńıho modelu fotonásobiče a následných si-

mulaćı na našem pracovǐsti byl navržen nový plošný spoj (PCB, z angl. Printed Circuit

Board) napájeńı a navrženo nové řešeńı připojeńı tohoto PCB k obnaženému tělu fo-

tonásobiče pomoćı širokých pásk̊u z niklové fólie o tloušt’ce 50 µm, Obrázek 7.1a. Toto

řešeńı vede k výraznému sńıžeńı indukčnosti propojeńı PCB a elektrod MCP a d́ıky tomu

i ke sńıžeńı úrovně přeslech̊u mezi jednotlivými kanály. Součást́ı změn bylo také nové

rozhrańı analogových výstup̊u pixel̊u fotonásobiče ve formě samič́ıch konektor̊u MMCX,

Obrázek 7.1b,c. Toto řešeńı umožnilo př́ımé napojeńı prvńıho stupně zesilovač̊u PA-a, viz

též schéma na Obrázku 2.8 na straně 12, které byly navrženy ve formě koaxiálńıho kabelu

se zesilovačem na jednom konci přiléhaj́ıćımu k fotonásobiči, Obrázek 7.1d 1.

Na základě těchto úprav společnost Photonis, Inc. vyrobila celkem čtyři fotonásobiče

pro kampaň Run- 3: S/N 9002196 (dále označen jako #2196, odpor MCP 44 MΩ), S/N

1Signálové vedeńı od anody fotonásobiče k prvńımu stupni zesilovače, včetně samotného konektoru, je

velmi náchylné na indukováńı rušeńı vněǰśım elektromagnetickým polem, což se negativně projevuje na

časovém rozlǐseńı detektoru. Zařazeńı předzesilovače př́ımo za fotonásobič přes kvalitně st́ıněný konektor

bylo nezbytným ćılem úprav.
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9002199 (#2199, 35 MΩ), S/N 9002200 (#2200, 27 MΩ) a S/N 9002201 (#2201, 55 MΩ) 2.

Prvńı dva fotonásobiče (#2196 a #2199) byly vyrobeny se standardńı anodovou mezerou

2,9 mm a zbylé dva se sńıženou mezerou 0,6 mm. Oproti předchoźım byly mikrokanálkové

destičky nových fotonásobič̊u opatřeny tenkou vrstvou ochranného povlaku pomoćı tech-

nologie ALD ke zvýšeńı životnosti [44]. S ohledem na nižš́ı hodnotu odporu MCP byly pro

instalaci na LHC použity fotonásobiče #2199 a #2200. Fotonásobič #2196 je primárně

určen jako náhradńı fotodetektor a #2201 je uvažován pro daľśı radiačńı testy. Bližš́ı

informace k fotonásobič̊um stejně jako k výsledk̊um jejich ověřováńı jsou v [22, 30].

7.2 Model fotonásobiče

7.2.1 Náhradńı elektrické schéma

Na Obrázku 7.2 je znázorněno náhradńı elektrické schéma upravených fotonásobič̊u mini-

Planacon XPM85112 společně s prvńım zesilovaćım stupněm (PA-a) [17]. Schéma obsa-

huje impedance reálných elektrických prvk̊u (černě) a parazitńıch prvk̊u (šedě). Vzhledem

k tomu, že fotonásobič je technicky vzato proudový zdroj, slouž́ı PA-a jako měnič proudu

na napět́ı. K tomu je určen zátěžový (anodový) odpor Ra = 50 Ω na straně PA-a. Vnitřńı

vstupńı impedance Zi má také hodnotu 50 Ω a je v paralelńım zapojeńı s Ra. Celková

zátěž je tedy přibližně ZL = 25 Ω (pokud zanedbáme vliv vstupńı kapacity zesilovače

Ci = 0, 7 pF)3.

Hodnoty parazitńıch impedanćı byly odhadnuty př́ımým výpočtem na základě geomet-

rických a materiálových specifikaćı. Uvedené náhradńı elektrické schéma bylo zapracováno

do modelovaćıho nástroje LtSPICE [45]. Pomoćı tohoto nástroje byl sledován vliv jednot-

livých parazitńıch impedanćı na amplitudu výstupńıho signálu pro jednotkový referenčńı

vstup na výstupu z MCP. Parazitńı impedance, které významně ovlivňuj́ı tvar a výšku

výstupńıho signálu, jsou uvedeny v Tabulce 7.1 spolu s jejich jmenovitými hodnotami,

2V p̊uvodńım zadáńı bylo vyrobit fotonásobiče s odporem MCP do 20 MΩ s ohledem na rychleǰśı

dočerpáńı odchoźıho náboje z mikrokanálk̊u. Společnosti Photonis se však z technologických d̊uvod̊u ne-

podařilo splnit tento požadavek a nav́ıc byl rozptyl odpor̊u MCP dosti značný.
3Vstupńı impedance PA-a mı́rně záviśı na frekvenci. Uvedená středńı hodnota je určena s nejistotou

±5 % v okoĺı jmenovité hodnoty.
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impedances of real components
R       20        dumping resistord

R       50        anode resistora

C       10 nF      blocking capacitorb

C       0.35 pF   capacitance of the ESD dioded

C       2.2 nF     coupling capacitorc

Z       50        input impedance of amplifieri

Ccon

Cmcp

Cfk-mi

Cfk-mo

Cfk-gnd

Ca2

La

Ca1

Ca1

Ca1

M
C

P
-I

N
 B

IA
S

C
A

T
H

O
D

E
 B

IA
S

M
C

P
-O

U
T

 B
IA

S

Ca1
anode

Ls

Rs

Cb

Lamp Rd

Cd Ra

Cc

Ci Zi

PMT body PMT backend 1st stage preamplifier (A/V)

i(t)

u(t)
N (t)pe

parasitic impedances
R         ~2.5 m    strip resistances

L         ~4 nH      anode inductancea

L       ~0.2 nH   strip inductances

L       ~0.1 nH   supply GND to signal GND inductanceg

L      ~2 nH         inductance of the the amplifier PCBamp

C     ~0.6 pF    MCP-OUT - anode capacitancea1

C     ~1.4 pF    anode - ground capacitancea2

C   ~0.1 pF   photocathode - MCP-OUT cap.fk-mo

C   ~1.43 pF  photocathode - MCP-IN capacitancefk-mi

C  ~0.1 pF    photocathode - ground capacitancefk-gnd

C  ~0.5 pF      MMCX capacitance (connector)con

C         0.7 pF     input capacitance of the amplifieri

C  ~30 pF      MCP capacitancemcp

Lg

: power supply ground

: signal ground

ZL

Obrázek 7.2: Náhradńı elektrické schéma fotonásobiče miniPlanacon XPM85112 (jeden

kanál) včetně prvńıho předzesilovaćıho stupně PA-a. Šedou barvou jsou označeny parazitńı

impedance, černou barvou reálné elektrické prvky. ZL je celková zátěžová impedance pro

jeden anodový výstup fotonásobiče. Převzato z [17].

rozsahem realisticky možných hodnot, a vlivu na výstupńı signál z PA-a. Zbylé parazitńı

impedance v modelu maj́ı nepatrný vliv na tvar výstupńıho signálu, protože nejsou př́ımo

součást́ı signálové cesty.

Uvedený obvod se chová jako dolnofrekvenčńı propust, jak je ukázáno na Obrázku 7.3a.

Mezńı frekvence je závislá na velikosti anodové mezery. V př́ıpadě fotonásobič̊u #2196

a #2199 se standardńı mezerou má hodnotu 2,5 GHz. U fotonásobič̊u #2200 a #2201 se

sńıženou anodovou mezerou je hodnota mezńı frekvence 2,2 GHz.

7.2.2 Odezva fotonásobiče

Pomoćı nástroje LTspice byla studována odezva fotonásobič̊u na př́ıchoźı fotoelektrony v

čase [17]. V modelu byly přitom použity nominálńı hodnoty impedanćı podle Obrázku 7.2

a Tabulky 7.1. Sledovaným údajem bylo napět́ı na zátěži ZL. Mikrokanálkové destičky

byly modelovány jako proudové zdroje tvoř́ıćı proudové impulzy v závislosti na počtu

fotoelektron̊u v čase źıskaných ze simulaćı v Geant4. Pro následuj́ıćı ukázky byly použity

pixely P-3A (s očekávaným nejslabš́ım výstupem) a P-2D (nejsilněǰśı výstup) fotonásobiče
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Tabulka 7.1: Parazitńı impedance, jejich odhadované jmenovité hodnoty a rozsahy

možných hodnot (ostatńı parazitńı impedance na Obrázku 7.2 jsou považovány za známé

s danou jmenovitou hodnotou). Korelace (kladná) či antikorelace (záporná) impedance

s hodnotou amplitudy signálu na výstupu z anody znač́ı, že s rostoućı hodnotou impe-

dance roste či klesá amplituda signálu (v jej́ı absolutńı hodnotě).

Impedance Jmenovitá hodnota Dolńı mez Horńı mez Vliv na amplitudu signálu

Ca1 0.1 pF (2.9 mm)1 – – antikorelace, pokles o 8% při

0,5 pF (0,6 mm)1 – – změně od 0,1 do 0,5 pF

Ci 0,7 pF 0,3pF 2,1 pF antikorelace, 7%2

Ccon 0,9 pF 0,2 pF 1 pF antikorelace, 3%2

La 2,5 nH 1,5 nH 9,5 nH korelace, 3%2

Ls 0,2 nH 0,05 nH 1,25 nH korelace, 6%2

Lamp 2 nH 0,5 nH 3 nH korelace, 0,3%2

Lg 0,1 nH 0,05 nH 1,3 nH korelace, 1%2

1 Hodnota Ca1 záviśı na velikosti anodové mezery (2,9 mm pro #2196 a #2199, 0,6 mm pro#2200 a #2201),

2 Relativńı změna amplitudy při změně impedance z dolńı meze na horńı mez.

#2200, viz Obrázek 7.3b. Pro výstup MCP byl navržen výstup v podobě trojúhelńıkového

proudového pulzu o délce τ = 175 ps podle Obrázku 7.4a. Zvolená délka pulzu přibližně

odpov́ıdá době množeńı elektron̊u v MCP [46]. Je-li N slice
pe počet fotoelektron̊u (které byly

vytvořeny v 25 ps dlouhém časovém úseku), je amplituda proudového pulzu z MCP rovna

I0 = 2
qeN

slice
pe Gmcp

τ
(7.1)

kde qe je náboj elektronu a Gmcp = G/η je ześıleńı MCP, G celkové ześıleńı fotonásobiče

a η ≈ 0, 6 je kolektivńı účinnost fotonásobiče 4. Jak postupně přicháźı fotoelektrony v čase,

vytvoř́ı se na výstupu z MCP pilovitý signál, jak je tomu na Obrázku 7.4b pro fotonásobič

#2200 se ześıleńım G = 2100, tj. Gmcp = 3500.

Diskrétńı změny výstupńıho signálu lež́ı v oblasti nad 10 GHz a jsou tedy zadńı elek-

tronikou fotonásobiče potlačeny. Výsledný signál na výstupu z fotonásobiče, konkrétně na

ZL, je na Obrázku 7.5 společně s odpov́ıdaj́ıćım frekvenčńım obrazem.

Plocha AL
u tvořená křivkou napět́ı u(t) pulzu na anodové zátěž́ı ZL (přesněji integrál

4Detailněǰśı diskuze k ześıleńı MCP je v [17], kde je použito označeńı GSPE .
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(a) (b)

Obrázek 7.3: (a) Frekvenčńı odezva fotonásobič̊u miniPlanacon XPM85112, (b) časový

pr̊uběh vytvořených fotoelektron̊u na pixelech P-3A a P-2D kde se očekává nejnižš́ı resp.

nejvyšš́ı výtěžnost fotoelektron̊u použitých pro modelováńı odezvy fotonásobiče (pro sva-

zek LHC 6,8 TeV, 5 mm od kraje tyčinek).

pulzu), je podle definice úměrná celkovému náboji Q odčerpanému z MCP při vytvořeńı

pulzu:

Q =

∫ ∞

0

i(t)dt =
1

ZL

∫ ∞

0

u(t)dt =
1

ZL

AL
u , (7.2)

kde i(t) je proud přes anodovou zátěž. Je-li Npe =
∑

N slice
pe celkový počet fotoelektron̊u

na vstupu MCP, je celkový náboj vytvořený v MCP roven Q = qeNpeGmcp. Dosazeńım

do (7.2) vyplývá následuj́ıćı př́ımá úměra mezi plochou výstupńıho signálu a celkovým

počtem fotoelektron̊u na vstupu:

AL
u = qeGmcpZLNpe ≡ pNpe . (7.3)

Za předpokladu, že ZL se neměńı, je konstanta úměrnosti p závislá pouze na použitém

ześıleńı fotonásobiče. Amplituda aLu výstupńıho signálu silně koreluje s plochou signálu [17],

tj. lze psát AL
u = ksa

L
u . Konstanta ks má rozměr času a jedná se o š́ı̌rku ekvivalentńıho

(virtuálńıho) obdelńıkového pulzu s výškou rovnaj́ıćı se amplitudě výstupńıho pulzu a se

stejným obsahem přeneseného elektrického náboje. Dosazeńım do (7.3) lze dostat následuj́ıćı

vztah mezi amplitudou výstupńıho signálu a počtem fotoelektron̊u na vstupu:

aLu =
qeZLGmcp

ks
Npe ≡ kNpe , (7.4)

56



(b)(a)

Obrázek 7.4: (a) Proudový impuls vycházej́ıćı z MCP pro jeden př́ıchoźı fotoelektron, (b)

celkový proudový signál z MCP pro fotonásobič #2200 se ześıleńım 2100 pro vstupy na

P-3A a P-2D podle Obrázku 7.3b.

kde konstanta k je v jednotkách [V/p.e.] a lze ji považovat za výtěžnost výstupńı amplitudy

na jeden vstupńı fotoelektron.

Podle definice p = ksk, kde ks záviśı na tvaru pulzu. T́ım jak je postupně veden vyč́ıtaćı

elektronikou, se signálový pulz natahuje v čase. Amplituda pulzu klesá při zachováńı své

plochy (nepoč́ıtáme-li samotné ześıleńı v předzesilovač́ıch). Následkem toho ks roste při

konstantńım p. Proto je potřeba při odhadu počtu fotoelektron̊u z naměřených pulz̊u

poč́ıtat s plochou signálu a nikoliv s jeho amplitudou. Hodnoty konstant k, ks a p byly

pro jednotlivé fotonásobiče vyč́ısleny na základě simulaćı v [17]. Např́ıklad pro fotonásobič

#2200 k = −45 µV/p.e., ks = 252 ps a p = −12 fWb/p.e. S ohledem na nejistoty hodnot

parazitńıch impedanćı a odhadovaného počtu fotoelektron̊u v čase je nejistota v jejich

určeńı ze simulaćı 10 %.

Na základě předchoźıho rozboru lze opačně odhadnout počet fotoelektron̊u ze zna-

losti pr̊uběhu výstupńıho signálu. Je-li středńı plocha měřeného signálu ⟨Au⟩, pak středńı

hodnota počtu fotoelektron̊u vytvořených ve fotonásobiči je rovna [17]:

⟨Npe⟩ =
1

qeZLGmcp

⟨AL
u⟩ =

1

gp
⟨Au⟩ , (7.5)

kde g = 1000 je celkové ześıleńı vyč́ıtaćı elektroniky (konkrétně PA-a a PA-b).

Na Obrázku 7.6 je př́ıklad takového rozboru převzatého z [17]. Tento rozbor byl prove-
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(b)(a)

Obrázek 7.5: Př́ıklad simulace odezvy fotonásobiče #2200 při ześıleńı 2100 na pixelech P-

3A a P-2D: (a) elektrické napět́ı na anodové zátěži ZL předzesilovače PA-a, (b) odpov́ıdaj́ıćı

spektrálńı hustota energie signálu.

den na základě srovnávaćıch měřeńı na lepených a nelepených tyčinkách řady T2 (v testo-

vaćı konfiguraci bez dodatečného úkosu). Obrázek 7.6a ukazuje př́ıklad silné korelace mezi

amplitudou signálu a jeho plochou na pixelu tyčinky 2C s ks = 0, 507 ns. Obrázek 7.6b

pak ukauje srovnáńı simulace a dat na základě srovnáńı odhadovaného počtu fotoelektron̊u

dané simulaćı a experimentálně źıskanými daty za použit́ı rovnice (7.5). Na prvńı pohled

simulace lehce podhodnocuje počet fotoelektron̊u ve srovnáńı s daty, a to v pr̊uměru o 2,6

fotoelektron̊u. Nicméně s ohledem na nejistoty v modelu a parametr̊u nastaveńı výpočtu

odhadu Npe v rovnici (7.5) je shoda dostatečná.

Věrohodnost předpovědi výstupu fotonásobiče detektoru ToF pomoćı náhradńıho elek-

trického schématu podle Obrázku 7.2 je do značné mı́ry závislá na jeho komplexitě a na

správném odhadu hodnot všech jeho prvk̊u, předevš́ım parazitńıch impedanćı. Model

byl během vývoje detektoru ToF několikrát zpřesňován na základě experimentálńıch dat

z urychlovače SPS, jako např́ıklad zmı́něná měřeńı z roku 2021, a dat z laboratorńıch

měřeńı na laseru. V druhém př́ıpadě byla velmi př́ınosná měřeńı na jedno-fotoelektronových

úrovńıch [32, 22] za použit́ı pikosekundového laseru na vlnové délce 405 nm. Srovnáńı si-

mulace s daty na urychlovači je zat́ıženo dodatečnou nejistotou a to z d̊uvodu neznámé

kvantové účinnosti fotonásobiče na vlnových délkách pod 200 nm, kde je vyšš́ı výtěžnost
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(a) (b)

Obrázek 7.6: Výsledky z testovaćıch měřeńı na svazku SPS v roce 2021 (převzato z [17]):

(a) ukázka silné provázanosti amplitudy a plochy výstupńıho signálu z detektoru ToF na

př́ıkladu pixelu P-2C, (b) srovnáńı počtu fotoelektron̊u ze simulace a experimentálńıch

dat. Výsledek byl źıskán na základě měřeńı na fotonásobič́ıch #2196, #2199 a #2200 s

lepenými a nelepenými tyčinkami řady T2 (bez úkosu).

foton̊u Čerenkovova zářeńı. Přesto studie odezvy fotonásobiče byly podstatné pro celkové

pochopeńı chováńı detektoru ToF.
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Kapitola 8

Závěr

Projekt AFP započal během roku 2004 prvńımi studiemi a upřesněńım fyzikálńıho pro-

gramu. V roce 2010 se rozběhly práce na vývoji hardwaru a pracovǐstě SLO se do pro-

jektu zapojilo o rok později. Naše prvńı úkoly koṕırovaly ty, kterým jsme se věnovali na

předch̊udci AFP a t́ım byl projekt ALFA. Zprvu se jednalo se výlučně o tvorbu simulačńıch

nástroj̊u, ale těžǐstě práce brzy přešlo do modelováńı odezvy detektoru ToF v nástroji Ge-

ant4. Hlavńı zodpovědnost za tuto činnost měl autor této práce. Model se během let

upřesňoval a rozv́ıjel na základě potřeb, které vzešly z výsledk̊u experimentálńıch měřeńı

a z pozměňovaćıch požadavk̊u na konstrukci detektoru.

Simulace nebyly jediným zapojeńım našeho pracovǐstě do projektu. Daľśım významným

př́ıspěvkem pracovǐstě SLO byl návrh a konstrukce unikátńı optické části detektoru ToF.

To bylo umožněno d́ıky zkušenostem a vybaveńı zdeǰśı optické d́ılny. Postupem času jsme

se také začali věnovat vývoji části vyč́ıtaćı elektroniky od konstrukci zadńı elektroniky

fotonásobič̊u po oba stupně zesilovač̊u. Naše činnost nakonec pokrývala simulace, kon-

strukci detektoru a jeho instalaci na urychlovači LHC. V rámci těchto činnost́ı pracovńıci

a studenti pracovǐstě źıskali cenné zkušenosti v oblasti hardwaru a softwaru. Téma AFP

pokrylo celkem čtyři bakalářské, tři diplomové a dvě dizertačńı práce. Výsledky naš́ı práce

byly zveřejněny v 13 publikaćıch, na 16-ti př́ıspěvćıch na konferenćıch a 10-ti seminář́ıch.

Źıskané znalosti jsou postupně zužitkovány i v ostatńıch projektech, na kterých se pod́ıĺı

pracovǐstě SLO.

Detektor̊um ToF se nevyhnuly problémy při nasazeńı během kapaně Run-2 urychlovače

60



LHC v letech 2015 – 2018. Ostrý provoz urychlovače odhalil mnoho nedostatk̊u, které

se neprojevily během testovaćıch měřeńıch nebo nebyly předt́ım dostatečně zhodnoceny.

Předevš́ım se jednalo o problémy s fotonásobiči, v té době v podobě standardńıho řešeńı

nab́ızeného výrobcem. Vysoká radiace a nevhodná konstrukce vedla k velkému poklesu je-

jich odezvy. To vedlo k významnému poklesu účinnosti, přestože si detektor zachoval skvělé

rozlǐseńı 25 ps na jednu stanici, čemuž odpov́ıdalo prostorové rozlǐseńı 6 mm v interakčńım

bodě detektoru ATLAS [33] 1.

Po těchto zkušenostech byla konstrukce detektoru ToF přepracována. Lepené tyčinky

byly po dokončeńı vývoje nového technologického postupu nahrazeny nelepenými. Hlavńı

pozornost se obrátila na úpravy fotonásobiče a jeho přeneseńı mimo evakuovaný pro-

stor detektoru AFP. Všechny tyto změny byly doprovázeny novými simulačńımi studiemi

a výpočty. V současné době běž́ı detektory ToF spolu s ostatńımi částmi AFP v rámci

kampaně Run-3. Účinnost detektoru se podstatně zlepšila až na 60 % i přes zvýšenou

intenzitu (luminozitu) svazku LHC.

V následuj́ıćı kampani Run-4 se bude nadále zvyšovat luminozita svazku LHC. Protože

stávaj́ıćı koncepce nebude vhodná pro tyto intenzity, bude potřeba pracovat na nových

řešeńıch. Naše skupina se plánujeme zapojit do př́ıpravných simulačńıch studíı a pokud

bude zvoleno řešeńı na bázi optiky, bude naš́ı snahou se zapojit i do vývoje konstrukce

detektoru.

1Vnitřńı časové rozlǐseńı samotného detektoru bez vlivu vyč́ıtaćı elektroniky je 20–25 ps v režimu

ześıleńı fotonásobič̊u v řádu 103 [17]. Při optimálńım ześıleńı v řádu 104 bylo dosaženo časového rozlǐseńı

14 ps [29].
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[10] V. Kus.
”
Diffraction and rapidity gap measurements with ATLAS“. In: International

Conference on the Structure and the Interactions of the Photon including the 20th In-

ternational Workshop on Photon-Photon Collisions and the International Workshop

on High Energy Photon Linear Colliders, Paris, France. 2013 (citováno na straně 7).
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Kreutzfeld, O. Merle, J. Rieke, M. Schmidt, T. Wasem, P. Achenbach, M. Cardinali,

M. Hoek, W. Lauth, S. Schlimme, C. Sfienti a M. Thiel.
”
Lifetime of MCP-PMTs

and other performance features“. In: Journal of Instrumentation 13.02 (ún. 2018),

strana C02010. doi: 10.1088/1748-0221/13/02/C02010 (citováno na straně 14).
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The University of Texas, Arlington, 2007 (citováno na stranách 29, 38, 45, 47, 50).
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[45] G. Brocard. The LTspice IV Simulator: Manual, Methods and Applications. Swiridoff

Verlag, Wurth. 2013 (citováno na straně 53).
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Rozměry tyčinek detektoru ToF
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(a) (b)

1A
1B
1C
1D

65,54
59,78
54,02
48,25

Tyčinka X [mm]

2A
2B
2C
2D

59,14
53,38
47,62
41,85

Tyčinka X [mm]

(c)

3A
3B
3C
3D

52,74
46,98
41,22
35,45

Tyčinka X [mm]

(d)

4A
4B
4C
4D

46,59
40,83
35,07
29,30

Tyčinka X [mm]

Train 1 Train 2

Train 3 Train 4

Obrázek A.1: Výrobńı výkresy bezlepidlových tyčinek pro kampaň Run-3 LHC (2022–

2025): (a) 1. řada tyčinek (Train 1), (b) 2. řada tyčinek (Train 2), (c) 3. řada tyčinek

(Train 3), (d) 4. řada tyčinek (Train 4).
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S. Grinstein, K. Janas, K. Jirakova, M. Kocian, K. Korcyl, I. L. Paz, D. Northacker,

L. Nozka, M. Rijssenbeek, L. Seabra, R. Staszewski, P. Świerska a T. Sykora.
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Design of Cherenkov bars for the optical part of 
the time-of-flight detector in Geant4 

L. Nozka,1,* A. Brandt,2 M. Rijssenbeek,3 T. Sykora,1,4 T. Hoffman,2 J. Griffiths,2 J. 
Steffens,3 P. Hamal,1 L. Chytka,1 and M. Hrabovsky1 

1Regional Centre of Advanced Technologies and Materials, Joint Laboratory of Optics, Faculty of Science, Palacky 
University, 17. listopadu 50a, 771 46 Olomouc, Czech Republic 

2University of Texas, Arlington, USA 
3Stony Brook University, New York, USA 

4Institute of Particle and Nuclear Physics, Faculty of Mathematics and Physics, Charles University in Prague, Czech 
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Abstract: We present the results of studies devoted to the development and 
optimization of the optical part of a high precision time-of-flight (TOF) 
detector for the Large Hadron Collider (LHC). This work was motivated by 
a proposal to use such a detector in conjunction with a silicon detector to 
tag and measure protons from interactions of the type p + p → p + X + p, 
where the two outgoing protons are scattered in the very forward directions. 
The fast timing detector uses fused silica (quartz) bars that emit Cherenkov 
radiation as a relativistic particle passes through and the emitted Cherenkov 
photons are detected by, for instance, a micro-channel plate multi-anode 
Photomultiplier Tube (MCP-PMT). Several possible designs are 
implemented in Geant4 and studied for timing optimization as a function of 
the arrival time, and the number of Cherenkov photons reaching the photo-
sensor. 

©2014 Optical Society of America 

OCIS codes: (120.4570) Optical design of instruments; (350.4990) Particles. 
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1. Introduction 

Precision timing is useful for many applications, ranging from Positron Electron Tomography 
(PET) scans to particle physics (for example TORCH at LHCb [1]). For PET scans, 
information about the time of the arriving photon pair helps improve the position resolution 
by determining the locus of the electron-positron pair annihilation, while for high energy 
physics, it has typically been used in conjunction with a momentum measurement to 
determine the mass of the particle, which in turn defines the particle’s identity. 

Timing detectors can be used as a part of the proton tagging detectors to decrease the 
background to central exclusive production (CEP) events p + p → p + X + p where X stands 
for the centrally produced system, which could consist of a pair of jets, a pair of intermediate 
vector bosons (W + W-), or even a Higgs boson H [2, 3]. For the rare processes above, high 
luminosity is required, which implies that multiple interactions take place in every proton 
bunch crossing (pile-up). By using timing detectors on both sides of the interaction point, the 
background is rejected from protons that do not originate from the same vertex as the central 
system X. The time difference measurement to reduce pile-up was first proposed as an 
upgrade of the CDF experiment at Fermilab [4, 5], but was not implemented. This idea was 
then adopted by the joint ATLAS-CMS FP420 R&D collaboration for the LHC [6]. 

At high luminosity, the LHC environment places stringent demands on the timing 
detectors: unprecedented resolution (~10 ps, equivalent to 2.1 mm interaction vertex 
resolution), high rate capability (5 to 10 MHz), radiation hardness (integrated charge of 10 
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C/cm2/yr), and multi-proton detection capabilities (~1 background proton/detector is 
expected per bunch crossing at standard luminosity). 

The first detector to achieve 10 ps resolution was developed by Nagoya, and consisted of 
a short quartz bar connected to a microchannel plate photomultiplier (MCP-PMT); the 
charged particle travels the length of the bar with the entire Cherenkov cone captured by the 
PMT [7]. Building on this concept, Albrow proposed the QUARTIC detector, a matrix of 
straight quartz bars oriented at the Cherenkov angle (~48 degrees for fused silica). This 
design has the advantage that the PMT is out of the direct beam and it effectively 
compensates for time differences between photons emitted at different points along the 
proton’s path [8]. 

The QUARTIC design has been studied extensively by FP420 [6, 8] and AFP (ATLAS 
Forward Proton programme) [9], and with some modifications to the MCP-PMT to improve 
its lifetime [10] the system meets all requirements for operation at the LHC. Because of 
concerns about the PMT lifetime, CMS investigated a promising alternative, using Silicon 
photomultipliers (SiPMTs) to read out the fused silica bars. Since the resolution of the 
SiPMTs are inferior to the MCP-PMT, Albrow proposed a new “L” shape (L-bar) which 
combines the virtues of having the Cherenkov radiator bar parallel to the beam to maximize 
the light, with a perpendicular light guide bar to allow the photodetector to be positioned 
away from the beam [8]. 

Recently the planned interface to the accelerator was changed from a movable section of 
beam pipe (Hamburg pipe) to a more traditional Roman pot approach [11, 12], which does 
not have space for QUARTIC, but could house an L(Q)Bar detector. The primary aim of this 
paper is to study the LQBar performance, as well as several new designs devised to both fit in 
a 140 mm diameter Roman Pot and to satisfy the resolution goals. This goal is accomplished 
by simulating and analyzing the propagation of the Cherenkov photons through the different 
detector geometries to the photo-sensor, studying the resulting hit distributions, and 
comparing the results to benchmark straight bar detector. 

2. Designs for a Roman-pot-based Quartz Cherenkov detector 

2.1. Dimension constraints in Roman pot 

Despite the excellent resolution of QUARTIC, measured by ATLAS to be better than 15 ps 
[10], it is not a viable option for a Roman pot (hosting movable device) due to space 
constraints (the PMT is in-line with the sensors at the Cherenkov angle). In the LBar design, 
the radiator bar is parallel to the beam and collects more light than QUARTIC because the 
condition for total reflection is fulfilled along the whole pathway. However, the LBar design 
lacks time compensation and the amount of material it presents to particles is relatively large. 

In this work, we propose a shape which combines the best features of the QUARTIC and 
LBar designs while satisfying the dimensional constraints imposed by a Roman pot, Fig. 1(a). 
The basic component of the new detector is the LQBar, which is a modified LBar with the 
radiator oriented at the Cherenkov angle as in the QUARTIC design, see Fig. 1(b). This 
design suggests one train of bars with the radiator arm of the cross-section 2x6 mm (due to 
higher exposure to the beam), the second one with the radiator cross-section 3x6 mm, and the 
remaining trains with the radiator cross-section 5x6 mm. 

In contrast to the LBar where the condition for total reflection is fulfilled along the whole 
pathway to the photodetector, the LQBar requires a mirrored 45 degree elbow (0.79 rad) to 
get the light up the light guide bar to the PMT. The critical angle of fused silica varies 
between 40.2 degrees to 43.2 degrees (0.70 rad – 0.75 rad) within the wavelength range 200-
600 nm, thus the condition of the total reflection is still fulfilled on side walls of the LQBar 
(except the elbow). To minimize the effects of color dispersion, one could replace parts of the 
quartz or fused silica with an air light guide, for example an (internally polished) aluminum 
tube. Below we present simulation results evaluating different options. 
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Fig. 1. (a) Typical Roman pot dimensions, (b) proposed design of new TOF with matrix of 
LQBars with various cross-section profiles of radiator arm. 

2.2. Radiator and Light Guide design 

Studies to optimize the design were performed using Geant4 [13]. The Geant4 simulation 
focuses on optimizing the details of the LQBar implementation, since neither the LBar nor the 
straight bar (QBar) fit in the available space. A straight bar of the same total length as the 
LQBar is simulated, however, since it is the performance standard, and it can be used to 
connect the simulation to real data [10]. 

Figure 2 shows the basic size and shape of the LQBar, which is geometrically divided into 
a radiator arm (vertical arm) traversed by the proton and a light-guide arm (horizontal one) 
channeling the light to the photo-sensor (the red element at the end of the light guide). 

 

Fig. 2. Dimensions of a basic LQBar. 

 

Fig. 3. Types of studied LQBar designs including the straight bar. 
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The average Cherenkov angle θc for fused silica is 48 degrees (0.84 rad) for relativistic 
protons with β ( = v/c) close to one. The angle is a function of wavelength. The value 48 
degrees was calculated for the UV region (200-400 nm). The bottom face of the radiator bar 
is generally made absorbing since this light is directed away from the photo-sensor. However, 
by making a cut parallel to the beam at α = θc (Fig. 2(c)), these downward emitted photons are 
redirected back up through the bar and recovered for particles passing close to the bottom end 
of the radiator bar. Another feature of the LQbar is the “elbow” between the two bars, which 
is cut at 45 degrees and aluminized to maximize the light transmission. The following 
detector geometries were studied, see also Fig. 3 (blue colour stands for a fused silica part, 
yellow colour stands for an air light guide): 

1. A straight QBar of fused silica, see Fig. 3(a), where the pink circle is the position of 
the proton track; note that the radiator bar has a square-cut bottom side because this 
geometry was studied experimentally [10, 14] and serves as a benchmark, 
parameters in analysis: 150 mm long, arm square profile 6 × 6 mm2, 

2. A regular all fused silica LQBar with a metalized elbow, Fig. 3(b); denoted as Q-Q, 
parameters in analysis: aluminized elbow (90% reflectivity), radiator arm: length 60 
mm and cross section 2 × 6 mm2, and light-guide arm: length 90 mm, cross profile 6 
× 6 mm2, 

3. An LQBar with the radiator arm of fused silica, and the light-guide arm divided into 
part fused silica and part air-filled light guide, see Fig. 3(c), denoted as Q-QA, 
parameters in analysis: 90% reflectivity of air light–guide walls, radiator arm: 
length 60 mm, cross profile 2x6 mm, and light-guide arm: length 90 mm of which 30 
mm made of fused silica, cross profile 6x6 mm, 

4. An LQBar with the radiator of fused silica and the light guide filled with air denoted as 
QA-A, Fig. 3(d), parameters in analysis: 90% reflectivity of air light-guide walls, 
radiator arm: length 60 mm of which 30 mm made of fused silica, cross profile 2x6 
mm, and light-guide arm: air guide, length 90 mm, cross profile 6x6 mm. 

The Q-A configuration is omitted because it gives very poor results as much of the light 
gets trapped in the radiator bar. For completeness we also implemented the LBar option. 

2.3. Material properties 

The properties of the materials implemented in the simulation are those of suprasil (fused 
silica) with an index of refraction and absorption length as plotted in Fig. 4(a). The air-filled 
light guide is implemented as a vacuum. The photosensor is represented by its entrance 
window with index of refraction 1.474. The choice of the material is not important, however, 
due to a usual scheme of a sensor handling in the Geant4 by means of the concept of so-called 
sensitive volumes. When a photon hits the sensor, its state information is stored and then it is 
killed and not propagated anymore. A spectral sensitivity of the sensor is implemented 
through its photodetection efficiency discussed below. 
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Fig. 4. (a) Material properties of fused silica, (b) quantum efficiency of Planacon MCP-PMT. 

2.4. Photoelectron generation 

The photoelectron statistics for an event is the number of generated photons that are 
converted to photoelectrons and measured by the photosensor. The number of photoelectrons 
is given by 
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The number of generated photons is linearly dependent on L, the path length of proton in 
the radiator, and scales with the inverse square of the index of refraction (n) and the 
wavelength of the radiated photons λ. The photosensor type determines the acceptance of the 
wavelength range (λ1 and λ2). In Eq. (1), α denotes the fine structure constant, and ε the 
photodetection efficiency. The accepted wavelength range for the Planacon MCP-PMT is 185 
nm to 650 nm [14]. The path length of the proton through the radiator is L = ZDim/sin(θc), 
where ZDim is the thickness of the QBar; in our case ZDim = 6 mm, and L = 8.1 mm. 

When the optical photon reaches the sensor (which is actually the sensitive volume in 
Geant4), two efficiencies are applied that govern the conversion to photoelectrons: the 
photodetection efficiency (PDE) and the collection efficiency. If the photoelectron survives, a 
‘hit’ is registered (as photoelectron) for analysis. We adopted photocathode quantum 
efficiency data of the Planacon MCP-PMT published in [14], see Fig. 4(b), and the collection 
efficiency is set to 0.6. In the case of a full fused silica bar (Q-Q) of 150 mm in the length, 
losses caused by absorption in the medium (a fused silica radiator and/or a waveguide) and by 
multiple reflections on the medium boundaries are approximately 30% of the signal, giving a 
maximum number of accepted photoelectrons N~50 from Eq. (1). Losses in the Q-QA and the 
QA-A are significantly higher due to the presence of the extra optical boundary between 
fused silica and air. This in particular affects photons propagated via multiple total reflections 
on sides of the bar (noted as side wings in this paper, see below). 

3. Simulation studies and results 

The LQBar geometry studies are divided into two parts. First, we compare the various types 
of LQBars to the QBar (straight bar) for which there is test beam data [10]. The light guide is 
always given as a square 6 × 6 mm2 cross section to match the pixel size of the Planacon 
MCP-PMT, and ends flush against the PMT entrance window (in simulation there is a slight 
overlap between the light guide volume and the window to ensure a good connection; in 
practice a good contact must be mechanically ensured, unless an index-matching radiation-
tolerant high- transmission gel is obtained). 

In the second part of the study, we introduce various geometrical modifications of the 
basic designs in order to further improve the hit statistics at the sensor. 
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In all studies, protons with 7 TeV were used to generate Cherenkov light while passing 
bars without smearing of their direction and position. The simulation was set up so that the 
beam direction was along the z-axis in the simulation scene. 

3.1 Comparison among types of LQBars 

First, we compared the QBar and the three types of LQBars: Q-Q, Q-QA and QA-A as listed 
in section 2.2 a visualized in Fig. 3. All four designs have the same total geometrical path 
length of 150 mm and the light guides all have a cross section of 6 × 6 mm2. 

Simulated time profiles are plotted in Fig. 5(a) for a 1 ns wide time window and a 3.0 mm 
vertical offset of the beam (see Fig. 2(c)). More than 90% of all hits fall inside this time 
window, except for the straight QBar, which has a significant tail at longer arrival times. 
Because of the different optical path lengths, the first hits generally occur sooner in the case 
of LQBars with air light guides (Q-QA and QA-A). For instance, the first hit on the sensor 
occurs at 541 ps measured from the time the proton enters the trigger volume, compared to 
730 ps in a straight bar (see t0 in legend). The optical path length for the Q-Q LQBar is the 
same as for the straight QBar, thus their first hit arrival times are the same. In the case of the 
Q-Q LQBar, the total signal is split between a first and a second (late) peak. The late peak is 
linked to the presence of the so-called side wings of the photon trajectories, see Fig. 7 and 
text below. 

Cutting the radiator bar at the bottom parallel to the beam significantly increases the total 
hit count, and results in a strong dependence of the total hit count on the vertical beam offset. 
This behavior is illustrated in Fig. 5(b) and occurs for vertical offsets in the range from 0 mm 
to 4 mm (this depends on the cross section of the radiator). For larger offsets, most of the 
downward Cherenkov photons leave the bar. 

For a very small offset, for instance 0.1 mm, the light yield is significantly higher than for 
a large offset. In the case of the Q-QA design the yield factor is almost 2, and for the Q-Q 
design the factor is 1.3, which brings it to the level of the straight bar. One can design the 
detector to take advantage of this behavior when the beam position has a small spread in 
height. 

Note that this effect is negligible for the QA-A LQBar as it corresponds to the strong 
angular selection of photon directions in that design. In general, the hit count is independent 
of the vertical offset if the radiator bar is square cut, as is the case of the reference straight 
QBar. Both effects are further discussed below in the context of the photon acceptance as a 
function of the origin. Unless noted otherwise a parallel cut of 3mm will be used as the 
default. 

 

Fig. 5. (a) Time profile of hits in 1 ns window, (b) dependency on vertical offset from beam. 
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Fig. 6. (a) Absolute, and (b) relative hit amount of Cherenkov photons per one passing proton. 

Figure 6(a) summarizes hit statistics per event for all these time windows. Only the Q-Q 
LQBar design approaches the reference bar in hit count. As for total hit count, the Q-QA and 
QA-A designs suffer from reflections at the extra optical boundary between the fused silica 
and air light guide because of intrinsic reflection (4%), and additional total internal reflection 
of photons incident on the interface at large angle. As for the Q-Q design, there is a jump of 
the hit count between 0.3 and 0.4 ns due to arrival of the second peak, see Fig. 5(a). 

In Fig. 6(b), the percentage of hits in an arrival time window of the total is plotted as 
function of the time window size for several LQBar designs. In the case of the hybrid Q-QA 
design, almost all photons reach the sensor in the first 200 ps (97%), while for the QA-A case, 
all photons arrive even within the first 50 ps. This is explained by the fact that photons move 
faster and with less velocity dispersion within a hybrid design because of the shorter optical 
path. However, the total hit count is low compared to all fused silica designs because of 
reflections on the extra Q-A boundary. Therefore Q-Q and Straight Bar designs perform 
better for time windows greater than 400 ps. The total hit count is 360 per passing proton in 
the reference QBar design. Referring to Fig. 5, the hit count for the Q-Q LQBar design is 
similar for a vertical beam offsets close to zero. 

The distribution of azimuth emission angle φ (the angle in the plane perpendicular to the 
beam direction) of the generated Cherenkov photons is plotted in Fig. 7(a). Except for the 
reference straight bar QBar design, the φ distributions feature empty intervals caused by the 
geometry which strongly influences the acceptance of the photons. As seen in Fig. 7(b), the φ 
distribution has wings in the φ vs. arrival time distribution. 

Referring to Fig. 7(a), gaps occur in the distributions for the hybrid Q-QA and QA-A 
designs for the intervals from −0.73 rad to + 0.73 rad, from + 2.4 rad to + π rad, and from -π 
rad to −2.4 rad (so-called ‘side regions’). These intervals correspond to those outside of area 
of total internal reflections in the interface between the fused silica and air light guide. The φ 
distribution wing lying at around 1.57 rad (90 degrees) corresponds to those photons traveling 
straight to the sensor (thus called the direct wing in the direct region). The decrease from the 
central peak at 1.57 rad is due to an increase in optical path length including one or more 
reflections. Note the additional φ wing at negative φ between −2.4 rad and −0.73 rad which 
corresponds to similar photons but after reflection off the cut at the bottom end of the radiator 
bar. The detailed photon content of this negative φ wing depends on the vertical offset of the 
beam. In our case, a 6 mm wide bar, the photon content diminishes for offsets higher than 4 
mm, see Fig. 5(a). Because the reference straight QBar has a square-cut bottom the negative φ 
photons are all lost. 
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Fig. 7. (a) Vertex φ distribution of generated vertices, (b) its profile as function of arrival time. 

Peaks in the photon arrival time distribution are seen in the QA-A design; this is caused 
by a strong φ dependence of the photon survival (‘hits’) and it corresponds to the total internal 
reflection of all photons emitted away from the vertical direction (φ =  ± 1.57 rad) on the Q/A 
boundary. This applies to the Q-QA case as well, but there is not such a strict φ selection. A 
scan varying the length of the fused silica part indicates that the radiator length has a minor 
effect on the total hit count (~5%). Additionally, for square-cut LQbar versions, the φ 
distribution is almost identical to the parallel-cut counterparts except for the missing negative 
φ wing. 

Referring to Fig. 7(b), one can note that photons in the wings are increasingly delayed 
going away from the vertical. Notably for the Q-Q LQBar design, the fronts of the wings in 
the side regions are delayed by 270 ps with respect to the front of the direct wing (which is 
identical in shape to the direct wing of the straight Qbar). This corresponds to the second peak 
in the time profile (Fig. 5). The time delay of the negative φ wing with respect to the direct 
wing depends on the beam offset. For vertical offsets in the range from 0 mm to 4 mm, the 
time delay increases 7 ps/mm. For higher offsets it grows roughly 200 ps/mm but bigger 
portion of the negative wing go outside the bar until it diminishes at the offset of 5.5 mm. 

It is obvious that only the Q-Q LQBar comes close to the straight bar in terms of photon 
efficiency. The other bars suffer from the additional optical boundary between the fused silica 
and air light guide. On the other hand, the Q-Q LQbar signal is divided into a main, early 
photon bunch represented by direct wing (along with weaker negative φ wing) and two 
delayed side wings resulting in a spread in photon arrival time. However, much of this time 
spread can be countered by additional design modifications discussed in the next section. 

3.2. Geometry extensions of Q-Q LQBar 

In order to catch as many photons as possible in the shortest possible time window in the Q-Q 
LQBar design, small modifications of the light guide were studied, see Fig. 8. These consist 
in a shift of the light guide (dimension exty – extended vertical shift) in the vertical direction 
and tapering near the 90 degree elbow at a given taper angle. Unsurprisingly, the tapered part 
together with 45° elbow act as a rough approximation to a semi-parabolic collimating mirror, 
see Fig. 8(b). 

 

Fig. 8. Geometry extension of light-guide arm. 
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A variety of shifts and taper angles was studied. The taper angle was varied over the 
interval from 0 degrees to 35 degrees in 5 degree steps (2 degree steps in the vicinity of the 
optimal taper of 25 degrees), taking a fixed vertical shift value of 2 mm. The vertical shift 
was varied over the range from 0 mm to 4 mm in 0.5 mm steps with a fixed 22 degree taper 
angle. 

The hit count distributions as function of shift and taper angle are summarized in Fig. 9 
for 200 ps, 400 ps, and full photon arrival time windows. The maximum hit count is obtained 
for shifts between 2.0 and 2.5 mm for all these time windows. The hit count maximum is 
reached for taper angles between 20 and 25 degrees for the 200 ps and the full time windows. 
However for the 400 ps window, the optimal taper angle is shifted to 15 degrees. The 
maximum hit count in the full time window is 408 per proton for the modified Q-Q LQBar 
design with optimized parameters (those maximizing hit count), i.e. a factor 1.10 higher 
compared to the reference straight QBar design (hit count 370). This value is obtained for a 
vertical beam offset of −3 mm from beam axis. 

 

Fig. 9. Hit count as a function of (a) light guide vertical shift, (b) taper angle. 

The modified/optimized Q-Q LQBar design, with a vertical shift 2.5 mm and the taper 
angle of 25 degrees, is compared with the original Q-Q LQBar design and with the reference 
straight QBar. The resulting distributions are plotted in Fig. 10. It is obvious that the 
modifications result in a shift of the side wings by about 200 ps towards shorter arrival times, 
see Fig. 10(b). The same applies to the negative φ region. This wing shift gives a higher hit 
count of 408 compared to 290 for the non-modified Q-Q bar design, an increase by a factor 
1.4. This results in a beneficial time compression of the arrival time distribution. 

The number of accepted photoelectrons (PE) by the photosensor is plotted in Fig. 11(a) 
for various arrival time windows up to 500 ps. The PE statistics of the optimized Q-Q LQbar 
design are generally higher than those of the straight QBar design. Distributions of 
photoelectrons accepted in the sensor in first 400 ps are plotted in Fig. 11(b). This particular 
size of time window was chosen because it is thought to best approximate the real signal 
acquisition conditions of the AFP DAQ system. The modified Q-Q LQBar design is better at 
photoelectron detection than the reference straight QBar (25 vs. 20 photoelectrons) and 
almost two times better than unmodified Q-Q LQBar. 
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Fig. 10. Comparison of the optimized Q-Q LQBar design compared to the non-modified 
LQBar: (a) distribution of generated photon φ angle, (b) photon arrival time distribution. 

 

Fig. 11. (a) Statistics of photoelectrons accepted in sensor, (b) dependency on time window. 

4. Hit characteristics on sensor surface 

The studies discussed above are intended guide design of a modified LQBar geometry 
optimizing the photon hit statistics and arrival time distribution. In this section, the focus is on 
the hit count distribution at the surface of the sensor with the optimized Q-Q LQBar design. 
Note that the following results are based on hits passing the PDE and collection efficiency 
criteria (see section 2.4 above). These criteria affect the accepted photon wavelength 
distribution and are therefore somewhat coupled with the time-of-arrival distribution and the 
resulting PE pulse profile. Due to the dispersion, see Fig. 4(a), photons with higher 
wavelengths reach the sensor sooner but their contribution is reduced due to lower quantum 
efficiency of the sensor in the region, Fig. 4(b). This in turn affects a sharpness of the pulse. 

Figures 12 and 13 show histograms of the number of photoelectrons as a function of 
photon wavelength, generated photon φ angle, and the time of arrival at the sensor surface. 
The distribution of the optical signal at the sensor surface is plotted in Fig. 12(a). It is noted 
that the signal is not uniform in the z-direction along the sensor surface (which corresponds to 
the beam direction rotated by the Cherenkov angle in the plane containing the beam and the 
vertical axis). Figure 12(b) shows the wavelength distribution of photons hitting the sensor as 
a function of arrival time. One notes that photons of 200 nm – 400 nm wavelengths dominate 
the first 270 ps of the pulse. Thus an appropriate optical band-pass filter within this range 
could filter out a portion of an eventual light background. Figure 13 shows the distribution of 
generated photon φ angle as function of time and photon wavelength. Note the high statistics 
(red and orange colors) in the direct and negative wings in the first 270 ps of the pulse, see 
Fig. 13(a). The wavelengths of photons in this part of the pulse are mostly in the 200 nm – 
400 nm range, see Fig. 13(b). 
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Timestamps of accepted hits are used for a crude preliminary estimate of the timing 
resolution of a device consisting of the optimized extended Q-Q LQBar, the PMT and a 
constant fraction discriminator (CFD). This analysis does not include all aspects of the signal 
processing which is outside of the scope of this paper. Instead, we use a simplified model of 
the PMT timing performance by means of its impulse response. The impulse response is a 
function of a rise time, a fall time, a transit time, a transit time spread, and a gain of the PMT. 
We use following values: the rise time of 300 ps, the fall time of 1500 ps (the Planacon 
85011-501 datasheet), a transit time spread of 35 ps (based on [14]), and a gain of 105. The 
transit time itself has no effect on the timing performance in this model and it is set to 0 ns. 
The constant fraction value of the CFD is set 20% of the signal amplitude. First, the timing 
model is validated on results of the reference straight bar with a measured σ = 19 ps [10]. The 
model is then applied to the optimized Q-Q LQBar. We obtain σ~15 ps for a single bar. 
Adding N bars in a train of the QUARTIC detector, the timing resolution improves to 
σ/sqrt(N). This gives the timing resolution of 8 ps for the QUARTIC of N = 4 bars per train 
and a beam without position smearing. 

 

Fig. 12. (a) Statistics of photoelectrons accepted in sensor, (b) time distribution of spectra. 

 

Fig. 13. Distribution of generated vertex φ angle (a) in time, (b) over wavelength range. 

5. Conclusion 

We have studied several possible designs of an LQBar Cherenkov radiator for a new Time-
Of-Flight (TOF) detector suitable for measurements in the vicinity of proton beams at high 
luminosity. The Roman Pot near-beam interface is well established for such measurements, 
but presents severe space constraints on the design of suitable TOF detectors. We performed 
simulation studies of several different LQBar designs, and a variety of possible modifications, 
compared to a straight QBar design which has well known characteristics from test beam 
measurements [10]. 
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A hybrid combination of fused silica radiator and an air light guide (QA-A or Q-QA 
LQBar designs) was studied and was found to be promising because of the narrow hit profile 
in time. Almost all photons reach the sensor in the first 200 ps (97%) in the case of the Q-QA 
hybrid variant, compared to 43% for the reference straight QBar, see Fig. 6(b). However, the 
QA-A hybrid gives a significantly lower hit count and therefore it is not a satisfactory design. 
The Q-QA hit count is comparable to the regular Q-Q designs for short arrival time windows 
(less than 300 ps). Thus for timing purposes, the Q-QA is also a promising design in a sense 
that its light pulse is more compressed than the one for the Q-Q type, see also Fig. 6(a). 

Geometric modifications (taper, light guide shift) are proposed to further improve the 
LQBar design. These modifications are seen to strongly improve the arrival time distribution 
of the Q-Q LQBar design with an optimal vertical light guide shift of about 2.5 mm and a 
taper angle around 25 degrees. The Q-QA type, however, shows only a small improvement 
with design modifications, therefore it is also discarded in favor of the Q-Q design. 

The modified and optimized version of the Q-Q LQBar design is thus a promising 
solution for the AFP TOF detector because of its narrow hit profile and improved hit count in 
short arrival times. In fact this design gives a higher signal than the reference straight bar by a 
factor of 1.25 assuming the vertical offset of 3 mm, and the factor is still higher if the beam 
passes closer to the bottom cut. One can design the detector to take advantage of this behavior 
when the beam position has a small spread in height. Noting that wavelengths in the range 
from 200 mm to 400 nm dominate the first 300 ps of the light pulse, adding a band-pass filter 
could further improve the detector performance. 

The final steps to measure the resolution of the detector/MCP-PMT system would be to 
model how the phototube converts the photon time distribution to an electrical pulse, and then 
simulate the constant fraction discriminator and TDC operation, a task that is well outside the 
scope of this paper. Given the straight bar normalization point of 19 ps, however, a reasonable 
estimate of the resolution/bar can be obtained by scaling this by the square root of the ratio of 
the amount of photons (LQBar/straight bar) in the relevant time window, implying that an 
LQBar-based detector could exceed the performance of QUARTIC by 10-40%. 

In summary, we can conclude that it is possible to construct the Q-Q based detector with a 
resolution better than the standard QUARTIC detector. 
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Abstract: We present the construction of the optical part of the ToF (time-of-flight) 
subdetector prototype for the AFP (ATLAS Forward Proton) detector. The ToF detector in 
conjunction with a 3D silicon pixel tracker will tag and measure protons originating in central 
exclusive interactions p + p → p + X + p, where the two outgoing protons are scattered in the 
very forward directions. The ToF is required to reduce so-called pileup backgrounds that arise 
from multiple proton interactions in the same bunch crossing at high luminosity. The 
background can fake the signal of interest, and the extra rejection from the ToF allows the 
proton tagger to operate at the high luminosity required for measurement of the processes. 
The prototype detector uses fused silica bars emitting Cherenkov radiation as a relativistic 
particle passes through it. The emitted Cherenkov photons are detected by a micro-channel 
plate multi-anode Photomultiplier Tube (MCP-PMT) and processed by fast electronics. 
© 2016 Optical Society of America 
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1. Introduction 

Precision timing is useful for many applications, ranging from Positron Electron Tomography 
(PET) scans to particle physics. For PET scans, information about the time difference of the 
arriving photons helps improve the position resolution by determining the location of the 
electron-positron pair annihilation, while for high energy physics, it has typically been used in 
conjunction with a momentum measurement to determine the mass of the particle, which in 
turn defines the particle’s identity. Timing detectors can be used as well as a part of the 
proton tagging detectors to decrease the background to central exclusive production (CEP) 
events p + p → p + X + p where X stands for the centrally produced system, which could 
consist of a pair of jets or particles, a pair of intermediate vector bosons (W+W-), or even a 
Higgs boson H [1, 2]. 

At high luminosity, the environment of the Large Hadron Collider (LHC) places stringent 
demands on the timing detectors: high resolution (~10 – 20 ps, equivalent to 2.1 – 4.2 mm 
interaction vertex resolution), high rate capability (5 to 10 MHz), radiation hardness 
(integrated charge of 10 C/cm2/yr), and multi-proton detection capabilities. ToF detectors 
based on Cherenkov emission in fused silica radiators are treated as an optimal choice. On the 
other hand, detectors based on emission in a gas, for instance the GASTOF detector with 
C4F10 gas [3], have better intrinsic time resolution but a low signal level. Back to fused silica, 
relativistic protons emit a Cherenkov light pulse in the UV region (in the 200 to 400 nm range 
predominantly) in a Cherenkov cone of 48 degrees. The radiator also acts as a light guide to 
direct the light to a sensor with a high quantum efficiency in the UV region. Typically a fast 
micro-channel plate multi-anode Photomultiplier Tube (MCP-PMT) or a silicon 
photomultiplier (SiPM) is used. A multi-channel MCP-PMT is an option where pixelization is 
required. Which is also the case of the detector in this study. 
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The ToF design described here is based on benchmark studies published in [4]. These 
studies introduced several key concepts adopted in the final design and construction of the 
ToF prototype. The main design feature is an L-shape geometry, Fig. 1(a), first introduced by 
M. Albrow and his group [5]. Here we denote a bar arm crossing the beam as the radiator 
whilst an arm leading towards the sensor as the light guide. Albrow’s design is based on the 
light propagation by virtue of total reflections on the bar sides. On the other hand, our design 
largely relies on a direct fast light propagation to the sensor (approximately 60% of all photon 
tracks in a bar accepted by the sensor). This means a bar has to be rotated so that its radiator 
is tilted by the Cherenkov angle of 48 degrees with respect to the beam axis, see Fig. 1(a). In 
addition, direct pathways need to be reflected on the bar elbow which means a 45 degrees cut 
coated with an appropriate reflection layer. The part of the light propagated using total 
reflections is delayed with respect to the fast direct propagation. The aforementioned studies 
proposed a so-called taper to speed-up total-reflection pathways. On the other hand, adding a 
taper results in a correspondingly thinner radiator of a lower acceptance, see Fig. 1(a). 
Moreover, a radiator cut is another design improvement allowing higher signal due to the 
additional back reflection light with details described in [4]. 

 

Fig. 1. (a) Geometry of the ToF, (b) the ToF with the tracker modules (not in scale). 

2. Design of the ToF detector prototype 

The AFP detector [6] is composed of four stations, two stations on each side of the ATLAS 
Interaction Point at distances of 206 m (inner stations) and 214 m (outer stations). Inner 
stations consist of silicon detectors (trackers) [7] placed in dedicated Roman pots while outer 
stations consist of trackers accompanied by time-of-flight detectors (in identical Roman pots 
as well), see Fig. 1(b). In the figure, the coordinate system is chosen so that the beam axis is 
parallel to the z axis, the x axis is horizontal and the y axis is vertical. The aim of the tracker is 
to precisely measure the trajectory of scattered protons while the aim of the ToF detector is to 
reject the so-called pileup background which can fake the signal of interest. 

The ToF part has to fulfill the following performance requirements: time resolution below 
20 ps, radiation hardness up to 700 kGy (3x1015 neq cm−2, at a distance of 5 mm from the 
beam axis) [6], high rate capability (5 to 10 MHz), and multi-proton detection capabilities (~1 
background proton/detector is expected per bunch crossing at standard luminosity). 

The AFP detector acceptance is 16.8 × 20.0 mm2 given by the tracker dimensions [7] as 
illustrated in Fig. 1(b). From the ToF point of view the area is divided into four segments 
alongside the x axis. Each segment is composed of a set of four bars denoted as a train, see 
Fig. 1(a). This arrangement results in a matrix of 4 × 4 bars. This division is closely related to 
Photonis XPM85112 MCP-PMT (miniPlanacon) with 4 × 4 channel pixelization [8]. This 
detector was chosen for its enhanced timing performance (transit-time spread, TTS, below 35 
ps at 405 nm) and its dimensions. 
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Dimension constraints to the ToF are due to the limited space inside the Roman pot and 
due to the pixel size 6.25 × 6.25 mm2 of the PMT. The first factor predetermines the overall 
L-shape of bars (and the optical part of ToF as a whole) while the pixel size determines the 
cross-section dimensions of the bars. Bars of each train have light guide arms of the same 
dimensions. On the other hand, each radiator is unique in its dimensions. Their length is set so 
that their cut sides lie in one plane called the edge of the ToF (bottom-cut plane), see Fig. 1. 

For the first prototype, we did not construct the whole matrix of 4 × 4 bars. Instead, we 
decided to produce a matrix 2 × 4 of bars so that the middle columns were produced, see also 
Fig. 1(a). Such a configuration was sufficient for integration tests (tracker and ToF 
integration) and initial performance studies. Bars were labelled as indicated in Figs. 1(a) and 
2(b): 1A and 1B in the train 1 etc. with the A bars in the front as seen from the beam 
direction. 

3. Construction of the bars 

The bars of the AFP ToF detector are L-shaped and made of suprasil. There is a possibility to 
produce L-shaped bars as one piece [5]. In our design there are at least two cuts (45 or 48 
degrees) plus optionally the taper cut (18 degrees). It was difficult to construct such bars as 
one suprasil piece assumed dimension tolerances and polishing precision (see below). Instead 
we decided to produce the light guide and the radiator separately and glue them together, see 
Fig. 2(a). 

 

Fig. 2. (a) Example of a fused silica bar with the taper and a set of bars, (b) the set of 2x4 bars 
forming the ToF prototype. 

The dimensions of the bars for the ToF prototype are summarized in the Table 1. The 
dimension tolerances are: ± 0.05 mm for all dimensions of the light guide and cross-section 
dimensions of the radiator, ± 0.1 mm for the length of the radiator, and ± 2’ ( ± 0.017 degrees) 
for cuts. The higher tolerance for the length of the radiator is due to the two cuts resulting in 
two sharp edges preventing stringent toleration. Polishing precision was stated to three 
interference fringes at 550 nm. It was decided to coat the elbow cut with a reflection layer 
made of aluminum with a thickness of at least 200 nm and protected by a SiO2 layer of the 
thickness 120 nm (protection against oxidation and mechanical abrasion). The deposition was 
carried out by means of a standard PVD (Physical Vacuum Deposition) technique. 
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Table 1. Dimensions of the bars for the ToF prototype in millimeters. 

Train 
A bars B bars 
Radiator Light guide Radiator Light guide 

1 3 × 6 × 57.8 5 × 6 × 70.3 3 × 6 × 52.2 5 × 6 × 70.3 
2 5 × 6 × 53.5 5 × 6 × 65.2 5 × 6 × 47.9 5 × 6 × 65.2 
3 5 × 6 × 47.3 5 × 6 × 60.1 5 × 6 × 41.7 5 × 6 × 60.1 
4 5 × 6 × 41.0 5 × 6 × 55.0 5 × 6 × 35.4 5 × 6 × 55.0 

All pieces (the radiators and the light bars) were produced from a bulk of suprasil 
material. We used approximately 150 g of a suprasil bulk to produce all pieces as listed in 
Table 1 (the total weight 53 g) and spares for miscellaneous testing. Cutting, milling, and 
polishing were carried out by means of a common optical technology. By design, the light 
guides were produced in the form of pure cuboids. Since the light guides have the same 
length in a given train, they were made at once. As each radiator has a unique length their 
uncut intermediates were produced piece by piece. There are two cuts at each end side of the 
radiator (45 and 48 degrees rotated by 90 degrees with respect to each other). For a given cut 
type, radiators were cut together (per four pieces). 

Finally, radiators and light guides were glued together. Nowadays UV cementation is the 
most popular technique for bonding optical surfaces allowing fast, precise, and handy 
manipulation. However, this technique is only applicable for optical solutions in visible and 
infrared region because UV cements significantly absorb UV light. Finally we decided to use 
the Epotek 305 epoxy glue [9] assuring high transparency down to 250 nm and sufficient 
transparency down to 235 nm. The thickness of the glue layer did not exceed 20 μm which is 
the standard tolerance in the optics designing. 

4. Constraints given by the materials 

Construction of the bar includes the mirror production and optical coupling of the radiator and 
the light guide by means of an optical cement. These extra factors generally introduce other 
signal losses due to the transmittance of glue and mirror reflection. Here we report the results 
of the analysis of signal attenuation due to both factors. In addition, signal attenuation of 
suprasil itself is reported. 

4.1 Mirror performance 

Reflectivity of an optical surface is, in general, a function of the polarization state of the 
incident light. Cherenkov light is linearly polarized with polarization vector perpendicular to 
the Cherenkov cone. The calculated reflectance profile of the bar mirror is drawn in Fig. 3(a) 
for the incidence angle of 45 degrees (valid for the prominent direct photon pathways). The 
distributions of s and p polarization components on the mirror were calculated by means of a 
Geant4 simulation [10]. Results are plotted in Fig. 3(b) in terms of their ratio s/p (normalized, 
logarithmic plot). The higher statistics is below s/p<1 (53% of the total amount) which means 
that the p component prevails (the peak is at 0.34). Back to Fig. 3(a), the reflectivity of the 
mirror elbow is between the red and the black curve (below 90%). This means a loss of 10 – 
12% in the wavelength region from 200 nm to 400 nm which is of the most interest (see 
Introduction above and [4]). One can obtain a higher reflectivity by means of a dielectric 
mirror made of a system of a thin layer dielectric stack. For example, a system of 50 layers 
(better 70 layers) of SiO2/HfO2 will increase reflectivity by up to 96% in the wavelength 
region from 200 nm to 400 nm meaning a loss of 4% by reflection. However, we decided to 
use a simpler solution with aluminum coating for the ToF prototype assuming less light by 
6% with respect to the dielectric solution. 
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Fig. 3. (a) Reflectivity of the coated elbow cut, (b) ratio between the polarization components. 

4.2 Transmittance of glue and suprasil 

Figure 4(a) shows the results of transmittance measurements of suprasil and Epotek 305 glue. 
The measurements were performed with a DUV/UV spectrometer VUVAS 2000 ([11]). For 
the measurement of the suprasil itself, we used samples in the form of round suprasil pieces 
(20 mm diameter, 4 mm thick). Concerning transmittance measurements of the glue, we used 
samples in the form of two round suprasil pieces (20 mm diameter, 2 mm thick) bonded 
together with the glue. The red curve in the plot stands for the transmittance of the suprasil 
itself (including Fresnel reflection losses). Suprasil material of the thickness 4 mm cuts 
wavelengths below 166 nm (drop to half of the maximum). The blue curve corresponds to the 
transmittance of the whole system suprasil plus glue. Our results find a transparency edge at 
233 nm. The transmission cut incorporates additional signal loss in the region below 233 nm. 

Based on our simulations, the wavelengths accepted by the MCP-PMT are plotted in Fig. 
4(b) with a significant loss region below 233 nm. A comparison was made for a bar without 
taper. Similar results stand for bars with taper. The calculated loss is about 18% – 19% (with 
or without a taper). This loss is valid for the wavelength region from 200 nm to 600 nm where 
the quantum efficiency of the photomultiplier is known [4, 12]. Thus the glue plays a 
significant role in attenuation of the signal. 

 

Fig. 4. (a) Measured transmittances of suprasil and Epotek 305, (b) spectral attenuation of 
Epotek 305 based on the accepted wavelength profile in the sensor (simulation, bar 1A). 

5. Signal response of the bars 

The ToF prototype was tested during two test campaigns at the CERN-SPS test-beam facility 
(120 GeV π + particles) in November 2014 and September 2015 in the frame of the AFP 
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integration test beam measurements [13]. The scheme of the measurement setup is shown in 
Fig. 5. The beam passed through the bars and the trigger. The trigger consisted of a 30 mm 
long fused silica bar of 3 × 3 mm2 cross-section clamped to a silicon photomultiplier (SiPM). 
Its detection is also based on Cherenkov radiation. For the ToF module, each bar in the 2 × 4 
matrix was brought into contact (without the use of optical grease) with the Planacon MCP-
PMT XPM815112. It operated at the high voltage of 1870 V and the gain 5·105 for an optimal 
separation of the useful signal from the pedestal (rejection threshold at −100 mV, see below). 
The signal output the MCP-PMT was amplified by means of two-stage preamplifiers. Its first 
stage consisted of a current-to-voltage (A-V) converter with a 1 kΩ resistor and a voltage 
amplifier with the gain of 10. The second stage was a voltage amplifier with the same gain of 
10. For raw signal studies, the amplified signal was then analyzed with a LeCroy SDA760ZI 
oscilloscope (6 GHz, 20 GS/s, 4 channels). For timing studies, the raw signal was 
preprocessed with a constant fraction discriminator (CFD). The CFD threshold level was set 
to −100 mV for the pedestal rejection. In both cases, the signal was triggered with the SiPM 
detector signal processed with another CFD module (here the threshold was set to −200 mV). 
The trigger detector was moved vertically in order to select a specific train for measurements. 

 

Fig. 5. Setup of the test beam measurements. 

The following results are based on measurements with bars optically isolated from each 
other to prevent a possible undesired optical cross-talk between bars. Moreover they occupied 
separated pixels to prevent electronic cross-talk. The data was collected near the edge of the 
bars (area 3 × 3 mm2 given by the SiPM trigger detector). The distributions of signal 
amplitudes of all bars are plotted in Fig. 6(a) in the form of boxplots. Each distribution is 
described by a blue box defining the interval from 25% (Q1) to 75% (Q2) quantiles of the 
distribution with a red level mark inside indicating the mean value M (50% quantile). The 
dash line with ending defines the interval from the minimum value to the maximum value of 
the distribution excluding outliers (red points). The lower outliers are the values lower than 
Q1-1.5*(Q2-Q1). The mean amplitude differs from bar to bar which is a result of their 
different geometry and different response among pixels of the PMT. Our laboratory tests with 
a femtosecond laser at 420 nm showed the mean amplitude variation of 7% among the pixels. 

Despite their highest length, the bars in the first train (1A and 1B) generated the highest 
output (level of −350 mV in amplitude) by virtue of their taper modification. Other bars 
produced lower signal output with amplitudes around −250 mV on average (drop by 30%). 
These results confirm that the taper modification in the bar elbow increases the signal output 
of the bar as predicted by simulation studies [4]. 
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Fig. 6. (a) Distribution of the amplitude, (b) estimated distribution of generated photoelectrons 
given by simulation. 

The signal outputs from all bars embody relatively high fluctuation (Q2-Q1)/M in the 
range of 30% – 40% given by the response of the PMT channels and by fluctuations of signal 
pathways in the bars. Fluctuations of the signal are the consequence of random processes 
existing in each stage of the signal chain starting with the Cherenkov emission and ending 
with the signal registration. The estimated fluctuation of the signal originating from the 
photomultiplier is about 7%, the same for all pixels (given by laser tests at 420 nm). Thus 
fluctuations of the signal in the optical part dominate. To understand the origin of such 
fluctuations we estimated the number of generated photoelectrons in our simulations (see [4] 
for details) and assumed the photodetection efficiency (PDE) of the PMT specified in [12]. 

In Fig. 6(b) the estimated number of photoelectrons (pe) produced per event is plotted for 
the model of bar 2A. It was calculated for randomly generated particle positions in a square of 
3 × 3 mm2 to mimic the SiPM trigger detector defining the area of acceptance. In terms of 
quantiles Q1 and Q2 defined above, Q1 = 17 pe and Q2 = 23 pe with the mean M = 20 pe 
(Fig. 6(b)) giving a fluctuation estimate of (Q2-Q1)/M = 30% which corresponds to the 
observed fluctuation level in the signal. 

The 30% level fluctuations embody the variance of the number of generated Cherenkov 
photons, fluctuations in the bar (transport in the bar, reflections, escaping, attenuation of the 
glue), and fluctuations due to the PMT. The first term (Cherenkov effect) is in the 5% range 
based on simulations (the distribution of generated photons is characterized by Q1 = 690, Q2 
= 725, and M = 708 in our bars). Fluctuations coming from the photomultiplier are at a level 
of 7% for a constant optical signal level. Fluctuation of signal due to transport in the bar thus 
dominates. This study did not take into account cross-talk contributions from the adjacent 
pixels (the bars were tested separately). We measured a higher level of fluctuations by 2 – 4% 
per bar when both bars per train were used. However, this result needs a verification. 

6. Resolution of the trains 

The aim of the ToF detector is the measurement of arrival time with a resolution below 20 ps. 
For the given configuration, we studied the timing performance with two bars per train only. 
For such studies we preprocessed the output signal by means of the CFD module, see Fig. 5. 
The timestamp of the leading edge was treated as the arrival time of a signal pulse. The 
arrival time of a signal pulse from the PMT was calculated with respect to the arrival time of 
the SiPM detector serving as a trigger (the first SiPM in the chain, see Fig. 5). The SiPM 
detectors were measured between each other to evaluate their time resolutions. The time 
resolution of the SiPM trigger was measured as 12 ps. 

As an example, results of time measurements of the train 2 are plotted in Fig. 7. Note that 
the resolutions are calculated from the Gaussian fits. Here, the sigma values embody a 
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contribution from the trigger SiPM detector. The mean values are artificial and have no 
meaning. The arrival time of the train was calculated as the arithmetic average of the arrival 
times of each bar in the train. The distributions deviate from the Gaussian distribution at the 
tails. The origin of the tails is still not fully understood and it will be investigated in next test 
beam measurements. 

The results of timing measurements are summarized in Table 2 for all trains. The 
contribution of the SiPM trigger was subtracted. We estimated the measurement error ± 2 ps 
based on results from 5 independent measurements. The measured resolutions vary with the 
position of the beam with respect to the train edge (see also Fig. 1 for the edge specification) 
due to the fact that the signal amplitude decreases with the distance from the edge (this effect 
was studied in [4]). At first sight, the B bars embody better timing resolutions compared to 
the A bars. This originates from the fact that the signal of the B bars is enriched by photons 
coming from the A bars. The infiltration takes place near the edges of the bars. According to 
simulations, the hit count of the B bars grows by 5% at the edge and by 40% at 5 mm from 
the edge. However, this optical cross-talk does not contribute to the signal correlation 
between bars because photons are generated independently and each photon contributes to a 
one channel (a PMT pixel) only. Assuming the case of four bars per train, all bars receive a 
contribution of photons generated in the foregoing bar except the first one. Thus the first bar 
suffers from a smaller hit count which could eventually result in a worse resolution based on 
the PMT response (timing resolution vs. number of photoelectrons, to be specific). 

 

Fig. 7. Time resolution of the train 2 at the edge. 

In Table 2, the resolution difference between the A bars and the B bars is emphasized at 5 
mm from the edge (9 – 12 ps) compared to the edge position (5 – 8 ps). Only the 1A bar 
profited from its taper having a higher signal level, see Fig. 6(a), which partly compensated 
for the lack of signal. The resolution of the train arrival time is theoretically lower than the 
one of single bars by the factor 1/√N, where N is the number of bars in the train, providing the 
output signals from the bars are mutually independent (uncorrelated) and the time resolutions 
of bars are similar. The latter condition is not apparently met in our case. We expect it to be 
more closely to the 1/√N rule for the full train scenario and a new PMT with better timing 
performance. 

Correlations between bars generally worsen the time resolution of the whole train. A 
charge sharing between the PMT pixels causes a correlation between signal outputs at some 
level. Based on our raw signal analysis, we estimated the amplitude correlations to be 
approximately 10% between the A bars and the B bars caused by the charge sharing. 
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Table 2. Resolutions of the bars and the trains in picoseconds (estimated error ± 2 ps). 

Train Position Bar A Bar B Whole train 

1 
edge 31 26 23 
5 mm from edge 40 31 28 

2 
edge 34 26 25 
5 mm from edge 42 31 33 

3 
edge 31 26 25 
5 mm from edge 41 31 34 

4 
edge 33 26 27 
5 mm from edge 42 29 33 

Although we used only two bars per train, i.e. half of the design number of bars, the 
resolution values at the edge of the ToF detector are already close to the final specification of 
10 – 20 ps. For next studies we plan to have a setup with four bars in trains and a PMT with 
suppressed charge sharing and a better timing performance. 

7. Conclusion 

We have presented the design, construction, and initial performance measurements of the ToF 
prototype for the AFP project. The selected geometry of the bars was determined and based 
on our previous simulation studies. The produced bars were tested at the CERN-SPS test-
beam facility (120 GeV π + particles) in November 2014 and September 2015. Besides this, 
additional studies and measurements were performed to estimate the limits of the design, in 
particular the study of the elbow mirror reflection, and the transmission of suprasil and the 
glue in the deep UV region. Radiation hardness of these components are outside the scope of 
the paper and will be published separately. 

The reflection on the mirror layer on the bar elbow introduces a loss of 10 – 12% and 
depends on the polarization state of the light as the Cherenkov light is strongly polarized. Our 
simulation studies showed that the p component of the incoming photons prevails over the s 
component (peak of s/p ratio at 0.34) in the frame of the bar design. Suprasil material has the 
transmission edge at 166 nm (for the thickness of 4 mm). For the wavelengths above this 
limit, the transmission reaches 91%. Concerning the glue, the main issue is a shift of the 
transmission edge up to 233 nm. This results in a signal loss of at least 20%. 

Measurements in test beams at the SPS at CERN have proven the usefulness of the taper 
solution as described in [4] which increased the signal level by 30%. On the other hand, 
adding a taper results in a thinner radiator and therefore lower acceptance. Thus, in order to 
fully cover the required acceptance window, one needs either to omit the taper or to increase 
the number of trains. The latter option amounts to a higher pixelization. 

The resolutions of the trains of bars were measured to be in the range from 20 to 33 ps and 
worsen with the increasing distance of the beam from the edge. In the presented setup, we 
focused on the overall timing performance of the ToF prototype with just two bars per train. 
A full train setup will be used in next test beam measurements, which will allow us to study 
more aspects of the ToF performance issues. 
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Abstract: We present results of the timing performance studies of the optical part and front-
end electronics of the time-of-flight subdetector prototype for the ATLAS Forward Proton 
(AFP) detector obtained during the test campaigns at the CERN-SPS test-beam facility  
(120 GeV π+ particles) in July 2016 and October 2016. The time-of-flight (ToF) detector in 
conjunction with a 3D silicon pixel tracker will tag and measure protons originating in central 
exclusive interactions p + p → p + X + p, where the two outgoing protons are scattered in the 
very forward directions. The ToF is required to reduce so-called pileup backgrounds that arise 
from multiple proton interactions in the same bunch crossing at high luminosity. The 
background can fake the signal of interest, and the extra rejection from the ToF allows the 
proton tagger to operate at the high luminosity required for the measurement of the processes. 
The prototype detector uses fused silica bars emitting Cherenkov radiation as a relativistic 
particle passes through them. The emitted Cherenkov photons are detected by a multi-anode 
micro-channel plate photomultiplier tube (MCP-PMT) and processed by fast electronics. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

Precision timing is necessary for many applications, ranging from Positron Electron 
Tomography (PET) scans to particle physics. For high energy physics, it is typically 
combined with a momentum measurement to determine the mass of the particle, which in turn 
defines the particle’s identity. Timing detectors can be used as well as a part of the proton 
tagging detectors to decrease the background to central exclusive production (CEP) events  
p + p → p + X + p, where X stands for the centrally produced system, which could consist of 
a pair of jets or particles, a pair of intermediate vector bosons (W+W-), or even a Higgs boson 
H [1,2]. At a high luminosity, the environment of the Large Hadron Collider (LHC) places 
stringent demands on the timing detectors: high resolution (~10–20 ps, equivalent to the  
2.1–4.2 mm interaction vertex resolution), radiation hardness, long lifetime (the integrated 
charge of at least 10 C/cm2/yr), and multi-proton detection capabilities. To access low masses 
of the centrally produced system X, it is crucial to measure as close to the proton beam as 
possible, therefore an edgeless design is required. ToF detectors based on Cherenkov 
emission in fused silica radiators [3] are treated as an interesting choice. 

The AFP detector is designed to tag protons outgoing from ATLAS interaction point (IP) 
in the very forward direction. For this purpose, it consists of two near stations (at 206 m from 
IP), one per side, fitted with a 3D silicon pixel tracker; and two far stations (at 217 m from IP, 
one per side) with the silicon tracker together with a ToF detector. The two ToF detectors 
provide a time difference between the times of flight of the two protons in the CEP events. As 
the speed of the protons differs from the speed of light by a negligible amount, it is possible 
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to determine where the protons originated from (the longitudinal primary vertex position) 
based on the time difference, which provides high background rejection when combined with 
other means of the vertex reconstruction. 

The ToF design for the AFP project is based on benchmark studies [4]. The ToF geometry 
is outlined in Fig. 1. It consists of a 4 × 4 matrix of L-shaped bars made of fused silica. Each 
bar serves both as a Cherenkov radiator and a light guide towards a fast MCP-PMT device. 
The rows of four bars alongside the beam axis are called trains and labeled with a number, 
Fig. 1(a). The columns are labeled with letters A, B, C, and D along the direction of the 
incoming particle. In this way, the bars in the Train 1 are labeled 1A, 1B, 1C, and 1D and so 
on for the other trains. We produced two extra sets of bars (constituting full trains) with 
different geometries for the positions of the Train 1 and the Train 2. We labeled them the 
Train 5 and 6 to distinguish the original trains from the new ones (still having at most four 
trains in a ToF installation). 

The selected shape originates from the space limitation given by the available space inside 
the housing that AFP uses (the Roman pot). The benchmark study [4] introduced several key 
concepts adopted in the final design and construction of our ToF prototype and also shown 
simulation results for the developed geometry. Particularly a taper cut was proposed to speed-
up total-reflection pathways. Also, the radiators are tilted at an angle of 48° with respect to 
the beam, which corresponds to the Cherenkov angle for the fused silica. Because of this, the 
direct photons from all bars within a train arrive at the same time. The bars are produced from 
2 pieces and glued by the Epotek 305 UV transparent glue [5]. All the surfaces of the bars are 
polished and only the area of the 45° cut on the outside of the right angle joint of the radiator 
and light guide parts is aluminized, since it is the only part where the total reflection condition 
is not met for a substantial fraction of photons. Construction details are discussed in the 
previous study [6] together with the first timing results. 

The edge plane of the ToF detector is an important characteristic which is formed by 
individual edges of all bars, Fig. 1(a). It is the place where the detector has the best resolution 
as discussed throughout the paper. The AFP detector acceptance area is 16.3 × 20.0 mm2 
given by the tracker dimensions [7] and the tracker tilt as illustrated in Fig. 1(b). 

 

Fig. 1. (a) Geometry of ToF, (b) ToF with tracker modules (not in scale). 

2. Experimental setup 

The ToF prototype was tested during several test campaigns at the CERN-SPS test-beam 
facility (120 GeV π + particles) in the last three years. Here we present results from the 
campaign in July 2016 and October 2016 which were dedicated to timing studies. 
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Fig. 2. (a) Detail view of the ToF subdetector, (b) the Planacon XPM85112 MCP-PMT, (c) the 
layout of the occupancy of the PMT pixels with bars. 

The ToF subdetector is depicted in Fig. 2. The matrix of 4 × 4 bars is fixed to the PMT by 
a duralumin holder, Fig. 2(a). The bars are held by the duralumin plates within machined 
grooves. The plates are partially separating the light guide part of the bars of different trains. 
The grooves are designed to provide firm placement of the bars while keeping the minimal 
touching surface between the bar and the holder. The PMT is a new Planacon XPM85112 
MCP-PMT [8] with 16 pixels (channels) in the 4 × 4 matrix, Fig. 2(b). Each bar is designed 
for a dedicated pixel. The layout of pixels occupancy is sketched in Fig. 2(c). The trains  
1 and 2 were alternatively replaced by the trains 5 and 6, respectively, during the studies. 
Table 1 summarizes dimensions of the bars. See Fig. 1(a) for the meaning of the light guide 
and the radiator and [6] for the geometry and the construction details. 

Table 1. Dimensions of the ToF bars. 

Train 
Light guide 
length [mm] 

Length of the radiator [mm] Radiator 
height [mm] Taper* [mm] 

Bar A Bar B Bar C Bar D 
1 70.3 63.4 57.8 52.2 46.5 3 2 
2 65.2 59.2 53.5 47.9 42.3 5 0 
3 60.1 52.9 47.3 41.7 36.0 5 0 
4 55.0 46.6 41.0 35.4 29.8 5 0 
5 70.3 62.4 56.8 51.2 45.5 2 3 
6 66.2 58.2 52.5 46.9 41.3 4 1 

The cross-section dimension of all light guides is 5 × 6 mm2, the thickness of all radiators is 6 mm 
[6]. 
*The taper value is the difference between the nominal and tapered light guide width at the narrowest 
place. For more details on the taper optimization, see the design study [4]. 

The photograph of the measurement setup is shown in Fig. 3. The beam passed through 
two tracker modules, the ToF subdetector under study, an auxiliary ToF module, other two 
tracker modules, and two SiPM detectors used as a trigger. The auxiliary PMT detector was 
added for complementary studies and it is not discussed in the paper. 
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Fig. 3. Experimental setup. 

Each SiPM trigger detector consisted of a 30 mm long fused silica bar of 3 × 3 mm2 cross-
section coupled to a silicon photomultiplier (SiPM) manufactured by ST Microelectronics 
(NRD09_1 with 3.5 × 3.5 mm2 and 58 μm cell size). The SiPM detectors are also based on 
Cherenkov radiation. The trigger detectors were placed on a two-axis movable stage 
(remotely controlled) to select dedicated areas of the ToF detector for timing studies. We 
mostly used the first SiPM detector (closer to the ToF part) as a trigger. The latter one was 
used for the measurement of their mutual resolution and in turn the resolution of the first one. 
We added another SiPM detector (not in the figure) to measure the timing resolution of the 
first and the second SiPM detectors at the beginning of the timing performance studies. The 
third SiPM detector comprised of SensL SiPM sensor (MicroFC-SMA-30050 with 3 × 3 mm2 
and 50 μm cell size) coupled to 10 mm long fused silica bar of 3 × 3 mm2 cross-section. In the 
following, we use the term trigger for the first SiPM detector. 

The Planacon XPM85112 MCP-PMT operated at the high voltage of 2100 V, 
corresponding to the gain 5·104 for an optimal separation of the useful signal from the 
pedestal (see distribution of signal amplitudes in Fig. 4(b) – the noise pedestal is represented 
by narrow peaks reaching down to −100 mV, while the useful signal amplitudes fall below 
−150 mV). The signal output of the MCP-PMT was amplified by two-stage preamplifiers. 
The first stage consisted of a current-to-voltage (A-V) converter with a 1 kΩ resistor and a 
voltage amplifier with the amplification of 10 (the gain of 20 dB). The second stage was a 
voltage amplifier (V-V) with the same amplification of 10. For raw signal studies, the 
amplified signal was then directly analyzed with the Agilent Infiniium DSA91204A 
oscilloscope (12 GHz, 40 GS/s, 4 channels) together with the LeCroy WavePro 7200A  
(2 GHz, 10 GS/s, 4 channels) in a slave mode. For timing studies, the raw signal was 
preprocessed with a constant fraction discriminator (CFD) with the constant fraction tuned for 
the MCP-PMT signal shape (42%). Apart from the constant fraction, there is also a fixed 
threshold in the CFD, above which, the signal is rejected. The threshold level was set to  
−150 mV for the pedestal rejection. In both cases, the signal was triggered with the SiPM 
detector signal amplified by a 32 dB amplifier and processed with another CFD module (here 
the threshold was set to −400 mV). The trigger detector was moved vertically to select a 
specific train for measurements. 

3. Measurements and results 

During all measurements, we positioned the trigger to have its coincidence with a dedicated 
ToF area in the beam. We used the tracker module to align and mark the positions of the 
trigger to have the coincidence with any of the trains (the vertical position of the trigger) both 
at the edge of the ToF and at the distance of 5 mm from the edge (the horizontal position). 
There was a special scan of the timing resolution in the range of distances from the edge. The 
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measurements on the (ToF) edge were done having the edge of the SiPM trigger (with the  
3 × 3 mm2 cross-section) aligned to the ToF edge. Thus, the measurements on the edge were 
in fact aggregate measurements in the range of distances from 0 mm to 3 mm from the edge 
and similarly the measurements at 5 mm from the edge were aggregate measurements in the 
range of distances from 5 mm to 8 mm from the edge. 

In the following, we refer to the measurements at each train having in mind the chain of 
bars in the given train and corresponding pixels of the PMT. In several places the results are 
presented for a single bar, where all bars, but the one under study, were removed from the 
ToF detector. This provides a useful insight about a crosstalk and an uncorrelated time 
resolution. 

Raw signal measurements 

Measurements of the raw signal were important for setting up the operating high voltage of 
the PMT and the threshold of the CFD modules. As we mentioned in the previous section, we 
found the optimal operating high voltage of 2100 V. The thresholds of the CFD modules were 
set to −150 mV. Moreover, a crosstalk between the PMT pixels was studied in the raw signal 
domain. 

A typical signal output from the bar 6B is plotted in Fig. 4(a) in the overlapped mode to 
see how the signal fluctuates within run. Figure 4(b) shows several histograms of the signal 
amplitudes of the bars in the Train 6 to compare the signal level at the edge of the trains and 
at the distance of 5 mm from the edge. There is a significant decrease of the signal amplitude 
of the bar 6A (and the A bars in general) by 29% at the distance of 5 mm from the edge 
compared to the situation at the edge due to a missing contribution of the Cherenkov cone 
otherwise reflected from the edge side. This missing part of the cone is accepted by 
subsequent bars. We measured the decrease by 19% for the bar 6B, 6% for the bar 6C, and 
2% for the bar 6D. The analogous decrease in case of the Train 2 was 46% (!) for the bar 2A, 
24% for the bar 2B, 14% for the bar 2C, and no change in case of the bar 2D. The situation is 
analogous for the other trains. This effect was partly studied in the design study [4] and it is 
discussed in the Discussion section below. 

 

Fig. 4. (a) Overlapped set of typical output signal profiles in the Train 6, (b) examples of the 
amplitude distributions. 

Concerning the effect of the taper, we found the signal coming from the bars with the 
taper to be higher by at least 33% with respect to the bars without the taper (on average, the 
mean values −450 mV or −400 mV compared to −300 mV). This was also observed in the 
previous measurement campaigns [6,9]. As a result, the efficiency of the detection is higher 
for the bars with the taper. The detector efficiency was not the subject of the presented 
measurements as the measurements in combination with the tracker provide more information 
[10]. The preliminary result, based on the presented raw measurements, is that the efficiency 
with respect to the trigger of single bars in the Trains 2, 3, and 4 (without the taper) is at least 
72% for given HV and threshold settings and it is higher by 5-10% in the Train 5 (with the 
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taper). Furthermore, the efficiency is higher when all bars are installed, where the efficiency 
of all but A bars is above 85%. 

We were also interested in the leakage of the signal from a single bar into adjacent pixels 
of the PMT. Selected results of the crosstalk studies for the bars 6A and 6B are plotted in the 
Fig. 5(a). Here, each cell represents a pixel of the PMT and the layout corresponds to the one 
in Fig. 2(c). The pixel occupied by a bar is red. The crosstalk was treated as a relative level of 
signal coincidences between the pixel occupied by a bar and a given adjacent pixel - in other 
words, how often an adjacent pixel and the pixel occupied by the bar produced a signal above 
the specific amplitude level in the same event. This quantity is labeled ci in the plots in Fig. 5 
and three values are displayed for three thresholds of the amplitudes: −100 mV (the pedestal 
limit), −150 mV (the CFD thresholds), and −200 mV. The m quantity is the mean amplitude 
of the signal detected in a pixel. Note that we found the pixel 21 to be noisy (the mean 
pedestal amplitude m was higher by the factor of 1.4). 

The threshold −100 mV is approximately the limit of the pedestal region, see Fig. 4(b), 
thus the ci(−100 mV) indicates the total signal coincidences regardless the amplitude 
threshold except the pedestal. The level of coincidences is less than 5% at this threshold 
across all measured pixels (except the noisy pixel 21). The amplitude level −150 mV is the 
CFD threshold value. Thus, the coincidence above this level refers to the signals used in the 
timing processing. The level of coincidences is less than 2% at this threshold across all 
measured pixels. We added the amplitude threshold −200 mV for the test of eventual change 
of the CFD threshold setup. We got 0.5% of coincidences in this case. 

 

Fig. 5. Leakage of the signal to adjacent pixels from (a) the bar 6A, (b) the bar 6B. The axes 
give the MCP-PMT pixel number, as shown in Fig. 2(c). 

Of course, the crosstalk to an empty pixel is enhanced if two adjacent bars are occupied 
by bars producing a signal. Figure 6(a) plots coincidence results on selected pixels in the 
scenario with the bars 6A (the pixel 31) and 6C (the pixel 33) involved. In this case we 
studied the signal coincidence of the empty pixel 32 when the both bars triggered a signal in 
the same event. The level of coincidences grew up to 7% at the threshold of −150 mV.  
Figure 6(b) compares histograms of the signal amplitudes in the pixel 32 in three cases:  
(1) with no bar anywhere (the pedestal), (2) with one bar on the pixel 31, and (3) with the 
situation using the two bars on the pixels 31 and 33. The last case indicates the crosstalk level 
between pixels in the train. As we can see, the mean amplitude of the signal grew up by  
−43 mV from the value of −56 mV (the pedestal) to −99 mV. As the mean amplitude of the 
signal from the bar 6B is −523 mV, see Fig. 4(b), the crosstalk contribution from the adjacent 
bars (pixels) is approximately 8%. This is already a relevant factor influencing the timing 
performance of trains because the correlation between bars in a train has a negative impact on 
the train’s timing resolution. 
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Fig. 6. (a) Leakage of the signal to adjacent pixels from the pair of bars 6A and 6C (the axes 
give the MCP-PMT pixel number, as shown in Fig. 2(c)), (b) histogram of the signal 
amplitudes in the empty pixel 32 in different bars configuration. 

Timing measurements 

The measurements of the timing resolution of the bars and the whole trains were performed 
with respect to the first SiPM detector acting as the trigger. Its cross-section dimension of  
3 × 3 mm2 defined the spatial resolution in the characterization of the ToF timing 
performance. We preprocessed the output signal by the CFD module. The timestamp of the 
leading edge was treated as the arrival time of a signal pulse. The arrival time of a signal 
pulse from a PMT pixel was determined relative to the arrival time of the trigger (the time 
difference). In the following, we express the timing resolution by the sigma parameter σfit of 
the Gaussian fit of the timestamps distributions, see the example in Fig. 7(a), and by the full 
width at half maximum (FWHM) of the measured data sample. 

 

Fig. 7. Timing resolution of single bars 2B and 6(b) at the edge. 

First, the timing resolution of the trigger was investigated. To do so, we added the third 
SiPM detector to the setup right after the second SiPM detector. We measured the mutual 
timing resolution of all SiPM detectors using each detector one after another as a trigger. The 
resolution of the first SiPM detector was resolved to σfit = 10 ps (FWHM 25 ps). The stability 
of its timing performance was then repeatedly verified with respect to the second SiPM 
detector. The third SiPM was then dismounted from the setup. 

We mainly focused on the timing resolution of all trains at the edge and 5 mm from the 
edge and of selected single bars at the edge. Note the train resolution is the time resolution 

obtained from the distribution of the average times 
4

1

1

4train i
i

t t
=

=  , where it  is the time with 

respect to the trigger measured by i-th bar in the train in a given event. Figure 7 plots 
examples of the timing resolution of the bars 2B a 6B at the edge. Note that the sigma 
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parameter in the statistics box is the sigma of the distribution fit which is not corrected to the 
contribution of the trigger. Table 2 summarizes the timing resolution of dedicated bars at their 
edge. The bars 2A and 2B without the taper have a slightly worse resolution by 2 ps 
compared to the rest of the bars in with the taper. Measurement uncertainty was estimated 
from 5 independent measurements of the same bar to be ± 2 ps in terms of standard deviation 
σ (± 5 ps in FWHM), which corresponds to ± 1 ps uncertainty of the train time resolution σ  
(± 2 ps in FWHM). 

Table 2. Timing resolution of selected single bars at their edges (uncertainty ± 2 ps in σfit, 
± 5 ps in FWHM). 

Bar σfit [ps] FWHM [ps] Bar σfit [ps] FWHM [ps] 

1B 22 54 5B 22 53 

2A 24 58 6A 20 50 

2B 24 58 6B 21 52 

5A 23 60    

Measurements of the timing resolution of the whole trains were the main scope of the 
presented test campaigns. We measured the resolutions at the ToF edge and at the distance of 
5 mm from the edge. The example of the timing resolution of the Train 6 is shown in Fig. 8. 
Results of the timing studies for all trains are summarized in Table 3. 

 

Fig. 8. Timing resolution of the Train 6 at the edge. 

Table 3. Timing resolution of trains (uncertainty ± 1 ps in σfit, ± 2 ps in FWHM). 

Train edge of the ToF 5 mm from the edge 
σfit [ps] FWHM [ps] σfit [ps] FWHM [ps] 

1 14 34 15 38 
2 15 34 17 41 
3 15 34 17 42 
4 15 35 17 43 
5 14 36 17 36 
6 14 35 15 37 

The Train 2 was also the subject of the scan over the range of distances from 0 to 20 mm 
from the edge. As in all the previous cases, the distance value is the lower bound of the 3 mm 
interval given by the 3 × 3 mm2 trigger. Therefore, the 0 mm corresponds to aggregate 
measurements in the range of distances from 0 mm to 3 mm from the edge and similarly e.g. 
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20 mm from the edge were aggregate measurements in the range of distances from 20 mm to 
23 mm from the edge. 

The timing resolution of the Train 2 as a function of the distance from the edge is plotted 
in Fig. 9(a). The timing resolution is approximately linearly dependent on the distance from 
the edge (however, there is a deviation from the linear fit in case of the FWHM). σ and 
FWHM values are in a good agreement as shown in Fig. 9(b) (for a Gaussian distribution 
FWHM ≅  2.35σ), which justifies the use of the σ for the timing resolution, even though the 
time distribution, as shown in Fig. 8, slightly differs from a Gaussian distribution. 

4. Discussion 

The raw signal studies confirmed a variable strength of the signal across the bars in a train. 
We expected a lower signal level at the A bars compared to the rest of the bars in the train due 
to the leakage of the optical signal near the train edge. According to the simulations, the part 
of the Cherenkov cone leading to the edge of the bar is totally reflected towards the sensor. 
We call this part of the Cherenkov cone a negative wing, as in the previous studies [4]. 
However, photons of the negative wing also leak to the successive bars near the back end of 
the bar as visualized in Fig. 10(a) using the Geant4 toolkit [9,11]. 

 

Fig. 9. (a) Timing resolution of the Train 2 as a function of the distance from the edge; (b) 
correlation of σ and FWHM measures of the timing resolution. 

 

Fig. 10. Optical leakage between bars near the train edge, (a) visualization in Geant4, (b) 
contribution of the own and the parasitic fractions to the total hit count in the sensor. 

This effect strongly depends on the distance of the beam particle from the edge as seen in 
Fig. 10(b) for the case of the pair of the bars 1A and 1B (the models). In the plot, the green 
curve plots the total amount of photons generated by a proton traversing the bars at the given 
distance from the edge, reaching the detector pixel for the bar 1B normalized to the case at the 
edge. It is the sum of the contribution of the photons generated in the bar 1B itself (the blue 
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curve) and of the contribution of the parasitic photons generated in the bar 1A (the red curve). 
As there is no bar in front of the A bars, those bars suffer from the missing parasitic fraction 
resulting in a lower signal level and in turn a worse timing resolution and efficiency. 

We can see that the total number of detected photons (the green curve) decreases with the 
distance from the edge. This results in the worsening of the bar resolution with the increased 
distance of the beam from the bar edge. At the distances above 10 mm the effect diminishes 
because all photons from the negative wing leave the ToF and they do not contribute to the 
signal output from the train. This has a negative impact on the timing resolution of the bars 
and of the trains themselves as seen in Fig. 9. Moreover, a lower signal level also means a 
lower detection efficiency of a single bar. 

The measurements of the bars with the taper are in agreement with the expectation from 
the simulation results presented in the design study [4]. However, the uncertainty of the 
simulation is large due to the lack of a more precise PMT response model. The simulation 
predicted an increase of the number of detected photons by 20-50% depending on the 
collection time of the PMT, while the presented measurements show at least 33% increase. 

The obtained timing resolution comprises of time smearing in bars and MCP-PMT, and a 
jitter of the CFD module (σ = 5 ps). In addition, there is a systematic shortening of an optical 
path of the fastest photons as the distance of a hit from the edge increases. The shorter optical 
path is partially compensated by a longer time of flight of a beam particle before reaching the 
bar. Since we are triggering on the 3 × 3 mm2 SiPM detector, the obtained time distributions 
are smeared mixture distributions for the range of hit positions. We calculated the combined 
contribution σ to be less than 3 ps. 

There is still an additional contribution of a TDC used to read out the ToF system, which 
is not included in the presented results. The currently used HPTDC [12] based unit adds 14 ps 
[10] in quadrature to a single bar time resolution (specific channel combinations might lead to 
a larger contribution), but there is a planned upgrade to a picoTDC based unit (which is under 
development), where the jitter should be below 3 ps. 

Concerning the timing resolution of the whole trains, the electronic crosstalk would play a 
significant role (since the optical signal from all bars in a train arrives at the MCP-PMT at the 
same time, optical crosstalk is not causing deterioration). As seen in Fig. 6, its level was 
approximately 7% based on the contribution from both adjacent pixels (in frame of the train 
alone). Although it increases the signal amplitude of the channel (the bar plus the pixel), it has 
no positive effect on the timing resolution of the channel comparing results of the timing 
studies of single bars to the ones of the whole trains, see the sigma values of the bar 6B in 
Fig. 7(a) and Fig. 8. Conversely, this crosstalk deteriorates the resolution of the whole train. 

Theoretically, the timing resolution of the train is better than the one of single bars by the 
factor of 1/√N, where N is the number of bars in the train, providing the output signals from 
the bars are mutually independent (uncorrelated) and the time resolutions of bars are similar. 
For instance, it is visible in Fig. 8, that the bars of the Train 6 have the timing resolution 
approximately 22 ps on average (after the subtraction of the trigger contribution). This 
theoretically leads to the timing resolution of 11 ps of the whole train. Due to the crosstalk, 
the measured resolution is 14 ps instead. We obtained similar results in our previous 
measurements with a different PMT [6] where we estimated the level of crosstalk to be 10%. 

5. Conclusion 

Despite the negative contributions of the crosstalk, we measured the time resolution of the 
ToF optical part and front-end electronics to be below 20 ps. The ToF was installed to the 
LHC tunnel together with the AFP detector in March 2017 and it is being tuned now to 
achieve a requested operational performance. 

There are still several issues to be solved. The production of the bars is based on the 
bonding of the bar arms together with a suitable glue [6]. The glue itself attenuates the signal 

                                                                                                Vol. 26, No. 7 | 2 Apr 2018 | OPTICS EXPRESS 8038 



approximately by 20% in the deep UV region. In the near future, the development of a single-
piece bar production is of the highest priority. 
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A B S T R A C T

We report here on a set of experiments that focus on measuring the timing performance of the Photonis
miniPlanacon XPM85212/A1-S microchannel plate photomultiplier tubes along with the detector response at
high event rates. The detector has a single photoelectron timing resolution of 30 ps at low rates (10 kHz). We
show that both the gain and the timing start to deteriorate around 1MHz with 20 photoelectrons per channel
at 104 target gain, giving the current per unit of area limits of 1.38 μA∕cm2 and 2.38 μA∕cm2 for the two tested
devices. Photo-multiplier tubes with lower micro-channel plate resistivity exhibit a better rate capability due
to the faster replenishment of the charge inside the microchannels. As we demonstrate, another method to
improve the rate capability is to operate the photon detector tubes at a lower gain by reducing the supply
voltage and compensating for the loss of amplitude by an additional amplification stage at the expense of the
achieved timing resolution. The tube active area over which the beam is spread also plays a role since the
same amount of light yields a better rate capability when spread over a larger area. The tubes exposed to high
event rates showed an uncharacteristically slow recovery back to its initial gain with 80% of the initial gain
recovered only after several tens of minutes.

1. Introduction

Photomultiplier Tubes (PMTs) are widely employed in particle
physics experiments to detect photon fluxes as low as single photon
events. Micro channel plate (MCP) PMTs are preferred in environments
with strong magnetic fields where the conventional PMTs show severe
degradation in performance [1,2], or where timing resolution of the
order of few tens of pico seconds is required [3,4]. They also have a
very compact size and allow for easy pixelisation through the use of
multiple anode pads.

MCP-PMTs have been proposed as the photon detectors in the
Quartz Cherenkov ToF (Time-of-Flight) detector system [5], which is
a forward proton detector that has been added to the ATLAS detector
at the Large Hadron Collider. This system uses the Cherenkov radiation
produced within quartz bars as a trigger [6,7] and aims to achieve a
timing resolution of 10−20 ps [8]. Unlike typical ToF systems that have
the start and stop signals to measure particle velocity, we propose to use
the time difference of the outgoing protons from diffractive events to
measure the vertex position and compare it to the vertex measured with
the central detector, enabling the rejection of the background due to the

∗ Corresponding author.
E-mail address: tomas.komarek@cern.ch (T. Komárek).

pile-up events [5]. In order to measure the time difference between the
two outgoing protons with the required timing resolution, the time of
arrival of the proton is determined by averaging the four timing signals
corresponding to the proton traversing through the four quartz bars. A
proton hit on one quartz bar will result in Cherenkov photons (200-
450 nm) with the proton event rates exceeding 10MHz. The Cherenkov
photons are expected to result in 15–20 Pe (photoelectrons) in the MCP-
PMT per quartz bar and thus, the proposed detector needs to provide
optimum performance at event rates exceeding 10MHz with 15–20
photoelectrons.

We report here on the performance of two candidate MCP-PMTs
(miniPLANACON XPM85212) by Photonis. These are one inch square
devices with 16 channels in a 4 × 4 matrix (5.8mm channel size with a
6.4mm pitch) [9]. The MCPs within these PMTs have 6.5𝜇m pores that
are specially coated using ALD (Atomic Layer Deposition) techniques
that have been demonstrated to extend the lifetime of devices similar
to that required for our application (∼ 10C∕cm2) [10].

https://doi.org/10.1016/j.nima.2020.164705
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0168-9002/© 2020 Elsevier B.V. All rights reserved.



T. Komárek, V. Urbášek, A. Brandt et al. Nuclear Inst. and Methods in Physics Research, A 985 (2021) 164705

Fig. 1. MCP front face image obtained with a confocal scanning microscope. The pores
are 6.5𝜇m in diameter in a hexagonal layout. The macroscopic hexagonal tile structure
edges and occasional minor defects are also visible. From the confocal microscope
image, we determined the pore coverage to be 60%.

Table 1
PMT parameters.

Manufacturer’s specification using the recommended 𝐻𝑉 divider

PMT serial 𝑅MCP 𝐻𝑉 for 105 gain 𝐻𝑉 for 106 gain

9002096 36MΩ 2005V 2310V
9002097 29MΩ 1920V 2165V

Estimates for both PMTs

Pore size 6.5 μm
Pore coverage 60%
Photocathode — MCP in gap ∼4mm
MCP thickness 1.2mm
MCP out — anodes gap 0.5mm
Amplifier load resistor 𝑅a 50Ω
MCP out blocking resistor 𝑅b ∼0.1Ω
Anode inductance 𝐿a ∼10 nH
MCP out blocking capacitor 𝐶b 4 × 10 nF
Photocathode — MCP in capacitance 𝐶fk−mi ∼1.43 pF
Photocathode — MCP out capacitance 𝐶fk−mo ∼0.1 pF
Photocathode — ground capacitance 𝐶fk−gnd ∼0.1 pF
MCP capacitance 𝐶MCP ∼38.1 pF
MCP out — anode capacitance 𝐶a1 ∼0.6 pF
Anode — ground capacitance 𝐶a2 ∼0.64 pF
Amplifier input capacitance 𝐶i ∼2.5 pF

2. General considerations

The MCP-PMTs tested here were specified to have TTS (Transit
Time Spread, a single photoelectron timing resolution) < 50 ps, but
TTS < 35 ps can typically be achieved under operating conditions. The
photocathode quantum efficiency peaks in the range of 300-400 nm at
above 20% [9]. The MCP pore coverage was measured using a confocal
microscope scan of the MCP input side, as seen in Fig. 1. The rec-
ommended high voltage divider for these PMTs has 510k–5.1M–510k
resistor stages. We used this divider design in our tests.

2.1. Pulse shape

Many aspects of the PMT behaviour can be calculated or simulated
based on the PMT specifications and some estimated internal parame-
ters as listed in Table 1. We have electrically modelled the MCP-PMT
behaviour using the specified internal dimensions and the materials
(that gives an estimate of the capacitive couplings and inductances)
used inside the MCP-PMT along with the back-end readout electronics.
The model equivalent circuit with a current source representing the
operation of the MCP-PMT is shown in Fig. 2. The 𝐿a, 𝐶i and 𝑅a form
a low-pass filter with a cut-off frequency of 1GHz that will influence
the output pulse shape and rise-time, but not the rate capability.

Table 2
PMT rate capability estimates at gain 104 and 𝑁pe = 20 based on Eq. (1).

PMT serial MCP 𝐻𝑉 a Rate limit estimate

9002096 1384V 7.5MHz
9002097 1356V 9.1MHz

aThe applied MCP voltages for these are calculated based on the resistive divider with
510k–5.1M–510k resistor stages and the actual 𝑅 of the MCPs.

2.2. Rate capability

The numerous beam tests of the prototype ToF detector [8] were
performed with low rates in the range of 5−20 kHz (based on the beam
profile and the intensity) over all the PMT channels combined. As we
could not easily obtain a beam of suitable particles at megahertz rates
for our tests, the rate capability test was done using laser pulses as the
light source instead.

We used theoretical calculation to estimate the rate capability of
the PMTs. To produce such an estimate we consider the MCP recharge
current and charge per hit transferred to anodes based on gain. Based
on the results of simulations [6] and the PMT quantum efficiency,
we estimate each particle passing through the detector generates on
average 𝑁pe = 20 photoelectrons in the PMT per bar, times 4 bars hit.
However, assuming complete locality of the rate capability, we must
load the whole PMT in this scenario, multiplying the 𝑁pe by 16 (the
total number of channels). The target PMT gain (using three signal
amplification stages) is 𝑔 = 104. The high voltage 𝑈P needed to apply
over the MCP through HV divider to achieve that gain as well as the
MCP resistance values 𝑅MCP vary from piece to piece (see values in
Table 1, the HV for other gains than specified by manufacturer are later
determined from fitted gain curves in Fig. 3a).

Considering the elementary charge 𝑒 and a given rate 𝑓 , the current
drawn from the MCP by electron multiplication is

𝐼m = 16𝑒𝑓𝑔𝑁pe.

The strip current replenishing the charge is

𝐼sc = 𝑈P∕𝑅MCP.

We now calculate the rate at which these two currents are equal, so
the charge drawn per hit 16𝑒𝑔𝑁pe is equal to the charge replenished
through the MCP strip current 𝑈P∕𝑅MCP between hits. When the rate
approaches ∼ 10% of this value, the gain is expected to decline due
to the lack of available electrons in the MCP [11]. The maximum rate
estimate without this decline is therefore

𝑓 = 0.1
𝑈P

16𝑒𝑔𝑅MCP𝑁pe
, (1)

where 𝑔 is a function of 𝑈P for a given PMT piece.
𝐻𝑉 in Table 1 is the total voltage over the high voltage divider,

which supplies 5∕6 of the total voltage to the MCP1 [9]. A summary
of the calculated rate capabilities using both methods can be found
in Table 2. While the results of both estimates differ by a factor of
three, they are at the same order of magnitude, forming our baseline
expectation of the PMT rate capability. The gain curves for both PMTs
and the variation of the rate capability based on the second estimate
method can be seen in Fig. 3.

The MCP resistance 𝑅MCP is of a major importance here as it directly
influences the strip current and the MCP recharge speed. However, it
cannot be decreased to very low values as that would mean much more
heat being generated in the MCP where ways of removing heat are
extremely limited [12].

1 In reality this is closer to ∼ 4.3∕5.3 due to the MCP being parallel to the
centre stage of the divider. This is taken into account in the calculations with
the actual 𝑅 of the MCPs.

2
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Fig. 2. A semi-realistic model of a single channel of the PMT using the equivalent circuit is shown on the left (see Table 1 for parameter explanations and values). The microchannel
behaviour is emulated using a linearly-rising current source. Crosstalk can be simulated by connecting a 4 × 4 matrix of these single channel models. On the right, a resulting
signal and crosstalk in neighbouring channels are shown with an overlay of a real signal heatmap for comparison. The simulated signal has a slightly sharper edge (150 ps rise
time), which matches the PMT rise time when measured without amplifiers (see Fig. 7).

Fig. 3. PMT gain curves based on datasheets (the voltage is applied using the recommended divider) and calculated rate capability estimates using the strip current limit method
(given by Eq. (1)) for 𝑁pe = 20.

The PMT gain is also very important. One proposed method to
improve the rate capability is to add another signal amplification stage.
The reduction of the PMT gain is achieved by a reduction of high
voltage which in turn influences the strip current as well, but the slight
decrease of strip current is negligible compared to the gain change
that spans orders of magnitude. Therefore the rate capability should
increase by about the same factor as the PMT gain decreases — as
shown in Fig. 3b.

Moving gain from PMT to amplifiers means much more effort must
be focused on removing any sources of noise while shielding the
setup against interference. The timing performance can otherwise be
compromised.

Another factor that can influence the rate capability of the MCP-
PMT is the non-uniformity of the light intensity over the MCP-PMT
window. Some level of local effects are expected to occur, and so if
the PMT is loaded by pulses of the same intensity only over a part
of the window, projecting to a part of MCP, a lower rate capability
is expected in that area. This effect will also play some role in the real
detector, as the bars closer to the LHC beam can be hit more often in
some scenarios. The magnitude of the local effect is however hard to
predict [13].

3. Measurement setup and protocol

3.1. Setup description

The measurement setup scheme is shown in Fig. 4. The Hamamatsu
M10303-29 laser system (405.6 nm, 64.9 ps square pulses) was used
as a light source. The beam spot size in each channel was 6mm2

Fig. 4. Measurement setup scheme.

unless specified otherwise. The PMT output signals were amplified
using custom broadband amplifiers (PAa + PAb), each with a gain of
20 db [5]. In many measurements, a third amplification stage (PAc)
equivalent to the second stage was used for additional gain. The signal
was then observed with an oscilloscope triggered by the laser driver.
The oscilloscope we used was the LeCroy WavePro 760Zi with 6GHz
bandwidth and a 40∕20GS∕s sampling rate depending on the number
of channels in use.

Measurements other than TTS were performed using optical fibres
(either one or more) to guide the light into the desired PMT channels.2
Four channels are typically hit simultaneously in the AFP ToF detector,

2 The optical fibres used could spread the laser pulse in time, so for TTS
measurements the beam was directed to the PMT window with a mirror
instead. The fibres were necessary to hit multiple channels in a predictable
way.
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Fig. 5. High rate load effect on gain for the 9002096 PMT at 20 Pe per pulse. Note
how the supply voltage needed for the 104 gain shifts to higher values.

therefore many measurements were done with four channels in a single
column being illuminated. The PMT anode region and the first stage
amplifiers (PAa) were carefully shielded against interference by using
a fine copper mesh. The second and third stage amplifiers PAb and PAc
had their own enclosures which provided sufficient shielding.

3.2. Measurement protocol

For timing measurement purposes, a software CFD (Constant Frac-
tion Discriminator) was implemented to determine the 42%3 signal
level trigger point of the PMT signal in order to correct for time walk.
The software CFD was also proven to perform within 1 ps of a properly
tuned hardware CFD circuit. For TTS measurements, a low light level
corresponding to 0.05 photoelectrons per pulse was used to minimize
the number of events with two or more photoelectrons.

After measuring the gain behaviour of a single channel at low
laser repetition rates (10 kHz) recorded as pulse amplitude dependence
on the supply voltage, the PMT channel was loaded with a high
rate 10MHz light beam for one minute at 105 gain, corresponding to
50 μA∕cm2. An effect of a decreased PMT gain was observed when
subsequently remeasured at low rates. This is illustrated in Fig. 5.
Repeated high rate runs did not decrease the gain further. A short-term
partial recovery in the order of minutes was observed, this effect is
discussed in more detail in Section 4.

Any influence of the short-term partial recovery after high rate
loading was mitigated by waiting before performing the next rate scan.
Scans were always done from lower to higher rates.

When performing the rate scans with 3 amplifier stages, the high
voltage was varied and a rate scan was performed for each value. The
PAb gain was also varied with attenuators to compensate for PMT gain
changes at different voltages. Four channels were illuminated in these
particular measurements using fibres with 20 photoelectrons per pulse
in each channel.

With two amplifier stages, a test where one or four channels were
illuminated was performed. In this case, the measurement was done
with 7 photoelectrons per channel for each pulse.

A test of the illuminated area variation in a single channel was done
by retracting the fibre by a set of distances from the PMT front face.
The overall amount of light was not changed for the different positions.
Only the area over which it was spread was larger than the 6mm2 used
in other measurements, up to 50mm2. Stronger pulses of ∼ 200 Pe were
used for this test.

The rate capability threshold was always evaluated as the point
where the gain drops to 80% of the gain at very low rates (10 kHz)
using linear interpolation between the data points.

3 The 42% pulse height fraction was previously determined to yield the best
timing resolution.

Fig. 6. TTS (transit time spread) of single photoelectrons in the 9002097 PMT at 106
gain.

4. Results

The TTS of the 9002097 PMT was measured to be 29.7±0.5 ps after
subtracting the 65 ps contribution of the laser pulse width.4 A 106 PMT
gain had to be used to achieve single Pe sensitivity. The distribution can
be seen in Fig. 6. The small tail on the right is caused by photoelectrons
that backscattered off the MCP input surface before being collected and
amplified by an MCP pore [14].

The rise time between 20% − 80% amplitude of both PMTs with
20 photoelectrons per pulse and 105 gain as measured with our setup
was comparable at around 240 ps. However, when measured without
the amplifiers, the rise time was 150 ps, showing that the amplifier
bandwidth is a limiting factor. The rise time distributions can be seen
in Fig. 7.

As can be seen in Fig. 8, the signal amplitude and therefore the PMT
gain starts to drop as the rates get to the megahertz range. The lowering
of the gain at which the PMT is operated (allowed by the third amplifier
stage) pushes the onset of this effect to higher rates while compromising
the timing resolution to a certain extent. The rate limit at 104 gain is
2.6MHz (1.38 μA∕cm2) for PMT 2096 and 4.2MHz (2.38 μA∕cm2) for
PMT 2097.

Fig. 9 (left) shows that the rate capability is dependent on the
number of channels illuminated. The rate capability drops to 40% when
four channels are illuminated as compared to a single channel, keeping
the same amount of light per channel.

The rate capability also varies with the area illuminated (without
changing the total amount of light of ∼ 200 Pe during the measurement)
as shown in Fig. 9 (right). The results reveal a linear dependence,
proving the saturation effect is mostly local. The current per area limit
stays close to 2.2 μA∕cm2 regardless of the area illuminated for PMT
2097, which is close to the previously established value.

After the PMT was loaded with high rates, the recovery to the
original gain took an unusually long time – several minutes for recovery
to 80% of the original gain (with full recovery being reached only the
next day) – as compared to a few milliseconds with a typical non-ALD
MCP-PMT. This has been observed for ALD-treated MCP-PMTs from
other manufacturers as well [15]. Fig. 10 shows the initial recovery for
various lengths of the load time with 10MHz pulse rates, corresponding
to 50 μA∕cm2. A different behaviour was observed with 1 s load time
and resulted in an initially faster recovery, but the long-term recovery
behaviour remained the same.

4 This timing resolution subtraction was supported by a Monte Carlo toy
model of a Gaussian (true TTS) and a square (laser) distribution convolution.
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Fig. 7. The typical 20% − 80% rise time of the PMT 2097 at 105 gain with 20 Pe pulses. On the left as measured with amplifiers (two stages); on the right without.

Fig. 8. Rate scan results for both PMTs with four channels illuminated with 20 Pe pulses each. To aid readability, the legend labels are included in the same order (with increasing
gain) as the data series are stacked.

Fig. 9. Rate scan results for PMT 9002097 with one and four channels illuminated with fixed beam spot area per channel of 6mm2 at 105 gain with 7 Pe per pulse (left); dependence
of the rate capability on the illuminated area within a single channel for PMT 2097 at 5.7 ⋅ 104 gain and 200 Pe per pulse (right).

Fig. 10. Recovery behaviour after loading the PMT with 10MHz pulse rates of 𝑁𝑝𝑒 = 20
at 105 gain for various lengths of time.

5. Discussion

The electrical model of Photonis miniPlanacons introduced in Sec-
tion 2 is matching observations in terms of signal, cross-talk and rise
time that was measured to be 150 ps. This value increases to ∼ 240 ps
when amplifiers are used.

The PMT single photoelectron time resolution is 29.7 ± 0.5 ps and
matches the manufacturer’s specification.

The rate capability is, as can be seen, limited and results in gain
losses in the megahertz range (Fig. 8). The rate capability for a 104
gain shows a gain reduction of 80% at 2.6MHz for PMT 9002096 and
4.2MHz for 9002097. By taking into account the beam spot size and
gain, these then correspond to 1.38 μA∕cm2 and 2.38 μA∕cm2.

To compare these results to the theoretical rate limit predictions in
Section 2, we have to first correct those to the smaller beam spot of
6mm2 as compared to the 41mm2 channel area (1/16 of the total active

5
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PMT area) for which they were calculated. This correction gives us a
theoretical rate limit of 1.10MHz for PMT 2096 and 1.34MHz for PMT
2097. These match the measured limits very well, as they represent
the expected rate where the gain starts dropping, while the measured
rate limits represent the slightly higher rates where the gain already
drops to 80%. Also the fact that only 1/4 of the MCP was loaded with
light during the measurement could play some role. PMT 9002097
performs better than PMT 9002096 due to its lower MCP resistance
and therefore a higher current that is replenishing the charge, which is
also as predicted.

Reducing the 𝐻𝑉 and therefore the gain has a positive influence
on the rate capability. However, as the SNR (signal-to-noise ratio)
degrades, it starts to negatively influence the timing resolution at
the same time. The plots in Fig. 8 can serve as a way to choose an
appropriate operating voltage where the trade-off between rates and
timing performances is acceptable, which would be 1750V (1.46 ⋅ 104
gain) for 9002096 and 1650V (7.91 ⋅ 103 gain) for 9002097.

The rate capability of the PMT includes significant local effects.
When the beam is focused on a small area, the rate capability is
significantly worse than when spread over most of the PMT channel
(Fig. 9), keeping the limit at around the above mentioned values of
1.38 μA∕cm2 and 2.38 μA∕cm2. Therefore, achieving a good signal
uniformity in real applications for all the channels allows for a better
rate capability, while most likely increasing crosstalk near the channel
boundaries.

The rate capability (again established as the rate at which gain is
reduced to 80%) drops to 40% of the original rate when four channels
are illuminated instead of one (Fig. 9). This also shows that the effect
is not simply completely local (as no change would be observed), nor is
it completely global (as it would drop to 25%). This effect suggests that
nearby microchannels could be helping to replenish the charge where
it is depleted. This can no longer happen when those areas are depleted
as well.

As compared to the milliseconds needed with conventional (non
ALD-processed) MCP-PMTs, the recovery of the PMT gain after loading
with high pulse rates (10MHz) takes an extremely long time — about
10 min for partial recovery to 80% and a full day for complete recovery.

6. Conclusion

Two Photonis miniPLANACON XPM85212/A1-S MCP-PMTs were
measured using 405.6 nm laser pulses. The measurements were focused
on the pulse rate capability of said MCP-PMTs and on factors that can
help improve it. In particular, lower MCP resistance and operation at
lower gain were proven to play a vital role in efforts to improve the
rate capability.

However, both approaches have limitations. Too low MCP resis-
tance would cause overheating of the MCP unless it is possible to cool
it sufficiently. PMT operation at a lower gain (compensated by a third
amplifier stage) then results in a lower SNR, causing a degraded trigger
efficiency and also a worse timing performance. Low-noise amplifiers
(especially the first stage) and good electromagnetic shielding from any
external interference are therefore critical.

The illuminated area has a strong effect on the rate capability and
when spreading the same amount of light over a larger area, it helps
to achieve a proportionally better rate capability as well.

Given the limitations discussed above, these standard ALD PMTs
do not meet the requirements of the AFP ToF system. At 10MHz the
time resolution would be significantly degraded. In addition the long
recovery times are ill-suited to operational needs. On the other hand,
non-ALD devices without these rate issues will not survive long enough
to be useful. We are therefore exploring alternative solutions.5

5 XP85112/A1-URD, the candidate we will be exploring, features MCP
treated with a modified ALD process sequence and is expected not to suffer
from the extremely slow recovery. We also aim at a lower MCP 𝑅. This type
has however not been previously produced in the miniPlanacon form factor.
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Abstract: We present the results of performance studies of the upgraded optical part of the
time-of-flight subdetector prototype for the AFP (ATLAS Forward Proton) detector obtained
during the test campaign in a synchrotron test-beam facility with 5 GeV electrons at the DESY
laboratory (Hamburg, Germany) in June 2019. The detection of the particle arrival time is based
on generation of Cherenkov light in an L-shaped fused silica bar. In the previous version of the
ToF, all bars were made of two pieces (radiator and light guide) glued together with a dedicated
glue (Epotek 305). This solution suffers from additional radiation damage of glue. We adopted a
new technique of bar production without the need of glue. The new bars have a higher optical
throughput by a factor of 1.6, reduced fragility, and better geometrical precision.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The design and the physics motivation for the need of time-of-flight (ToF) subdetector of the
AFP project itself was already described thoroughly in our previous papers: the physics concept
in [1,2], simulation benchmark studies [3], details of the optics in [4], and timing studies in
[4,5]. The detection of the particle arrival time is based on generation of Cherenkov light in an
L-shaped fused silica bar. For clarity, the geometry of the ToF detector is depicted in Fig. 1
together with its detailed view. The ToF assemblage consists of a 4 × 4 matrix of L-shaped bars
made of fused silica (SK-1300 by O’Hara). Each bar serves both as a Cherenkov radiator and a
light guide towards a fast multichannel-plate photomultiplier (MCP-PMT) device (the sensor
plane in Fig. 1). The rows of four bars along the beam direction are called trains and are labeled
with a number. The bars in each train are labeled with letters A, B, C, and D along the direction
of the incoming particles. In this way, the bars in the Train 1 are labeled 1A, 1B, 1C, and 1D and
so on for the other trains.

The L-shape design largely relies on a direct fast light propagation to the sensor (approximately
60% of all photon tracks in a bar accepted by the sensor). This means a bar has to be rotated

#394582 https://doi.org/10.1364/OE.394582
Journal © 2020 Received 8 Apr 2020; revised 12 Jun 2020; accepted 14 Jun 2020; published 19 Jun 2020
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Fig. 1. (a) Geometry of the ToF subdetector, (b) a detailed view of installed ToF bars
(reprint from [5]).

so that its radiator is tilted by the Cherenkov angle of 48 degrees with respect to the beam axis,
Fig. 1(a). In addition, direct pathways need to be reflected on the bar elbow which means a
45 degrees cut coated with an appropriate reflection layer. The part of the light propagated
using total reflections is delayed with respect to the fast direct propagation. The aforementioned
studies [3] proposed a so-called taper to speed-up total-reflection pathways. On the other hand,
adding a taper results in a correspondingly thinner radiator of a lower acceptance, see Fig. 1(a),
Train 1. Moreover, a radiator cut is another design improvement allowing higher signal due
to the additional back reflection of light with details described in [3]. Geometry of each bar
is designed so that the cut planes of all bar radiators form an edge plane of the ToF detector,
Fig. 1(a). Dimensions of the bars used in presented studies are summarized in Table 1 at the end
of this section. Dimensions of all bars can be found in [4]. The passage length of beam particles
through a radiator is 8.1 mm given by its thickness (6 mm) and tilt (48 degrees) with respect to
the beam axis. The acceptance area of the AFP detector is 16.8× 20.0 mm2, given by dimensions
of a tracker module in front [6] and its tilt as illustrated in Fig. 1(a).

Table 1. Dimensions of bars in Train 2. The bar elbow with the 45 degrees cut is part of the
radiator.

Radiator Light guide

Bar Height [mm] Thickness [mm] Length [mm] Width [mm] Thickness [mm] Length [mm]

2A 5 6 59.2 5 6 65.2

2B 5 6 53.5 5 6 65.2

2C 5 6 47.9 5 6 65.2

2D 5 6 42.3 5 6 65.2

The ToF detector was installed as a part of the AFP detectors in the forward region of the
ATLAS detector on the Large Hardon Collider (LHC) in March of 2017. It was inserted into a
movable Roman Pot together with the tracker [7] at about 220 m on both sides downstream the
two beamlines. The working position was 1.5 mm from the beam centre. It ran till the end of
2017 in the LHC environment. The optics (and to a lesser extent the electronics) of the detector
was exposed to high radiation at the level of 700 kGy at a distance of 5 mm from the beam centre.
The bars themselves occupied a space in the region from 1.5 mm to 74.8 mm from the beam axis.
There is a large gradient in the radiation level about 15 kGy/mm [7], as well as a specific shape
of the illumination of the detector. This resulted in the development of activated hot spots in the
bars as measured after their removal from the LHC tunnel.
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We had tested the radiation hardness of the used fused silica glass SK-1300 and the glue
Epotek 305 by means of a proton beam (30 MeV) generated in the cyclotron facility in Nuclear
Physics Institute of the Czech Academy of Sciences in Rez near Prague (Czech Republic) [8].
We used circular samples (with outer diameter of 20 mm, and 2 mm thickness), some of them
glued together with the Epotek 305 for the glue tests. The radiation effects were measured as
a decrease of transmittance of the samples due to degradation of fused silica and of glue. The
spectral region was in the interval from 115 nm to 350 nm set by the vacuum spectrometer used
(the region of our interest was from 200 to 400 nm [3]). Figure 2(a) summarizes results relevant
for this work. We applied radiation doses according to predicted levels in the LHC [3] (the neq
stands for a neutron equivalent dose of the energy of 1 MeV): 700 kGy (neq = 3 · 1015cm−2) for
pure glass samples, 20 kGy (neq = 9 · 1013cm−2) for the samples with the glue (the glue junction
was at least 50 mm far from the beam center in the installation in the LHC).

Fig. 2. (a) Transmission spectra of the SK-1300 and Epotek 305 before and after radiation
(including Fresnell losses), (b) splitting of a laser beam observed during transmittance
measurements of irradiated bars.

The glass material of the bars was found to be sufficiently radiation hard. The transmittance
of the glass stays above 50% within the wavelength range of 200–400 nm up to 700 kGy of
irradiation dose. A significant decrease of transmittance due to irradiation occurs for wavelengths
below 200 nm where the quantum efficiency of the photomultipliers is unknown but is expected
not to be negligible. The glue itself deteriorates due to radiation in the order of tens of kGy and
exhibits a transmittance drop around a wavelength of 292 nm, see Fig. 2(a). Thus, even while the
bar material is sufficiently radiation hard, the glue reduces the radiation hardness of the full bars.
This resulted in a steady decrease of their optical throughput during the operation in the LHC.

We measured the total decrease of transmittance of one of the irradiated bars (with the label
1D) after the operation in the LHC. The transmittance was measured by means of a laser beam of
280 nm wavelength (accidentally close to the transmittance drop of the glue). The measurement
aimed to compare the signal power of the light beam passing the irradiated bar with one of
non-irradiated bars of the same geometry. The observed decrease of transmittance was 38%± 2%
due to radiation at that wavelength. Moreover, during the measurement we noticed that the laser
beam split at the glue layer as seen in Fig. 2(b). In the figure, the ordinary (expected) beam spot
is labeled 2 and the parasitic spot is labelled 1. The intensity of the parasitic light beam was 40%
of the signal level of the ordinary light beam.
The deterioration of the optical performance of the ToF detector due to permanent radiation

damage contributed to the decline of its efficiency during operation. The efficiency is directly
proportional to the average signal-to-noise ratio of the detector which in turn depends on the gain



Research Article Vol. 28, No. 13 / 22 June 2020 / Optics Express 19786

of the photomultiplier. The gain is determined by the high voltage applied. However, the gain of
photomultipliers for a constant high voltage decreases with higher rates of incoming light pulses
[9,10]. This is critical for applications at the LHC which operates at the frequency of 40 MHz.
The development of L-shaped bars without a need of glue junction was highly desirable

to improve the ToF timing performance and efficiency (including radiation hardness). The
production of solid one-piece L-shaped bars was not trivial. The technique was chosen such
that the skeleton of the whole train (four bars) was produced in one step considering a designed
spacing of 0.4 mm between the bars in the installation. This allowed for precise alignment of
adjacent surfaces of the bars, mainly at the edge of the ToF, see Fig. 1(a). Thus, the misalignment
of the radiator arms (which was present in the case of glued L-bars) was removed. Then bars
were polished individually. Train no. 2 of four solid (glueless) bars was produced for the June
2019 measurements at DESY in Hamburg. Their dimensions are summarized in Table 1.

In the following sections, we present results of the comparative measurement of the previously
designed bars with the glue junction. Simulations were done to estimate the increase of number
of photoelectrons compared to glued bars. We also needed to understand possible differences
due to electron beam at the DESY test beam facility compared to the SPS (the Super Proton
Synchrontron) beam at CERN we had used previously [5] (the SPS facility was closed during
2019). These studies are presented first.

2. Preparatory simulation studies

We focused on two tasks: (1) to perform studies of the effect of secondaries produced in the bars
by the primary electron beam with energy of 5 GeV, (2) to assess the yield of photoelectrons
given by solid bars compared to that of glued bars. The effect of secondaries is negligible in the
case of the SPS beam at CERN (π+ 120 GeV) as well as of the LHC beam (from this point of
view the measurements with the SPS beam suited our needs better). Simulations of primary beam
interactions with the whole Train 2 model were performed in the Geant4 framework [11]. The
model contained the geometry of bars (Table 1), a model of the photomultiplier with its quantum
efficiency [3] and a model of the stainless-steel entry window of the Roman pot which is 300 µm
thick [7]. The beam goes into the Roman pot through this window. It is a thinned part of the
Roman pot body. In the simulation, the photodetection efficiency (PDE) of the photomultiplier
model was extrapolated down to 160 nm as a constant function of the wavelength with the value
of 16% taken from the lowest known value at the wavelength of 200 nm.
Geant4 simulated the production of secondary electrons, positrons, and gamma photons

induced by the primary electrons of the DESY beam passing the bars of the ToF detector. The
gamma particles then partly convert to other electron-positron pairs. The electrons and positrons
with kinetic energy above the threshold of 0.160 MeV generate additional Cherenkov photons.
A negligible number of secondary positrons is generated in the case of the SPS beam. In total,
according to the simulation, the DESY beam generates more secondary particles by a factor of
2.25 in the ToF detector than the SPS beam (only those secondary particles producing Cherenkov
photons are counted here).
In the case showers are induced by the primary particles, the amount of secondary particles

increases as the shower develops. As a result, the number of photoelectrons steadily increases
from bar 2A to bar 2D. The comparison of the number of photoelectrons generated in the solid
and glued bars 2A and 2D in full train is shown in Fig. 3 for the case of incident electron beam.
Histograms were generated for 1000 events. In the case of bar 2A, the primary particles (the
beam particles) generated 33 ± 6 photoelectrons, and secondary particles contributed with 7+10−7
photoelectrons (there are large fluctuations). The total number of photoelectrons was 36 ± 9 (the
filled histogram). In the case of bar 2D, we found 37± 6 photoelectrons by primary particles, and
23+30−23 by secondaries, and 47 ± 21 photoelectrons in total. The number of photoelectrons given
by secondary particles fluctuates strongly. This is due to relatively long interaction length of
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relativistic electrons in fused silica for production of secondary gammas, electrons, and positrons
(excluding Cherenkov photons) where the secondary electrons and positrons are generated by the
conversion of secondary bremsstrahlung gammas.

Fig. 3. Simulated distribution of photoelectrons generated in the pixel of (a) the solid bar
2A, (b) the solid bar 2D for the 5 GeV e− beam. Histograms were generated for 1000 events
and full train installation.

In the case of the SPS beam, the influence of secondary particles is partly suppressed as the
interaction length of relativistic pions in fused silica is even longer than for DESY electrons.
Furthermore, the production of bremsstrahlung gammas is negligible compared to electron
beams, and pions at 120 GeV have zero bremsstrahlung. Quantitatively, in the case of the bar 2A,
the primary particles generated 34 ± 6 photoelectrons, secondary particles contribute with 5+6−5
photoelectrons. The total number of photoelectrons is 35±8. This is the same as for the bar 2A in
the DESY beam. In the case of the bar 2D, we found 38 ± 6 photoelectrons by primary particles,
6+9−6 by secondaries, and 40 ± 9 photoelectrons in total. Thus, the contribution by secondaries is
almost the same across the whole train.
Concerning the yield of photoelectrons given by solid bars with respect to that of glued bars,

we took the simulation with the DESY beam including contribution of secondaries. In this
study we accounted for the spectral cut of the glue, see Fig. 2(a) (red curve). The result of
this comparison study is shown in Fig. 4. It presents the simulated distributions of the total

Fig. 4. Distributions of number of photoelectrons of selected solid and glued bars for the 5
GeV e− beam. Histograms were generated for 1000 events and full train installation.
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number of photoelectrons generated in the pixels occupied by the bars 2A and 2D in the full train
scenario. Comparing the mean values relevant to all particles, we can derive an improvement in
the number of photoelectrons. The bar 2A improved by a factor of 1.6. This stands for all single
bars including a single 2D bar (we did comparisons for all single bars, we excluded corresponding
histograms for brevity). In the case of bar 2D in the full train installation, the improvement factor
dropped to 1.5 (partly due to a relatively smaller increase of contribution by secondaries by a
factor of 1.3, and partly due to a higher attenuation of those deep UV photons coming from
upstream bars).
Note that the presented ToF model lacks a model of the photomultiplier response. In reality,

there is an extra electronic crosstalk between pixels which additionally strengthen the signal in
each of them in the case of full train installation [5].

3. Experimental setup

The experimental measurements were done on the T22 beamline of the DESY II synchrotron
[12] in the last week of June 2019. The synchrotron facility provided an electron beam which
was set to an energy of 5 GeV. The experimental setup was similar to the one used in previous
measurements [4,5]. The only change was to use the Roman pot instead of the auxiliary duralumin
dark box. The scheme of the measurement setup is shown in Fig. 5 together with a picture.

Fig. 5. (a) Scheme of the experimental setup, (b) picture of the installation in DESY.

We used the MCP photomultiplier Photonis XPM85112/A1-S (SN 9002091) with 4 × 4
pixelization, and a sapphire entrance window, and a reduced anode gap. Its MCP (multichannel
plate) resistance was 16 MΩ, a gain of 105 at an overall high voltage of 2190 V, and a gain 106 at
2525 V. Train 2 with the full complement of 4 bars (solid or glued) was installed on top of the
photomultiplier aligned to its pixelization [5]. The output signal from each pixel (channel) was
amplified by two stages of voltage preamplifiers (each with a gain of 10) and collected by means
of a fast LeCroy WaveMaster 806Zi-B oscilloscope (bandwidth 6 GHz, sampling 40 GS/s). The
oscilloscope was triggered by the signal from one of three detectors S1, S2, and S3 downstream
of the beam. Each trigger detector consisted of a 15 mm long fused silica bar of 3 × 3 mm2

cross-section coupled to a silicon photomultiplier (SiPM) manufactured by ST Microelectronics
(S1, S2, type: NRD09_1 with 3.5 × 3.5 mm2 and 58 µm cell size) [13] or by SensL (S3) [14]
that detected Cherenkov radiation. They were placed on a two-axis movable stage (remotely
controlled) to select a specific area of the ToF detector for study. We mostly used the first detector
S1 (the closest to the ToF) as a trigger. The others were used for the measurement of their mutual
resolution and, in turn, the resolution of the S1. The signal from the S1 detector was preprocessed
by a CFD unit (Constant Fraction Discriminator) to minimize its time-walk (with a threshold
value of -400 mV).
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4. Measurements and results

During all measurements, we positioned the trigger to have its coincidence with the following
ToF areas in the beam: 0 mm from the edge (the edge position, see Fig. 1(a)), 5 mm, and 9
mm from the edge. First, we measured the timing resolution of the trigger (S1) by means of a
comparative timing resolution measurement among all SiPM detectors. The timing resolution of
the trigger S1 detector was found to be 13 ± 1 ps. Then we measured single bars and the whole
train of the glued and the solid bars for different gains of the photomultiplier. The gain was set by
varying levels of the applied high voltage.

4.1. Signal strength

Figure 6 shows the signal strength (amplitude) of single bars for both the solid (the rich colors)
and the glued (the pale colors) versions measured at a distance of 5 mm from the edge of the
bars. The bars were measured at high voltages of 2050 V, 2100 V, 2150 V, and 2200 V. The
signal strength of the glued bars at 2050 V was poor and is not plotted. Similarly, solid bars
produced too saturating signal pulses at 2200 V, so we decided to omit this measurement. Each
distribution is described by a box defining the interval from the 25% (Q1) to 75% (Q2) quantiles
of the amplitude distribution with a level mark inside indicating the median value (50% quantile).
The dashed line with endings defines the interval from the minimum value to the maximum value
of the distribution excluding outliers (red points in the tail). The lower outliers are the values
lower than Q1-1.5*(Q2-Q1). The results exhibit large fluctuations which is a characteristic for
the ToF detector and due to low level of the input Cherenkov signal [4]. Concerning the median
values, we required an optimum level of -300 mV for a good separation of the signal from the
pedestal for the given amplification. The pedestal was a white noise produced by a PMT anode
resistor (50 Ω), dark counts of the PMT, and both preamplifier stages. The pedestal cut itself was
-150 mV. Similar results from measurements at the edge and at a distance of 9 mm from the edge
are not presented here for the sake of brevity but they are mentioned in text.

Fig. 6. Signal strength of single bars measured at a distance of 5 mm from the edge of the
ToF for various gains of the photomultiplier.

At the distance of 5 mm from the edge, the setup with solid bars reached the optimum level at
a gain of 7.6 · 104 (corresponding HV=2150 V) and the one with glued bars at a gain of 1.1 · 105
(2200 V). At the edge, the values of the gain were 5.4 · 104 (2100 V) and 7.6 · 104 (2150 V) for
the solid bars and glued bars respectively. As for the 9 mm case, the optimal gain values were
almost the same as for the case of 5 mm from the ToF edge. The main conclusion of these results
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is that single solid bars produced a signal higher by a factor of 1.6–1.8 compared to the glued
bars for the same PMT gain. Further interpretation is done in the Discussion section below.
The situation changed with the bars installed in the full train as seen in Fig. 7. Due to light

leakage from the upstream bars, the downstream bars profit from the photon enrichment and
consequently register higher number of photons by a factor up to 1.4 [4]. Besides, any secondaries
produced further increase the signal level of downstream bars as mentioned earlier. As a result,
the light in the downstream bars is always augmented. The first bar (A) is the only one having
a signal strength the same as in the single bar scenario (excluding the effect of the electronic
crosstalk from the adjacent bar 2B). Note a weaker signal amplitude of the 2D bar compared
to the one of the 2C bar. We presume this is due to lower signal contribution from adjacent
pixels (charge sharing between pixels) - the 2D-bar pixel has only one adjacent pixel within the
train. However, this effect was not studied in more detail (the leakage effect between pixels was
addressed in [5], Fig. 5).

Fig. 7. Signal strength of bars installed in the train measured at a distance of 5 mm from
the edge of the ToF for various gains of the photomultiplier.

The signal strength of the train is closely related to the efficiency of the train which is an
important performance characteristic. We directly measured the efficiency with respect to the
SiPM trigger during the measurement campaign. We evaluated the train efficiency for the cases
(called majority trigger cases) in which either all four bars (’=4’), at least three bars (’>=3’), at
least two bars (’>=2’), or at least one bar (’>=1’) generated a valid signal with the amplitude
larger than the signal-to-pedestal threshold of -150 mV. The ’=4’ case and the ’>=3’ case were
of the main interest (due to better train resolution, see below). The results are summarized in
Table 2. The values obtained at the preferred gains are highlighted. The efficiency of the ’=4’
case is affected by a lower signal strength of the bar 2A with respect to other bars in the train
(there is no enrichment by photons from upstream bars). As the signal level of the solid bar 2A is
much higher (by a factor of 1.6, as seen above), the solid train has significantly higher efficiency
as compared to its glued counterpart for the ’=4’ case. See the Discussion section below for
further discussion of this result.

4.2. Timing resolution

Concerning the timing resolution, we measured the resolution of single bars and that of full trains.
The measurements of the timing resolution of the bars and the whole trains were performed with
respect to the first SiPM detector acting as a trigger. We preprocessed the output signal by the
CFD module. The timestamp of leading edge was treated as the arrival time of a signal pulse.
The arrival time of a signal pulse from a PMT pixel was determined relative to the arrival time of
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Table 2. Efficiency of the ToF measured with respect to the SiPM trigger for the amplitude
threshold of -150 mV at the distance of 5 mm from the edge.

Glued bars Solid bars

Number of bars with detectable signal Number of bars with detectable signal

HV [V] Gain [-] =4 >=3 >=2 >=1 =4 >=3 >=2 >=1

2050 3.8 · 104 - - - - 20% 68% 90% 94%

2100 5.4 · 104 28% 68% 89% 94% 67% 91% 93% 95%
2150 7.6 · 104 66% 90% 93% 95% 89% 93% 94% 95%

2200 1.1 · 105 86% 93% 94% 96% - - - -

the trigger (the time difference). In the following, we express the timing resolution by the sigma
parameter of the Gaussian fit of the timestamp distributions [5].

Results are summarized in Table 3 (with uncertainty of ±2 ps) for single bars at the distance of
5 mm from the edge. Here, the values of measured timing resolutions stand for the bars after
subtraction of the trigger contribution of 13 ± 1 ps. The values obtained for the proposed gains
are highlighted. Data were filtered out with the signal amplitude larger than the threshold -150
mV. Note that the timing resolution of the photomultiplier pixels varies, and this variation notably
contributes to the results. Concerning the other distances from the edge, the timing resolutions at
the edge were better by 5 ± 2 ps on average and the ones at the 9 mm distance from the edge were
slightly better by 1 ps on average with respect to the 5 mm distance case.

Table 3. Timing resolution of single bars in [ps] (uncertainty ±2 ps) for the amplitude threshold
of -150 mV at a distance of 5 mm from the edge.

Glued bars Solid bars

Bar
Gain 5.4 · 104 Gain 7.6 · 104 Gain 1.1 · 105 Gain 3.8 · 104 Gain 5.4 · 104 Gain 7.6 · 104
(HV 2100 V) (HV 2150 V) (HV 2200 V) (HV 2050 V) (HV 2100 V) (HV 2150 V)

2A 40 39 35 49 46 42

2B 40 38 36 47 43 40

2C 39 36 32 45 43 40

2D 38 36 34 44 41 38

For the same gain of the photomultiplier, the solid bars gave worse resolution by 3 ± 2 ps
on average (for all scanned distances from the edge). However, the difference grew to 6 ± 2 ps
comparing the timing resolutions for the optimal gains, i.e. 7.6 · 104 for glued bars and 5.4 · 104
for solid bars. This additional worsening of the timing resolution was due to lower gain of the
photomultiplier in the case of the solid bars. Nevertheless, the worse resolution of the solid bars
for the same gain was a surprising finding in the light of the significant improvement in the light
throughput resulting in a higher number of photoelectrons in the photomultiplier.

The timing resolution of the whole Train 2 was measured with all bars of the train installed on
the photomultiplier. It was calculated from a distribution of arithmetic averages of timestamps
given by individual bars in the train which produced a valid signal (they were triggering). For the
case of all four bars triggered (’=4’), the train resolution is theoretically expected to be ½ of the
timing resolution of a single bar in the train provided all four bars have the same resolution and
no correlation exists between them. In practice, however, the correlation of timestamps among
the bars is non-negligible due to electronic crosstalk (the optical crosstalk has no effect here as
discussed in [5]). This results in a worsening of the timing resolution of the train. The timing
resolution of a train depends on the number of triggering bars. Fewer triggering bars leads to a
worse resolution. The timing resolutions given by our measurements are summarized in Table 4
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(with uncertainty of ±2 ps) for all assumed majority trigger cases measured at the 5 mm distance
of from the edge. The resolution contribution 13 ps from the SiPM trigger was subtracted. The
highlighted values stand for the preferred gain levels of the PMT as were mentioned before.

Table 4. Timing resolution of Train 2 in [ps] (uncertainty ±2 ps) for different majority trigger cases
(the amplitude threshold of -150 mV, at the distance of 5 mm from the edge).

Glued bars Solid bars

Case
Gain 5.4 · 104 Gain 7.6 · 104 Gain 1.1 · 105 Gain 3.8 · 104 Gain 5.4 · 104 Gain 7.6 · 104
(HV 2100 V) (HV 2150 V) (HV 2200 V) (HV 2050 V) (HV 2100 V) (HV 2150 V)

>=1 30 28 30 30 28 30

>=2 27 28 28 29 28 29

>=3 27 27 27 27 28 27

=4 26 28 28 27 27 28

At the first sight, the timing resolution of both trains were worse by about 10 ps with respect
to the output from measurements on the SPS beam [4,5]. This issue is caused by the beam
itself. Nevertheless, the timing resolution was the same for both the glued and the solid trains,
regardless of the applied majority trigger. There is also no distinction between the majority
trigger cases although the train resolution deteriorates with a lower number of triggering bars.
This is due to high relative occurrence of cases with three and four bars involved in the arrival
time measurement. This is indicated in Table 5 where results for individual number of triggering
bars are plotted (exactly a one bar triggered etc.) together with their relative occurrence in the
dataset. They are labeled as the ’equal’ cases. At the first sight, the ’=1’ and ’=2’ cases are
almost suppressed. Note the worse timing resolution values for the ’=1’ case with respect to the
values for single bars in Table 3. This is assumed to be due to the electronic crosstalk from the
other channels (even when they did not pass the trigger threshold) which affect the clarity of the
signal (there is no electronic crosstalk in the single bar case). See the next section for further
discussion of the results.

Table 5. Timing resolution of the Train 2 in [ps] for different ’equal’ cases of triggering bars (the
amplitude threshold of -150 mV, at the distance of 5 mm from the edge) together with their relative

occurrence in measured data.

Glued bars Solid bars

Gain 5.4 · 104 Gain 7.6 · 104 Gain 1.1 · 105 Gain 3.8 · 104 Gain 5.4 · 104 Gain 7.6 · 104
(HV 2100 V) (HV 2150 V) (HV 2200 V) (HV 2050 V) (HV 2100 V) (HV 2150 V)

Case σ [ps] occ. σ [ps] occ. σ [ps] occ. σ [ps] occ. σ [ps] occ. σ [ps] occ.

=1 54 ± 5 5% 44 ± 5 2% 38 ± 5 2% 53 ± 5 4% 44 ± 5 1% 45 ± 5 1%

=2 30 ± 2 21% 29 ± 2 4% 27 ± 5 2% 32 ± 5 21% 27 ± 5 2% 41 ± 5 1%

=3 26 ± 2 41% 25 ± 2 24% 25 ± 2 7% 26 ± 2 48% 26 ± 2 24% 24 ± 5 4%

=4 26 ± 2 28% 28 ± 2 66% 28 ± 2 86% 27 ± 2 20% 27 ± 2 67% 28 ± 2 89%

5. Discussion

The main message from these measurements is the improvement by a factor of at least 1.6 of
the signals produced with the single solid bars compared to their glued counterparts. This is
in good agreement with simulations (Fig. 4, bar 2A) which predicted the wavelength cut of
the glue at 235 nm removes more than one third of the useful Cherenkov light. However, the
simulation underestimated the amplitude improvement of the 2D bar in the full train (a factor of
1.5 in simulation). We assume this is due to the fact our model does not comprise additional
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interaction between bar channels at the photomultiplier level (namely charge sharing) and the
response of the photomultiplier overall. In the simulation, the photodetection efficiency (PDE)
of the photomultiplier model was extrapolated down to 160 nm as a constant function of the
wavelength with the value of 16% taken from the lowest known value at the wavelength of 200
nm. The good agreement between data and the simulation proved that the PDE of the used
photomultiplier is significant below 200 nm despite being unknown in the deep UV region.
For proper operation, a good separation of the signal from the pedestal is required. In the

setup, a threshold of -150 mV was the optimum value. The required mean signal amplitude is
then -300 mV or bigger. The corresponding optimum gain for the glued bars was 7.6 · 104, and
5.4 · 104 for the solid bars.
The rate of our beam test events at DESY (and at the SPS in the past) was of order of kHz, a

rate that does not affect the performance of the photomultiplier. In such conditions, the efficiency
of the ToF with the solid bars was substantially higher compared to the glued counterpart for the
same gain, see Table 2. This is especially true for the ’=4’ trigger condition in which we require
all bars in the train to produce a valid signal (surpassing the signal-to-pedestal threshold of -150
mV). However, if we reduce the gain from 7.6 · 104 to 5.4 · 104 for solid bars we end up with the
same efficiency as for glued bars at a gain of 7.6 · 104 (keeping in mind we operate in a low-rate
regime).
The timing resolution is the main performance characteristic of the ToF detector. Although

the timing resolution of the train is the decisive parameter, we also focused on the timing
performance of the single bars. According to the Table 3, the solid bars gave worse resolution
by 3 ± 1 ps in average for the same gain. This was surprising. We expected a slightly better
resolution due to higher number of photons on the photomultiplier photocathode despite the
fact there is a saturation of the timing resolution of photomultipliers with the increasing number
of photoelectrons as reported in [15]. We tried to explain this deterioration as the effect of
the Cherenkov light dispersion. As the solid bars miss the glue layer, the wavelength range of
accepted photons spreads down to 160 nm where the index of refraction of the fused silica (and
of dielectrics in general) quickly rises. However, our simulation did not reveal any significant
change of the time distribution of photons hit counts on the PMT photocathode. On the other
hand, these distinctions disappeared when all bars were installed in the train and we studied the
timing performance of the whole train. When a train average time is determined, the difference of
3 ps present in the timing resolution of single bars (solid vs. glued) is suppressed. Theoretically,
the resolution of the train is half of the single bar resolution. Thus, the difference is 1.5 ps in case
of the full train which is comparable with our uncertainty of measurement.

It is interesting that the train timing resolution did not change (within the uncertainty of ±2 ps)
among the applied majority triggers. Thus the ’>=1’ case gave the same timing performance as
the ’>=3’ or ’=4’ cases. The explanation is found in Table 5. The relative occurrence of the
’=1’ case (exactly only one of bars triggered) or the ’=2’ case was below 5%. Actually, most
frequently all four bars triggered (66% or 67%), followed by the case in which at least three bars
were triggering (24%). The best timing resolution was obtained for the case ’=3’. The ’=4’ case
suffered somewhat from the poorer timing performance of the first bar as no photon enrichment
is present from the upstream bars. Adding a fake bar in front of the first bar would solve this
issue. However, there is lack of space for such modifications. From these results we can deduce
which of the majority trigger cases to use for the ToF operation based on the timing resolution
and the efficiency. The selection criterion based on the ’>=3’ case is optimal.

It is known that the real gain of MCP photomultipliers decreases for high rates of incoming light
pulses [9,16]. This is related to a growth of the average charge collected on the photomultiplier’s
anode and the speed of its drainage. This effect plays a critical role in the deployment of the ToF
detector in the LHC collider with the 40 MHz bunch crossing rates. The expected frequency
of pulses is 20 MHz per train for the forthcoming pile-up mode of the collider. Figure 8 plots
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rate characteristics of the used PMT for the gains of 5.4 · 104 and 7.6 · 104 and various output
amplitudes at the low frequency of 10 kHz (the reference amplitudes). These measurements were
performed on a picosecond laser at the wavelength of 402 nm, see [10] for details concerning the
measurement setup. The whole PMT was uniformly illuminated and only the channel (pixel) 22
was measured (no Cherenkov bars were installed). Output signals were amplified with the same
preamplifiers as used in the DESY beam tests. Measurements were performed in the range of 10
kHz to 50 MHz or less where the strip current exceeded the safe value of 500 µA (the black and
purple curves, see below). For each scan, the relative amplitude was calculated as the ratio of the
measured mean output amplitude to the one measured at 10 kHz, see Fig. 8(b). Note that the
level of the noise does not depend on the pulse rates.

Fig. 8. Results of the rate scans of the PMT Photonis XPM85112/A1-S (a) in terms of
measured output amplitudes, (b) in terms of relative amplitudes with respect to the one at 10
kHz (the lowest frequency).

In Fig. 8, the configuration with gain 5.4 · 104 and reference amplitude -200 mV (blue curve)
corresponds to a single glued bar, at that gain, from the DESY test (Fig. 6). It provided the lowest
attenuation at increased input rate, likely due to the lowest generated charge on the MCP-PMT.
Similarly, the configuration with gain 5.4 · 104 and reference amplitude -300 mV (red curve)
corresponds to a single solid bar from the same test. The configuration with gain 7.6 · 104 and
reference amplitude -300 mV (green curve) corresponds to a single glued bar at that gain. Both
red and green configurations had similar rate characteristics as they produced the same charge in
the multi-channel plate.

The configurationwith gain 7.6·104 and reference amplitude -400mV (black curve) corresponds
to a single solid bar at that gain. The last configuration with gain 7.6 · 104 and reference amplitude
-800 mV (purple curve) corresponds to the full installed train, at that gain, from the DESY test
(Fig. 7). The last case had the worst rate performance due to relatively high level of charge
generated on the PMT anode.

At the rate of 20 MHz, all configurations (except the purple one) provide similar amplitudes of
approximately -150 mV. This is related to the fact that there is a limited charge available in the
PMT for the electron multiplication in its MCP plates. However, this amplitude is also the level
of the pedestal separation in our ToF setup. In other words, the efficiency of detection using ToF
with the photomultiplier as used is very low at the expected operating rate of 20 MHz. One can
overcome this issue by decreasing of the PMT gain by for example the factor of 5 and add an
extra amplification stage to compensate and get back to the optimal level for the CFD operation.
But the timing resolution deteriorates due to worse signal-to-noise ratio. As indicated in [10], the
timing resolution then gets worse by a factor of 2-3. Then, an additional noise level reduction is
required.
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6. Conclusion

We designed and tested new type of optical bars of the ToF detector for the AFP project. To
obtain the required L-shape, the bars were previously made by gluing together two separately
produced arms of the bar. This resulted in a degradation of their optical throughput. Recently a
new production technique was developed allowing for a production of a glueless (solid) version
of the bars. We successfully tested these during the June 2019 campaign at DESY in a 5 GeV
electron beam. The results presented here confirmed our expectations concerning the strength of
the signal produced by the ToF detector and its measurement efficiency. However, the timing
resolution remained unchanged because of limitations on the photomultiplier side. Theoretically,
there is still a room for further improvements on the optical system (a fake front bar or radiator).
On the other hand, the photomultiplier is the most limiting element due to its behavior in the
regime of high rates of incoming relativistic particles.
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Abstract: We present the results of our performance studies of the upgraded Cherenkov
time-of-flight (ToF) detector for the AFP (ATLAS Forward Proton) project. The latest version
consists of solid L-shaped fused silica bars, new customized ALD-coated micro-channel plate
photomultipliers (MCP-PMTs) miniPlanacon XPM85112-S-R2D2 with an extended lifetime
which operate at low gains (order of 103), and an updated construction. The improvements were
aimed to increase the efficiency, the lifetime as well as the radiation hardness of the detector
which has been designed to operate in high radiation areas (above 400 kGy/year). The detector
was finally tested at the CERN-SPS test-beam facility (120 GeV π+ particles) in August 2021
prior to its installation at the Large Hadron Collider (LHC) at CERN. Measurements proved the
detector kept its inner timing resolution of 20 ps despite the rather low gain of its photodetector
and reduced optical throughput caused by inevitable changes in the detector geometry.
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1. Introduction

The design and the physics motivation needed for the time-of-flight (ToF) subdetector for the
ATLAS-AFP project itself has already been described thoroughly in our previous papers: the
physics concept in [1–3] performance studies in [4]; simulation benchmark studies in [5]; details
of the optics in [6]; and timing studies in [6,7]. The ToF detector has been designed as a part
of the proton tagging detector AFP to decrease the background to central exclusive production
processes p + p → p + X + p where X stands for the centrally produced system, which could
consist of a pair of jets, a pair of intermediate vector bosons (W+W−), or a Higgs boson H. It
operates at high radiation levels above 400 kGy/year or 4 · 1015 neq/cm2 (the neq stands for a
neutron equivalent dose of an energy of 1 MeV) at 5 mm from the beam centre.

For clarity, the geometry of the ToF detector is depicted in Fig. 1. The ToF assemblage consists
of a 4 × 4 matrix of L-shaped bars made of fused silica (SK-1300 by O’Hara, optical constants in
[5]). The outer dimensions of the matrix are a height of 73.3 mm, a width of 65.5 mm (in the
direction of radiators), and a depth of 25.2 mm. The dimensions of each bar are reported in [6].
Each bar serves both as a Cherenkov radiator and a light guide towards a fast multichannel-plate
photomultiplier (MCP-PMT) device (the sensor plane in Fig. 1). There is a thin mirror optical
layer on the 45◦ cut surface in the bar elbow.

Fig. 1. Optical part of the ToF subdetector made for test measurements: (a) side view with
(b) top view together with position of the tracker and three positions of the SiPM trigger
used during test measurements. The trigger position is measured relatively to the edge plane
which is common for all the bars.

Besides this, the bars of the Train 1 are equipped with an extra polished surface, called taper,
to further enhance their optical throughput [5]. The rows of four bars along the beam direction
are called trains and are labeled with a number. The bars in each train are labeled with the letters
A, B, C, and D along the direction of the incoming particles. In this way, the bars in the Train 1
are labeled 1A, 1B, 1C, and 1D and so on for the other trains. The acceptance area of the AFP
detector is 16.8 × 20.0 mm2, given by the dimensions of a tracker module at the front [8] and its
tilt as illustrated in the Fig. 1. In the past, L-shaped bars were constructed so that the two arms of
a bar were produced separately and then glued together [6]. For the ToF upgrade, we decided to
make the bars solid (without glue) which made the production more complex. The glue-free
solution improved the optical throughput of the optical system by 18%, see also Fig. 4 in [6], and
the radiation hardness [9].

In our previous design, both the optics (bars) and the photomultiplier were placed inside the
Roman Pot which was evacuated to a rotary vacuum (5-50 mbar). It was necessary to treat the
photomultiplier and its high-voltage cables in a special way to avoid any accidental discharge
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spikes (we operated at the bottom part of the Paschen curve here). To remove this problem, the
upgraded ToF detector introduced a separation of the photomultiplier from the vacuum side, see
Fig. 2. The evacuated area is inside a Roman Pot covered by a detector flange on its open side.
Both ToF and tracker detectors are installed here, except for the ToF’s photomultiplier which is
inserted in a movable tube going through a hole in the detector’s flange. A 2.9 mm thick window
separates the photomultiplier from the vacuum side. The window is made of the same material as
bars (fused silica, SK-1300). It was coded by a simple anti-reflection layer made of 35 nm thick
MgF2 and annealed at 300◦C. It is an additional optical element on the Cherenkov pulse path
towards the photodetector resulting in a decrease of the total throughput of the ToF optics. The
movable tube allows for the easy and precise alignment of the whole ToF detector with respect
to the tracker thanks to a set of four precision screws mounted in the far end of the tube, see
Fig. 2. The vacuum tightness around the tube is achieved by means of a custom-made bellows
(by Mewasa AG, Switzerland).

Fig. 2. AFP detector with the upgraded ToF detector: (a) schematic view inside the Roman
pot – area inside the Roman pot is evacuated, (b) real view on the assembly (without the pot).

Photonis produced four new photomultipliers miniPlanacon XPM85112-S-R2D2 for us: S/N
9002196 (labelled as #2196, MCP resistance 44 MΩ); 9002199 (#2199, 35 MΩ); 9002200
(#2200, 27 MΩ); and 9002201(#2201, 55 MΩ). They have a fused silica entrance window and a
Bialkali photocathode. Their two-stage multi-channel plate (MCP) was ALD-coated (resistive
and secondary emissive layers) by Arradiance to achieve an extended lifetime above 10 C/cm2.
The PMTs #2196 and #2199 have a standard anode gap of 2.9 mm. The PMTs #2200 and #2201
have a reduced anode gap of 0.6 mm. The backend electronic circuits of all photomultipliers were
redesigned to reduce electronic crosstalk between anode pads (pixels) and to adapt to the new
preamplifiers of the first stage [10]. Like the original design by Photonis, the back-end electronics
were realized by two printed circuit boards (PCBs): the bias PCB and the anode PCB, each with
a size of 32 × 32 mm2, see Figs. 3(a) and 3(b). In the bias PCB, the original MCP-OUT bias
resistor was removed because it caused crosstalk between the anode pads and it had no meaning
for separate readouts of pixels. We also optimized wires lengths to make the same propagations
delays among the channels. We enlarged auxiliary connecting Nickel strips to reduce parasitic
impedances as well. The default output pinout on the anode PCB (pin header) was replaced by an
equally spaced grid of 50 Ω RF MMCX female connectors, Fig. 3(c), to connect the new coaxial
one-channel preamplifiers PA-a, Fig. 3(d). Having lower MCP resistance, the PMTs #2199 and
#2200 were candidates for installation to the ToF and here we report mostly on the results of



Research Article Vol. 31, No. 3 / 30 Jan 2023 / Optics Express 4001

using these devices. The #2196 was used as a backup and for future test measurements. The
#2201 PMT was considered for radiation hardness tests.

Fig. 3. Snapshots from the construction of a prototype of the modified version of the
photomultiplier XPM85112: (a) the bias PCB equipped with a black HV input block and
four Nickel strips for grounding connection with the anode PCB; (b) the anode PCB with
MMCX female connectors; (c) assembled prototype with both PCBs; (d) coaxial one-channel
preamplifier stage with MMCX connectors (Pa-a).

The PA-a preamplifiers are current-to-voltage converters with the conversion constant of 25
mV/mA and a voltage amplification of 20 dB (10×). They are equipped with MMCX male
connectors on the PMT side and a 1.7 m long coaxial cable with the same MMCX ending on the
other side. This solution ensures better protection against outside electromagnetic interference,
an easier replacement of a damaged PA-a, and improved heat removal through the body of the
detector. The PA-as are supplied from next voltage-to-voltage preamplifiers - PA-b modules.
PA-bs are in the form of NIM modules. Each NIM module consists of a control motherboard
and eight one-channel daughter boards with two stages of voltage-to-voltage preamplifiers with
the total gain of 39 dB with available attenuation by 31.5 dB. Note that the gain varies among
individual channels with an uncertainty range of ±1dB (±10%). Each channel is provided with a
low-pass analog filter with a cut-off frequency of 1.4 GHz for noise rejection (LFCG-1400+ by
Mini-Circuits).

This latest version of the ToF detector was subject to several performance measurements. It is
known that the gain of the MCP photomultipliers decreases with increased repetition frequency
(rates) of incoming light pulses [11] depending on the initial gain (at low kHz rates). We plan
to use our photomultipliers on the gain of around 2000 based on our preliminary tests (it is ten
times less than in our previous ToF detector). We refer to this gain as the DC gain because it
was measured by a producer in a so-called DC mode [12]. Such low gain allows us to suppress
the negative effect of high rates on the actual gain of the photomultiplier at the cost of a worse
timing resolution. As the ToF detector will run in the LHC with an expected event rate of 20
MHz per train, we needed to address the behavior of the photomultipliers at high rates. These
rate measurements were done in our laboratory on a setup with a pulsed picosecond laser. The
results are reported in [10]. We found out that there was no significant gain deterioration of the
PMTs #2199 and #2200 at the rate of 20 MHz and their timing resolution was 23 ps and 16 ps
respectively (for 25 photoelectrons). The gain of the #2196 dropped by 42% at a 20 MHz rate
and its timing resolution got worse: from 23 ps to 40 ps.

The timing performance of the whole ToF detector was the goal of the measurements made at
the CERN-SPS test-beam facility (120 GeV π+ particles) in August 2021 prior to its installation
at the Large Hadron Collider (LHC) at CERN. Our first measurements with solid (glue-free) bars
were performed in 2019 in DESY (Hamburg, Germany) in an electron beam with the energy
of 5 GeV [9]. But the characteristics of such a beam are rather different from that of an LHC
proton beam. We therefore focused on measurements with the 120 GeV π+ beam which had very
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similar effects on our detector as the LHC proton beam (mainly a high production of secondary
particles on the DESY beam).

2. Simulation studies

The overall optical throughput of the upgraded ToF optical part changed if compared to the
previous version. Removing the glue from the bars resulted in an increase of their optical
throughput by at least 23% due to an additional increase of the wavelength region from 165 to 235
nm [9]. On the other hand, the separation window introduces extra losses due to its attenuation
and the additional two optical interfaces of glass-air (authors are not aware of an optical grease
suitable at high radiation levels of 400 kGy or more). The performance predictions of the new
optics on the SPS beam were simulated in the Geant4 simulation framework [13]. The transverse
geometrical profile of the passing pion beam was a square 3× 3 mm2 (particle positions randomly
scattered in it) to mimic the acceptance window given by the size of the trigger used in the beam
test measurements, see Fig. 1(b) and the next section. The ToF model embodies all optical parts
and a model of the photocathode of the photomultiplier using experimental values of its quantum
efficiency (QE) [14]. The spectral range of Cherenkov light was restricted to the range from 160
nm to 650 nm. The lower limit was due to the absorption edge of the glass SK-1300 and the
upper limit due to a low QE of the photocathode above 650 nm. As there are no known values of
QE below 200 nm, we assigned the value 0.16 at the lowest known wavelength of 200 nm to the
region down to 160 nm. The collection efficiency η of the photomultiplier was set to 0.6 (set by
producer). A model of the separation window was used in the simulation which included the
anti-reflection layers on both sides of the window.

As the measurements were focused on the Train 2, results for the Bar 2A (the first one)
and 2D (the last one) were investigated in the simulation studies. Hereafter, when we speak
of a bar performance, we mean the whole channel including the bar, the photocathode, and
a corresponding pixel of the photomultiplier. The results of the simulation showed that the
presence of the separation window decreased the total optical throughput by 16%. This is
caused by attenuation in the window itself, but it is mainly due to Fresnel losses at additional
air/vacuum-glass optical interfaces.

Regarding the comparison of glued and solid bars, Table 1 summarizes the number of
photoelectrons produced on the photomultiplier’s photocathode for the glued and the solid bars
of the Train 2. The results presented are valid for the trigger position at the edge, 5 mm, and 9
mm from the edge, see Fig. 1(b). The following observations can be made:

• Solid bars benefit from the presence of deep UV photons. For all types of bars (A-D),
the solid bars produced more photoelectrons than their glued counterparts by a factor of
1.7-1.8.

• Among solid bars, the Bar 2D produced more photoelectrons than 2A by a factor of 1.2.
The multiplication factor was the same among the glued bars.

• Bars A always produced fewer photoelectrons than Bars B, C, and D because the bars
upstream the beam receive the part of the Cherenkov light leaking from the downstream
bars [7]. However, this effect depends on the distance of the passing particle from the edge.
It is pronounced for large distances from the edge as seen on ratios 2X/2A in the table.

Note the relatively high standard deviations which correspond to the low number of photoelec-
trons with high fluctuations produced in general. The Cherenkov pulse is generated within 27 ps
by a passing relativistic pion in a bar (or proton in the case the LHC). The pulse stretches out
on its way to the photocathode due to the geometry of the bar and a significant dispersion of
its refractive index in the ultraviolet region. Figure 4(a) shows how wavelengths of incoming
photons are distributed in time on the sensor for the solid Bar 2D (but relevant for all solid bars
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without glue). The pulse length is 500 ps in the case of the solid bars. The glued bars suppress
the light below 235 nm resulting in the final pulse length of 250 ps. The time distribution of
produced photoelectrons on a photocathode is in Fig. 4(b) where photoelectrons are counted in
25 ps wide time slices. A small spread of produced photoelectrons in time results in a better
shape of the falling edge and a higher amplitude (in absolute value) of the output signal from the
photomultiplier. This has a positive impact on the timing performance in general. From this
point of view, the light dispersion in bars affects the timing resolution rather negatively. It is
assumed that the falling edge of the signal is mostly formed by photoelectrons produced in the
first 250-300 ps. From this point of view, photons from the low ultraviolet end of the wavelength
spectra do not contribute to the final timing performance of the detector. In the first 300 ps
however, the solid bars still produce 1.7 times more photoelectrons than their glued counterparts.

Fig. 4. (a) Simulated time dispersion of the Cherenkov pulse for the solid Bar 2D, and
(b) time spread of produced photoelectrons in the Bars 2A and 2D, solid and glued, calculated
in 25 ps wide time slices (results valid for the beam π+ 120 GeV, QE in [14], η=0.6, presence
of the separation window, and trigger position at 5 mm from the edge).

Table 1. Number of photoelectrons produced in the Train 2 with glued or solid bars. The
parameter S/G stands for the ratio solid/glued of number of photoelectrons (results valid for

the beam π+ 120 GeV, QE in [14], η=0.6, and installed separation window).

Edge 5 mm 9 mm

Bar Glued Solid S/G Glued Solid S/G Glued Solid S/G

2A 9 ± 3 16 ± 4 1.8 ± 0.7 6 ± 2 10 ± 3 1.7 ± 0.7 6 ± 2 10 ± 3 1.7 ± 0.7

2B 11 ± 3 19 ± 4 1.7 ± 0.6 9 ± 3 15 ± 4 1.7 ± 0.7 6 ± 2 10 ± 3 1.7 ± 0.7

2C 11 ± 3 19 ± 4 1.7 ± 0.6 10 ± 3 18 ± 4 1.8 ± 0.7 9 ± 3 16 ± 4 1.8 ± 0.7

2D 11 ± 3 19 ± 4 1.7 ± 0.6 10 ± 3 18 ± 4 1.8 ± 0.7 10 ± 3 17 ± 4 1.7 ± 0.6

ratios

2B/2A 1.2 ± 0.5 1.2 ± 0.4 1.5 ± 0.7 1.5 ± 0.6 1.0 ± 0.5 1.0 ± 0.4

2C/2A 1.2 ± 0.5 1.2 ± 0.4 1.7 ± 0.7 1.8 ± 0.7 1.5 ± 0.7 1.6 ± 0.6

2D/2A 1.2 ± 0.5 1.2 ± 0.4 1.7 ± 0.7 1.8 ± 0.7 1.7 ± 0.7 1.7 ± 0.6

Estimation of the signal characteristics Photoelectrons produced in the PMT’s photocathode
and accepted in the first multi-channel plate (MCP) are then multiplied in both multichannel
plates of the PMT. As mentioned above, the DC gain G of the PMT embodies its collection
efficiency of η. For simulation purposes, one needs to use a gain valid for a single-photoelectron
input which is not affected by η. Here, it is called the single-photoelectron gain GSPE (it is
labeled as GPHD in [12]). Roughly, G ≅ ηGSPE where η ≈ 0.6 (given by the producer). All used
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photomultipliers (#2196, #2199, and #2200) were operated on the high voltage of 1545 V. The
G values of the photomultipliers were: 1800 (#2196), 2300 (#2199), and 2100 (#2200) with
an uncertainty range of ±15%. The charge generated at the MCP output is then drained away
through the backend electronics of the PMT and is then measured as a voltage drop on an anode
resistor in the first amplification stage. The preamplifier thus serves as a current-to-voltage (A/V)
converter. An equivalent electrical circuit of our photomultipliers is shown in Fig. 5 together
with the input part of the first stage amplifier (PA-a). It includes impedances of real components
as well as parasitic impedances (in gray). The frequency response (transfer function) of this
description is shown in Fig. 6(a). The circuit acts as a low-pass filter with a cut-off frequency
of 2.2 GHz (#2200 with a reduced anode gap of 0.6 mm) or 2.5 GHz (#2196 and #2199 with a
regular anode gap of 2.9 mm). The current-to-voltage conversion is realized by the 50 Ω anode
resistor Ra. However, its parallel wiring to the input impedance Zi (50 Ω) of the preamplifier
represents a total load impedance ZL of 25 Ω. The input impedance Zi of the PA-a preamplifier
depends on the frequency. Its precise estimation for frequency content of our typical signal shape
is outside the scope of this paper. Here, its mean value is expected to lie in an uncertainty range
of ±5% around its nominal value.

Fig. 5. Equivalent electrical circuit of the miniPlanacon XPM85112-S-R2D2 (one channel)
designed by our group and implemented by the producer Photonis, together with the input
part of the first-stage preamplifier (parasitic impedances in gray color). ZL is the total load
impedance.

The values of the parasitic impedances were estimated by direct calculations based on
the corresponding geometrical and material specifications. Those of them having reductions
measurable on the signal strength are listed in Table 2 with their (estimated) nominal value,
range of realistically possible values, and effects on the signal shape. The rest of the parasitic
impedances in the model have a negligible effect on the resulting amplitude as they are not
directly part of the signal path. Note the parasitic anode inductance La has a positive effect on
the signal amplitude at the expense of the steepness of the pulse. This is because its higher
values shift the cut-off frequency of the back-end electronics towards lower frequencies. The
strip inductance Ls affects the crosstalk among the pixels. Its higher value increases the strength
of the signal on the common MCP-OUT wire causing higher crosstalk. The crosstalk signal
behaves opposite the pulse causing a distortion of the pulse edge when added to a proper signal
pulse generated at anode pads.

Using this model in the LtSPICE [15] simulation toolkit, the goal was to estimate a signal
shape at the impedance load ZL produced by a bunch of generated photoelectrons Npe in pulse
(pe or p.e. stands for photoelectron(s)). The MCP was simulated as a current source producing
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Fig. 6. (a) Frequency response of the customized MCP-PMTs (acting as a low-pass
filters), (b) triangular current pulse generated by the MCP from one photoelectron used for
calculations of output signal waveforms (example plot valid for PMT #2200).

Table 2. Parasitic impedances, their estimated nominal values, and ranges of possible
values (other parasitic impedances in Fig. 5 are taken as known with a nominal value).

Correlation (positive) and anti-correlation (negative) effect of an impedance on the amplitude
means that its growth causes an increase and decrease of the amplitude (in its absolute

value) respectively.

Impedance Nominal value Lower limit Upper limit Effect on signal amplitude

Ca1
0.1 pF (2.9 mm)a – – anti-correlates, decrease by 8% when

changing from 0.1 to 0.5 pF0.5 pF (0.6 mm)a – –

Ci 0.7 pF 0.3pF 2.1 pF anti-correlates, 7%b

Ccon 0.9 pF 0.2 pF 1 pF anti-correlates, 3%b

La 2.5 nH 1.5 nH 9.5 nH correlates, 3%b

Ls 0.2 nH 0.05 nH 1.25 nH correlates, 6%b

Lamp 2 nH 0.5 nH 3 nH correlates, 0.3%b

Lg 0.1 nH 0.05 nH 1.3 nH correlates, 1%b

aValue of Ca1 depends on the size of the anode gap (2.9 mm for PMTs #2196 and #2199, 0.6 for PMT #2200),
bRelative change of the amplitude when changing the impedance from the lower to upper limit.

current impulses in time. Time profiles of the Npe was extracted from the Geant4 simulation for
the solid Bar 2D and the glued Bar 2A (the highest number of produced photoelectrons vs. the
lowest amount) in the form of 25 ps wide time slices according to the profiles in Fig. 4(b). For
each slice in time, a simple current source was proposed generating a triangle pulse according
to the shape in Fig. 6(b). The current amplitude I0 was set to 2eNslice

pe GSPE/τ where e is the
elementary charge, Nslice

pe is the number of accepted photoelectrons in a given time slice, GSPE is
the single-photoelectron gain of the photomultiplier and τ = 175 ps is the estimated rise time of
the current pulse in the MCP [16].

In summary, there was a set of impulse current sources with various strengths defined by a
given Nslice

pe distributed in time according to the time distribution of the photoelectrons produced,
as seen in Fig. 7(a) for the PMT #2200. The total current profile was saw-toothed, but the discrete
changes lay in the frequency range of tens of GHz and were effectively smeared out by the
electronics of the photomultiplier (a low-pass filter as mentioned above). The output signal based
on this input is in Fig. 7(b) for both the glued and solid bars geometries.
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Fig. 7. Simulation of the PMT #2200 response: (a) electric current at the output of the
MCP as a sum of contributions by photoelectrons arriving in 25 ps wide time slices for Bars
2A glued and 2D solid at 5 mm from the edge, (b) corresponding output voltage on the total
impedance load ZL.

By definition, the pulse voltage area AL
u (more precisely the pulse integral) measured at the

load resistance is directly related to the generated charge Q:

Q =
∫ ∞

0
i(t) · dt =

1
ZL

∫ ∞

0
u(t) · dt =

1
ZL

AL
u (1)

where i(t) is the current draining the charge through the ZL and u(t) is the corresponding voltage
at the load impedance. The total charge generated on the anode pad is Q = −eNpeGspe where
e is the elementary charge, Npe is the number of photoelectrons accepted in the MCP of the
photomultiplier, and Gspe is the single-photoelectron gain of the MCP. Adding to the Eq. (1), the
pulse area is linked to the Npe as follows:

AL
u = −e · GSPE · ZL · Npe ≡ p · Npe (2)

Assuming ZL constant, the parameter p depends only on the used gain of the photomultiplier.
It is in units of [V·s/p.e.] or [Wb/p.e.] (although not intuitive, the unit V·s is actually the unit of
magnetic flux Wb (Weber)).

The signal area AL
u at the load impedance is highly correlated to its amplitude aL

u through
AL

u = ksaL
u . The constant ks is a time constant. It is the width of an equivalent rectangular pulse

with the amplitude of the original one and the same charge content. Adding to Eq. (2), we get:

aL
u =

e · ZL · Gspe

ks
Npe ≡ k · Npe (3)

where k is an amplitude yield per one photoelectron in units of [V/p.e.].
By definition, p = ksk. The ks is a function of the pulse shape. As the signal is amplified in

the amplification chain, the pulse is extended in time in such a way that its amplitude decreases
keeping its area constant. Thus consequently, ks increases. Unless an appropriate backward
correction is applied, one should rather focus on the pulse area because this quantity is minimally
distorted on the signal pathway.

Table 3 summarizes the calculated values of ks, k, and p for all used photomultipliers at a
given gain. These values were obtained directly from an analysis of the simulated output pulse
shapes as discussed above assuming the results presented in Fig. 4(b) and Fig. 7. They are in
agreement with Eqs. (1–3) which means the presented mathematical description is consistent
with the ltSPICE model.
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Table 3. Parasitic impedances, their estimated
nominal values, and ranges of possible values

(other parasitic impedances in Fig. 5 are taken as
known with a nominal value).

PMT G [-] ks [ps] k [µV/p.e.] p [fWb/p.e.]

#2196 1800 232 −43 −10

#2199 2300 232 −55 −13

#2200 2100 252 −45 −12

Note that the values of ks and k in Table 3 are valid only at the impedance load. The signal
pulse is smeared in the amplification chain due to losses in coaxial cables and mostly in the
low-pass filter in the PA-b unit. Their values differ from ones calculated from amplified signal
characteristics au = g · aL

u and Au = g · AL
u (where g is the amplification of the preamplifiers).

The smearing affects also the pulse rising edge. In the example shown in Fig. 7(b), the measured
value of ks is 507 ps which is about twice higher than that in the impedance load predicted by the
simulation. The p is preserved by definition (Eq. (2)) which is equivalent to the assumption of
preserving the pulse area (after dividing by the amplification gain).

3. Experimental setup

The experimental measurements were done on the H6 beamline of the SPS North Area at CERN
[17] in the middle of August 2021. The facility provided a π+ beam of the energy 120 GeV with
rates of tens of kHz. The experimental setup was like the one used in our previous measurements
in DESY [9]. The only change was to use the Roman pot with the upgraded ToF. The scheme of
the measurement setup is shown in Fig. 8 together with a picture of the typical arrangement of
the experimental setup.

Fig. 8. (a) Scheme of the experimental setup, (b) typical arrangement of the measurement
setup on beam test measurements.

There were used the new MCP photomultipliers #2199, #2196, and #2200 (XPM85112-S-
R2D2) by Photonis described above. The photomultipliers were operated at 1545V using a HV
divider with a ratio of 1:10:1 (500 kΩ : 5 MΩ : 500 kΩ) providing the gain 1800 (#2196), 2300
(#2199), or 2100 (#2200). The Train 2 with the full complement of 4 bars (solid or glued) was
installed on top of the separation window and aligned to its pixelization [6]. The output signal
from each pixel (channel) was amplified by the PA-a and PA-b preamplifiers mentioned above
providing the total amplification gain of 1000. This value includes the attenuation of the 1.7 m
long cable being part of the PA-a amplifier. The amplified signal was collected by means of a
fast LeCroy WaveMaster 806Zi-B oscilloscope (bandwidth of 6 GHz, sampling of 40 GS/s).
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The oscilloscope was triggered by the signal from one of three detectors S1, S2, and S3
downstream of the beam. Each trigger detector consisted of a 15 mm long fused silica bar
of 3 × 3 mm2 cross-section coupled to a silicon photomultiplier (SiPM) manufactured by ST
Microelectronics (S1, S2, type: NRD09_1 with 3.5× 3.5 mm2 and 58 µm cell size) [18,19] or by
SensL (S3) [20] that detected Cherenkov radiation. They were placed on a two-axis movable stage
(remotely controlled) in the beam-transverse plane to select a specific area of the ToF detector
for study. The first detector S1 (the closest to the ToF) was mostly used as a trigger. The others
were used for the measurement of their mutual resolution and, in turn, the resolution of the S1.
The signal from the S1 detector was preprocessed by a CFD (Constant Fraction Discriminator)
unit to minimize its time-walk (with a threshold value of −400 mV). A custom software CFD
was implemented in the offline analysis of raw signals from the photomultiplier to extract arrival
times of generated pulses with respect to the trigger.

4. Measurements and results

There were three main goals: (1) the timing resolution of the detector using solid bars and
comparisons to the glued counterparts, (2) the validation of the ToF model including modelling
the MCP-PMT using analysis of raw signal waveforms, and (3) the timing resolution at a higher
gain. The aim of the last goal was to compare the detector performance at gain levels used in the
past ([7]). The last goal is mentioned in the Discussion section only because of its lower priority.
Measurements were focused on the Train 2 which had been our reference train across all test
measurements. Except the first train with a taper, other trains behave in a similar way. Mutual
comparisons were investigated in the past [7]. During all measurements, the trigger S1 was
positioned to have a coincidence with the following ToF areas in the beam: 0 mm from the edge
(in short the edge), 5 mm, and 9 mm from the edge, see also Fig. 1(b). First, the timing resolution
of the trigger (S1) was determined by means of a comparative timing resolution measurement
among all SiPM detectors. The timing resolution of the trigger S1 detector was found to be
11 ± 1 ps. The photomultiplier #2199 was used for the main comparative measurements of glued
and solid bars for three positions of the trigger. The #2200 was used for high gain studies. The
different photomultipliers were compared in the framework of a configuration at 5 mm from the
edge with solid bars and the normal operational gain (2000) of the PMTs.

4.1. Raw signal analysis

In this analysis, the focus was on the signal strength of glued and solid bars in the Train 2 as well
as a comparison of bars within the train. This analysis was done in terms of the pulse area at the
impedance load AL

u and the number of photoelectrons Npe which was calculated from the area
using Eq. (2). After rearrangement and assuming the statistical behavior of the experimental
data, the number of photoelectrons was estimated as follows:

⟨Npe⟩ = − 1
e · ZL · GSPE

⟨AL
u⟩ = − η

e · g · ZL · G
⟨Au⟩ = 1

g · p
⟨Au⟩ (4)

where ⟨Npe⟩ is a mean number of photoelectrons evaluated from a mean value of the pulse area
⟨Au⟩ calculated from a set of events for the same conditions (number of events was 50 000 in
our measurements); g = 1000 is the total gain of the preamplifiers; G is the (DC) gain of the
photomultiplier; η = 0.6 is the collection efficiency; and the value of p is in Table 3.

Figure 9(a) shows a typical histogram of amplitudes for the solid Bar 2C with a good separation
from the pedestal at −100 mV. Figure 9(b) demonstrates linearity between the amplitude and
the area of the signal which is in turn proportional to the total charge (and the number of
photoelectrons Npe) generated within the photomultiplier. In this example, ks = 0.507 ns.

Figure 10 shows the signal strength (signal areas at the load impedance) of the bars in the
Train 2 for both the solid (in rich colors) and the glued (in pale colors) versions measured at
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Fig. 9. Example of the raw signal analysis of the measurement of the solid Train 2 using
the PMT #2199 at the DC gain of 2300 and the trigger position at 5 mm from the edge:
(a) histogram of amplitudes taken from waveforms produced in the channel of the solid Bar
2C, (b) mutual dependency between the signal amplitude and its area (which is proportional
to the total charge in pulse generated by the photomultiplier).

all specified distances from the edge of the bars (the trigger positions, see Fig. 1(b)). These
values were obtained by dividing the measured signal areas by the amplification gain of 1000.
The height of each box is equal to the span between quantiles 0.25 and 0.75 of the distribution
of the areas given and the position of the black line in each box indicates its mean value. The
corresponding ratios of pulse areas (solid bars vs. glued counterparts and among bars in the
train) are summarized in Table 4. Here, S/G denotes the solid-to-glued ratio. The ratios 2B/2A,
2C/2A and 2D/2A are briefly denoted in summary as 2X/2A in the next text.

Fig. 10. Signal strength at the load impedance of bars in the Train 2 measured at various
distance from the edge of the ToF for the (DC) gain of 2300 of the photomultiplier #2199.

On the one hand, the results revealed a discrepancy with regard to expectations in the case
ratios between bars. The simulations predicted an augmentation of the signal in the channels
2B-2D compared to the first (upstream) Bar 2A by a factor of 1.2-1.7 based on the trigger position,
see Table 1. Instead, the signal strength of the bar 2B was lower by approximately 10%. The
Bars 2C and 2D produced stronger signals than the Bar 2A by a factor of 1.2-1.3 (at the edge)
or 1.3-1.4 (5 mm and 9 mm) which was less than expected. This would mean that the channel
of the Bar 2A has a higher amplification in the back-end side of the PMT electronics. On the
other hand, S/G ratios are in an agreement with the simulations, see Fig. 11(a). This indicates
the simulation satisfactorily predicted the number of photoelectrons generated in the deep UV
region. See the Discussion section for a detailed analysis of this result.
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Table 4. Measured mean pulse areas AL
u in [pWb] of the bars in the Train 2 (solid and glued)

using the PMT #2199. The parameter S/G stands for the ratio solid/glued of mean areas.

Edge 5 mm 9 mm

Bar Glued Solid S/G Glued Solid S/G Glued Solid S/G

2A −0.178 −0.323 1.8±0.7 −0.153 −0.256 1.7±0.7 −0.153 −255 1.7±0.7

2B −0.163 −0.296 1.8±0.6 −0.135 −0.240 1.8±0.7 −0.126 −205 1.6±0.6

2C −0.212 −0.368 1.7±0.6 −0.194 −0.331 1.7±0.6 −0.168 −288 1.7±0.7

2D −0.224 −0.428 1.9±0.7 −0.210 −0.375 1.8±0.7 −0.198 −365 1.8±0.8

ratios

2B/2A 0.9±0.4 0.9±0.3 0.9±0.4 0.9±0.3 0.8±0.3 0.8±0.3

2C/2A 1.2±0.5 1.1±0.4 1.3±0.5 1.3±0.5 1.2±0.5 1.3±0.5

2D/2A 1.3±0.5 1.3±0.5 1.4±0.6 1.5±0.5 1.2±0.5 1.4±0.5

Fig. 11. Comparison of experimental data (CERN SPS, π+, 120 GeV) with simulation for
the Train 2: (a) ratios of pulse areas between solid bars and glued counterparts (Table 1) with
corresponding ratios between the number of photoelectrons given by simulation (Table 4)
using PMT #2199, (b) estimated number of photoelectrons. The yellow shaded area
represents uncertainty of Npe by data due to errors in determinations of the PMT gain,
preamplifiers gain, and the impedance load. The solid black line denotes positions of the
perfect match between data and simulation and the dashed lines indicate the mean shift of
measured values from simulation results.

The plot in Fig. 11(b) summarizes how the simulation agrees with data in terms of an estimation
of the number of photoelectrons generated and accepted by the photomultipliers according to
Eq. (4). Each point represents a specific case of a bar type (A-D, solid or glued) and a trigger
position. The solid black line denotes positions of the perfect match between data and simulation.
For each photomultiplier, the dashed line represents a mean deviation from the simulation. The
estimation of Npe from data was affected with uncertainties in determination of the PMTs gains
(±15%), fluctuations of the gain of preamplifiers across channels (±1 dB, ±10%), and the input
impedance Zi (±5%) of the PA-a preamplifiers (as noted earlier in the text). This uncertainty is a
rather high ±6 p.e. and is visually depicted by the shaded yellow band in the figure. At first sight,
the model slightly underestimates the number of photoelectrons compared to data by 2.6 p.e. on
average.
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4.2. Timing performance

Timing resolution is the main characteristics of the ToF detector. By design, a crossing particle
hits one of four trains triggering (possibly) all bars in the train. Thus, the resolution is given by
timing resolutions of the individual trains. The timing resolution of a train was calculated as an
amplitude-weighted average of arrival times measured in each bar of the train. This weighted sum
approach gives a higher importance to those signal outputs with higher amplitudes in the average.
It could happen that only three or two bars or even one bar triggers. The timing resolution is
affected correspondingly. The timing performance was analyzed for all trigger cases in which all
bars or at least given number of bars triggered. It showed that all four bars triggered together in
most cases (94%). Thus in the following, only the case was considered in which all four bars in a
train triggered.

Figure 12(a) shows results from the analysis of the timing resolution of the glued and the
solid bars. For each trigger position, solid bars exhibited a better resolution by 4 ps on average.
The timing resolution of the whole solid Train 2 improved as well by 3 ps on average. Its
resolution was: 20 ± 2 ps at the edge, 22 ± 2 ps at 5 mm, and 24 ± 2 ps at 9 mm from the edge.
Figure 12(b) summarizes these results for solid bars only with all photomultipliers in various
trigger positions. As expected, there were no significant differences in the timing resolution
among the photomultipliers. There is a worse timing resolution of the PMT #2196 at the channel
of the Bar 2A which could be attributed to the lower strength of the signal output at this channel
(probably due to a worse response of the PMT pixel). The timing resolution of the full Train 2 at
5 mm was: 24 ± 2 ps for the #2196, 23 ± 2 ps for the #2199, and 21 ± 2 ps for the #2200. At the
edge, the timing resolution for the setup with the PMTs #2199 and the #2200 was 20 ± 2 ps and
19 ± 2 ps respectively. The only #2199 was used or measurements at 9 mm from the edge giving
24 ± 2 ps.

Fig. 12. Results of timing resolution measurements: (a) comparison of glued and solid
bars of the Train 2 using the PMT #2199, (b) results for solid bars and all photomultipliers.
Photomultipliers were operated at 1545V (HV divider ratio 1:10:1) providing the gain 1800
(#2196), 2300 (#2199), or 2100 (#2200).

5. Discussion

The timing performance is the main characteristics of the ToF detector. Its recent upgrade
addressed all shortcomings of the original ToF version while maintaining its proven radiation
hardness which is critical in conditions of the LHC environment (total expected dose of 400
kGy/year at a distance of 5 mm from the beam centre). There were worried that changes in
its construction (the additional separation window) and its low PMT operational gain (down to
2000) would significantly deteriorate the timing resolution. Values measured in the vicinity of 20
ps are acceptable for the AFP project. The PMTs #2200 and #2199 particularly gave promising
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results. Based on the results of rate measurements [10], both devices were chosen for installation
in the LHC environment.

Solid bars helped a lot to maintain the timing resolution at around 20 ps. All the mentioned
results of the timing resolution were valid for low rates of passing particles per train (tens of kHz).
In the LHC, the rate will be 20 MHz per train. In general, the performance of photomultipliers
decreases at these rates due to limits in the speed of charge replenishing of the MCP. This causes a
drop of its actual (effective) gain [10,11]. As mentioned in the Introduction, laser measurements
showed that there was no gain drop of the PMT #2199 and #2200 at 20 MHz and at the gain of
2000. Thus, these two PMTs should operate with the same performance in the LHC tunnel at
that gain. The arrival time of a whole train was calculated as a (weighted) arithmetic average of
the arrival time of each bar. Looking at Fig. 12, the mean resolution of each bar in the Train 2
was roughly σb = 38 ps (across all the PMTs, trigger at 5 mm from the edge). This theoretically
corresponds to the train resolution σt = 19 ps applying the rule σt = σb/

√
N, where N = 4

is number of bars in the train. This rule is valid if there is no crosstalk among the bars. The
mean measured timing resolution of the Train 2 was about 21 ps, close to ˜︁σt. This indicates
that the crosstalk was small which was one of the goals of the suggested changes in the backend
electronics of the photomultipliers.

It is common that pixels behave non-uniformly across a MCP-PMT due to space inhomogeneities
both of the photocathode QE and the emissive layer in the MCP as well as due to amplification
variations of the amplifiers across channels (approximately ±10%). Thus, there is no reason
to compare the experimental data with the simulation in terms of pulse area ratios among bars
in train (like 2X/2A in Table 4). Comparisons between solid and glued bar counterparts are
however not affected by this issue. As seen in Fig. 11(a), there is a good agreement between
the simulation and the experimental data in this way. One drawback of the simulation was the
unknown quantum efficiency of the MCP-PMT photocathode at wavelengths below 200 nm (in
deep UV). We simply assigned the value of 0.16 at the lowest known wavelength of 200 nm
to the region down to 160 nm. By nature, the production of Cherenkov photons grows rapidly
with lower wavelengths and any significant changes of QE below 200 nm would cause a serious
deviation of the real response from that of the model. An analysis of the S/G ratios (Fig. 11(a))
indicates the simulation satisfactorily predicted the number of photoelectrons generated in the
deep UV region when taking into consideration that the glued bars effectively work down to 233
nm due to the glue cut-off point and solid bars work down to 160 nm [9]. Thus, the QE is around
0.16 on average below 200 nm.

Measurements at high gains (104−105) with the PMT #2200 during the beam test measurements
were performed to see what timing resolution we could expect at normal operational gains. We
reached a timing resolution of down to 15 ps at the DC gain of 3.5 · 104 and at the edge which is
comparable with our results in the past with the simpler geometry of the ToF [6,7]. However, the
conditions at the LHC don’t allow the ToF operation at those gain levels without a significant
loss of efficiency.

We also tried to predict the output signal strength from the photomultipliers by means of
an equivalent electrical circuit, see Fig. 5. The credibility of such a model depends both on
its complexity and a correct estimation of each component, in particular parasitic impedances.
The model was successfully verified in the past on data from laser measurements comparing
amplitudes on one-photoelectron levels at the light wavelength of 405 nm. The comparison with
beam test data presented here was more difficult due to its higher complexity - especially the
wide spectral range of incoming Cherenkov light (from 160 nm to 600 nm) associated with a
spread distribution of photoelectrons in time, and the complex geometry of the optical part.
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6. Conclusion

Last two years, the ToF detector for the AFP project underwent significant design changes to
remove various construction shortcomings. The throughput of its optical system was affected by
the extra quartz window in the light path. Beside this, there was the requirement of operating
the photomultiplier at lower gains close to 2000 to compensate for the signal attenuation at high
pulse rates of 20 MHz. A new backend electronics of MCP-PMTs was designed in cooperation
with Photonis, Inc. to suppress the electronic crosstalk among channels, to adapt to our changes
in the ToF design, and to improve protection against external electromagnetic interference.

Based on these modifications, Photonis produced four new ALD coated miniPlanacon
XPM85112-S-R2D2 photomultipliers for us: S/N 9002196 (MCP resistance of 44 MΩ), 9002199
(35 MΩ), 9002200 (27 MΩ), and 9002201 (55 MΩ). We proposed their equivalent electrical
model. We used it also to extend our simulations of the ToF detector by calculations of the output
signal waveforms based on simulated time distributions of the initial Cherenkov pulse done in
Geant4. The beam test measurements at the CERN SPS beam proved the credibility of such a
model, although improvements are still needed. Namely, a model of QE in deep UV region must
be better specified (need to measure). There is also a plan to measure irradiated bars from the
LHC environment in the SPS beamtest facility to better understand the effect of the radiation
damage.

The measurements confirmed the detector kept its timing resolution of 20 ps at low gain levels
of its photomultiplier (order of 103). Without gain constrains, we reached the limit of 15 ps at a
gain of 3.5 · 104. The detector is now installed in the LHC tunnel and is ready for running in the
Run 3 campaign of the LHC.
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A B S T R A C T

We report the results of the measurements of three pieces of the new Photonis miniPLANACON microchannel-
plate photomultipliers (MCP-PMTs) intended for use in the demanding environment of the Large Hadron
Collider (LHC) beamline as a part of the AFP Time-of-Flight detector. These photomultipliers were modified
in cooperation with the manufacturer by using a custom backend and were subjected to numerous tests, with
the focus on the rate capability and crosstalk behaviour. We determined that the two of them with a lower
MCP resistance are able to operate without significant saturation at an anode current density of 1 μA∕cm2.
These two are, therefore, suitable for the intended use and are currently installed as part of the AFP detector
packages.

1. Introduction

Photomultiplier tubes (PMTs) are widely used in particle and as-
troparticle physics experiments for the detection of low photon fluxes.
Among them, microchannel-plate photomultipliers (MCP-PMTs) are
preferred in many fields of application because they have these main
advantages: (1) A fast response in tens of picoseconds (in terms of
transit-time spread) thanks to the short distances the electrons have
to travel and its high electric field (tens of kV/cm); (2) Insensitivity to
magnetic fields even above 1 T [1] thanks to the same reasons; and (3)
High spatial resolution thanks to the granularity of the microchannel
plates allowing for pixelization through the use of multiple anode pads.

MCP-PMTs, however, also have some disadvantages. They cannot
operate at gains higher than 107 due to limitations of the pulse charge
capacity per channel [2] and, until recently, a limited lifetime. The
lifetime is affected by the large total surface of a microchannel plate
which makes it difficult to outgas the channels completely. Internal
electron bombardment, therefore, generates ions through electron stim-
ulated desorption. These bombard the cathode backwards with a kinetic
energy at the order of keV(s) (depending on MCP bias voltage) and

∗ Corresponding author.
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reduce its quantum efficiency [3,4]. Furthermore, as the cumulative
charge handled by the MCP plane increases, the gain decreases. Both
effects limit the useful lifetime of MCP-PMTs without proper MCP
modifications to an integrated (or cumulative) anode charge (IAC) of
about 0.5 C/cm2.

A novel MCP technology using glass microcapillary array substrates
functionalized by the application of resistive and secondary emissive
layers using atomic layer deposition (ALD) significantly improved the
quality of MCP plates. Photomultipliers with the ALD coating of the
MCP plates are characterized by an excellent lifetime reaching 5 C/cm2

or even higher as reported by the Lehmann group [4].
The time-of-flight (ToF) detectors of the AFP (ATLAS Forward Pro-

ton) project [5] use photomultipliers of the miniPlanacon family made
by Photonis with two MCP plates, one PMT per ToF detector. They
are equipped with a matrix of 4 × 4 anode pads with a pixel size of
5.8 × 5.8mm2. Each pixel corresponds to one of sixteen L-shaped fused
silica bars forming the optical part of the detector. The detection of
passing protons (originating from proton–proton collisions at the LHC)
is based on Cherenkov light production in the bars. A typical diffractive
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proton normally passes four bars in one of four rows of the detector.
Each row is called a train. Until 2018, a yield of 15–20 photoelectrons
(𝑃𝑒) was achieved per pixel (60–80 photoelectrons in total per proton
in a train) [6]. Since then the yield has increased by a factor of 1.6 [7]
due to technological improvements in the production of the bars.

As the anode pads share the same MCP, parasitic crosstalk among
the pads affects their output signals. It consists of the electronic
crosstalk discussed in the next section and the charge sharing which
we briefly describe here. A Cherenkov light pulse emitted in a bar
of the ToF detector is almost uniformly distributed across an area of
6 × 5 mm2 at the output of the bar on the photomultiplier window [7].
The correspondingly generated charge cloud leaving the MCP pores
partly hits anode pads in adjacent pixels at the same time. This effect
is known as the charge sharing crosstalk. The charge sharing is less
pronounced in tubes with a shorter distance between the anode pads
and the MCP output plane [4]. As mentioned above, one proton hits
four bars in a train of the ToF resulting in the uniform illumination
of one row of four photomultiplier pixels. The charge sharing among
pixels in that row is not an issue because it does not cause a loss
of timing resolution (the signal arrives at the same time for all four
channels due to detector geometry) and any pulses due to the charge
sharing towards pixels in adjacent rows can easily be rejected. This
form of crosstalk can be controlled primarily by two mechanisms:
restricting the channel area that the light can hit and by the reduction
of the anode gap by the manufacturer.

Two non-ALD XPM85112 tubes with two MCP plates in each, uti-
lizing 10 μm pores, were used for Run 2 of the LHC (Large Hadron
Collider) at CERN in 2017. The first one had an MCP resistance of
48 MΩ and a reduced anode gap of 0.6mm. The latter one was equipped
with MCP plates with a total resistance of 17 MΩ and a standard anode
gap of 2.9mm. The ToF detectors were each exposed to the rate of
4MHz of the signal protons per train (per four pixels) resulting in
a total proton flux through each ToF detector of 4.8 ⋅ 1013 during the
entire 2017 operation. Both photomultipliers reached an IAC of approx-
imately 2.4 C/cm2 during this period. This resulted in the degradation
of their quantum efficiencies and a drop in the overall performance [8].
Besides this, the PMT gain decline due to high rates of incoming protons
negatively affected the performance of the detector [9].

This behaviour was measured in laboratory laser tests and reported
in [10]. As stated there, the maximum effective rate estimate (above
which the gain declines) is inversely proportional to the MCP re-
sistance, the intrinsic gain (at low kHz rates), and the number of
photoelectrons produced by the photocathode. If the last two param-
eters increase, the amount of the generated charge increases whilst the
higher MCP resistance impedes its fast charge draining. Thus, the lower
MCP resistance helps achieve better rate capability. The same holds
for the lower number of photoelectrons and lower gain, but such PMT
rate behaviour improvement is at the expense of the deterioration of
its timing resolution [10].

These facts led us to require the following from the MCP-PMTs
intended for Run 3 of the LHC (in which the expected proton rate will
be 20 MHz per train): an MCP resistance below 30 MΩ; a proper ALD
coating to extend the lifetime of the tube above 10 C/cm2; and the
ability to work at low intrinsic gains at the order of 103 so as to shift the
maximum light pulse rate above 20 MHz without a significant decline
of the operational gain and timing performance due to saturation.
Photonis produced the three miniPlanacon XPM85112-S-R2D2 PMTs
for us. We modified the backend electronics of the tubes in cooperation
with Photonis to suppress the electronic crosstalk among pixels. The
next section describes the three photomultipliers and the backend
modifications.

2. Tested devices and their modifications

Based on our experience from Run 2 of the LHC we decided to use
new MCP-PMTs for Run 3 of the LHC (in which the expected proton

rate will be 20 MHz per train). The three miniPlanacon XPM85112-S-
R2D2 PMTs produced by Photonis for us are: S/N 9002196 (an MCP
resistance of 44 MΩ), 9002199 (35 MΩ), and 9002200 (27 MΩ). Later
in the paper we often identify them using the last four digits of the
S/N only. The spread and deflection of the MCP resistances from the
< 30MΩ requirement are probably due to difficulties in keeping to
this parameter during production, particularly with regard to the ALD
coating made by Arradiance LLC. They have a fused silica entrance
window and a Bialkali photocathode. Their two-stage MCP is ALD-
coated (resistive and secondary emissive layers) by Arradiance LLC to
achieve an extended lifetime above 10 C/cm2. We intend to operate
them at a low intrinsic gain of 2 ⋅ 103 to shift the maximum proton
rate (at which timing does not yet deteriorate) above 20 MHz. All these
photomultipliers are produced with a matrix of 4 × 4 pixels defined by
square anode pads with a size of 5.8 × 5.8mm2 and a spacing gap of
0.6 mm between them. We decided to modify the back end electronics
of the PMTs to fit into the new design of the AFP detector and to
suppress negative electronic crosstalk. Furthermore, one of the PMTs
(9002200) featured a reduced anode gap of 0.6mm (which is much
lower than the standard gap of 2.9mm present in the other two pieces)
in an attempt to reduce charge sharing among the anode pads. We will
evaluate this later in the paper.

Standard XPM85112 photomultipliers are equipped with two 16-pin
arrays of signal output connectors, each consisting of eight signal-
ground pairs of pins. In the past, we developed an eight-channel first
stage pre-amplifier (called PA-a) designed to directly connect with the
block (see Fig. 1a). Such a configuration, however, was a concentrated
source of heat. For the new Run 3, the compact PA-a modules were
replaced with a set of in-line one-channel preamplifiers equipped with
MMCX male connectors on the end towards the PMT and a 1.7 m
long coaxial cable with the same MMCX ending on the other side
(see Fig. 1b). This solution allows for better protection against outside
electromagnetic interference, easier replacement of any damaged PA-a,
and better heat removal through the large overall surface area. For this
reason, we needed to modify the layout of the output pins of the new
PMTs and add MMCX female connectors to them.

The electronic crosstalk among the anode pads is present mostly due
to the shared MCP output electrode (MCP-OUT) and existing capaci-
tance between the MCP output plane and the anode pads. This distorts
the shape of the signal rising edge and deteriorates the timing perfor-
mance of the PMT. Fig. 2a shows an equivalent circuit of the original
photomultiplier design by Photonis. The real electronic components are
in a black colour, while the parasitic impedances are indicated in grey.
Note the MCP-OUT BIAS part is realized by four parallel branches on
the PMT backend (one per each side), whereas only one of them is
shown in the scheme. The yellow rectangle represents a nickel strip
(50 um thick and 2 mm wide) which connects MCP-OUT BIAS on the
backend side with the MCP-OUT electrode plane. The bias resistor 𝑅𝑏
and the capacitor 𝐶𝑏 form the high-frequency grounding of the MCP-
OUT plane together with the intrinsic impedance 𝐿𝑠 of the strip. The
intrinsic resistance of the strip is negligible with respect to the 𝑅𝑏
and it is omitted here. When a developing charge cloud propagates
to the MCP-OUT plane, a parasitic crosstalk voltage arises on this
grounding part. Its magnitude heavily grows with the value 𝑅𝑏 of the
bias resistor. The parasitic voltage is shared among all the anodes of the
PMT through the capacitances 𝐶𝑎1. The bias resistor 𝑅𝑏 is a load resistor
for the MCP-OUT electrode and it is meant for the readout of the whole
MCP output signal. It has no function with regard to a separate readout
of individual pixels. Removing the bias resistor is one way of reducing
the crosstalk as was done in the ALICE experiment [11]. Moreover,
ALICE halved the anode capacitance (𝐶𝑎2) through the optimization of
wire lengths and the ground location. This further led to a decrease in
the undesirable crosstalk between adjacent anode pads [11]. Segmen-
tation of the MCP-OUT plane is another way to suppress the electronic
crosstalk. This approach was taken in the Hamamatsu photomultiplier
SL10 in the frame of the Super-KEKB project [12].
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Fig. 1. (a) Eight-channel PA-a module with a copper chiller to be connected to the original design of the PMT and its holder, (b) in-line one-channel version with MMCX connector
for the new design of the ToF detector.

Fig. 2. Semi-realistic electronical circuit of (a) the original MCP-PMT XPM85112 by Photonis, (b) the modified design. Real electronic components are in black and parasitic
impedances are in grey. The pink inset shows how capacitors are connected to the extended strip.

Fig. 3. Snapshots from the construction of a prototype of the modified version of the photomultiplier XPM85112: (a) the bias PCB equipped with a black HV input block and four
Nickel strips for a grounding connection with the anode PCB, (b) the anode PCB with MMCX female connectors, (c) the prototype after installation of the bias PCB and without
the anode PCB, (d) the assembled prototype with both PCBs.

We were inspired by the approach used in the ALICE experiment and
proposed a similar solution without the bias resistor and with various
additional modifications aimed to decrease the unwanted capacitances
and inductances (see Fig. 2b). All these modifications were done in
cooperation with Photonis. In Fig. 2b, the bias resistors are missing and
only a parasitic resistance 𝑅𝑠 of the strip is included in each MCP-OUT
BIAS branch. The width of the Nickel strips is now 23 mm on three
of the four branches. The last one, close to a high-voltage connector,
contains a Nickel strip 12 mm wide due to the spatial limitations (see
Fig. 3a). Besides this, each branch is equipped with four or two (on the
branch with the shorter strip) parallel 4.7 nF capacitors 𝐶𝑏 distributed
equally across the Nickel strip (see the pink inset in Fig. 2b). In this
design, the high-frequency grounding is formed by these capacitors
and the strip impedance (given by 𝑅𝑠 and 𝐿𝑠) which is low. Thus, the
crosstalk strength is lower with this design.

Like the original design by Photonis, the back end electronics con-
sists of two printed circuit boards (PCBs): the bias PCB and the anode
PCB, each with a size of 32 × 32 mm2 (see Figs. 3a and 3b). The bias

PCB has four layers. It contains all the above-mentioned modifications,
and it is additionally equipped with an NTC (Negative Temperature
Coefficient) thermistor for monitoring the PMT temperature. A black
HV input block is bonded to the bias PCB. It includes high-voltage input
cables from a high-voltage divider as well as the signal cables of the
thermistor. The anode PCB is designed for equal wiring of all the output
anode signals and to mount the MMCX female connectors (see Fig. 3b).
The distribution of the connectors follows the original spatial distri-
bution of the anodes output pins. In the original design, the distance
between both PCBs is around 5mm. The distance is shortened to 2mm
in the modified design. The original ground connections between PCBs
of four 1mm wide Nickel strips on their corners were replaced by 4 mm
wide strips as seen in Fig. 3c. Fig. 3d shows an assembled prototype of
a modified XPM85112.

3. Measurement setup

A scheme of the setup can be seen in Fig. 4. The measurements were
performed using the Hamamatsu M10303-29 laser system. The laser
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Fig. 4. The measurement setup scheme. In some cases, the amplifiers were left out to get a single photoelectron reference charge for the PMT gain measurements.

Fig. 5. The mask used to select the active channels using individual plugs. The dead space gap sizes at the channel boundaries are marked on the left.

head in use had a wavelength of 405.6 nm and 64.9 ps long pulses. The
light from this laser was routed through neutral density filters (OD 0-8)
and towards the PMT using two optical fibres with a solarized 200 μm
core and an overall length of 2m. The second fibre was either directly
attached to the PMT front face through a fixed collimator to illuminate
only the centre part of the channel (in the case of gain measurements,
where we aim to eliminate any losses to neighbouring channels due to
charge sharing) or routed to an adjustable focus collimator to expand
the beam in a dark box over a distance of ∼ 50 cm to illuminate the
PMT in a uniform fashion. A 3D printed custom mask (Fig. 5) was used
to select the desired channels for illumination, leaving the rest covered.
The mask replicated the shape and layout of the fused silica cherenkov
bars used in the AFP ToF system (5× 6mm rectangles, centred over the
PMT channels). A single channel or an entire column of four channels
was used in the measurements, depending on what the goal was. The
full column scenario represented the typical response of the AFP ToF
system, where a series of four bars is hit by each passing particle.

The PMT body was wrapped with electromagnetic shielding tape
and placed in an aluminium dark box to improve its shielding from out-
side interference. The signal pulse from the PMT was typically ampli-
fied using the custom broadband amplifiers with two stages (PAa+PAb)
mentioned earlier and read out by an oscilloscope (LeCroy WavePro
806Zi-B with a 6GHz bandwidth and a 40GS∕s sampling rate), which
was triggered by the laser driver sync out signal.

4. Measurement design and results

4.1. Gain curves

Each PMT was subjected to several different measurements. The
first one of those was always the gain curve measurement using the
pulse charge method. This method is based on integrating the current
from the PMT channel being tested when struck by a single photon.
For signal to be produced at all, the photon needs to be converted to
a photoelectron which in turn has to be accepted and multiplied by an
MCP pore, therefore, passing both quantum and collection efficiencies.
The charge is obtained by integrating the voltage waveform and divid-
ing it by the known load of 50Ω. Doing this with no amplifiers and
with single photon events at high gain, we can divide the integrated
charge by the elementary charge 𝑒 to get the absolute gain. This is then
repeated with amplifiers to get their precise gain. The amplifiers then
allow us to measure at a lower PMT gain without losing the signal peak
in noise. When the amplified single-photon pulse becomes too weak
at around 1750V, we continue with stronger light pulses of about 5 Pe
detected, stitching the measurements together at that point (which is
measured at both light levels). This stitching is done a second time at
around 1600V, switching to ∼ 50 Pe pulses that are observable even at
gain as low as 103. The resulting gain curves are shown in Fig. 6.
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Fig. 6. Gain curves of the three PMTs subject to our tests. Yellow points come from the manufacturer’s specification. The blue curve is our result with reference to the single-photon
charge we measured; the red curve is that curve corrected to match the 105 gain point from the PMT specification.

The difference in the gain curves measured (blue) as compared to
the specification points (yellow) can be attributed to different mea-
surement methods (pulse charge vs current method used by the man-
ufacturer) and the typical slightly changing gain of individual PMT
channels. When the gain curve is corrected by a fixed factor to match
the 105 gain point from the specification, it hits the other specification
points with an error of only 1 − 4% (red curve). This tells us the gain
measurement was performed correctly and the differences can really be
attributed to the measurement method. In particular, our pulse method
excludes collection efficiency and takes into account only electrons
which are collected and multiplied by the MCP. In contrast, the current
method using constant illumination through which the specification
was determined includes the collection efficiency in the results. In
essence, the ratio between the two curves is a rough measurement
of the collection efficiency, which is typically ∼ 50% in this type of
MCP-PMTs [13].

When the obtained gain curves are later used to determine the num-
ber of photoelectrons, only the ratio between the gains at two points on
the curve is important and, therefore, the original and corrected curves
yield the same results. However, one has to be careful which curve is
used when setting up the gain of the PMT itself.

4.2. Timing resolution (TTS)

The timing resolution of the devices being tested was determined
by measuring the transit time spread (TTS), the single photoelectron
timing resolution. The highest gain data from gain curve measurement,
where only single photons were typically detected, were used for this.
All of the PMTs tested here have TTS of 38.8 ± 0.5 ps (measured as
42 ± 0.5 ps before laser pulse width subtraction). An example plot and
the fit can be seen in Fig. 7.

4.3. Gain behaviour after high rate PMT saturation

As previously reported in [10], the earlier generation of single
layer ALD treated long-life MCP-PMTs suffered from extended gain
deterioration after being saturated by a high photon flux, which only
slowly recovered to the original values. The tubes evaluated here use
a double ALD layer (denoted as R2D2) and were subject to the same
test which showed a completely different behaviour pattern. As can be

Fig. 7. TTS of PMT 2196 at 1920 V. The tail on the right of the peak is caused
by photoelectrons that bounce from the MCP front face and are accepted by a pore
later [14]. When the histogram range is extended to cover the whole tail (spanning
∼ 2.5 ns), the RMS rises to 0.29 ns.

seen in Fig. 8, the gain actually increases by up to 20% when returning
to low rates (10Hz) after a saturated state (20MHz of 25Pe pulses for
1 min).

The recovery does not reach the original value within the 30-
minute test and seems instead to stabilize at 110% according to the
fit parameters. However, when the PMT is not powered, the recovery
is accelerated compared to this measurement and gain reaches the
original value under half an hour (deviation of less than 1% from the
pre-saturation level). This information was utilized when preparing the
measurement protocol for the rate capability tests (inserting waiting
periods of 30 min) in order to prevent the influence of previous
high-rate measurements on the baseline gain.

4.4. Rate capability

The rate capability of the PMT is of the utmost importance in our
ToF system. The rates of incoming protons passing the detector may
reach 20MHz in Run 3 of the LHC as the luminosity at interaction
points is increased. Thus, we need to show that the PMTs can operate
under these conditions without losing too much gain (manifesting as
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Fig. 8. Gain behaviour of PMT 2196 when recovering from saturation, seen as changes in mean amplitude. The 25 Pe pulse rates were reduced from 20MHz (∼ 1 μA∕cm2) to
10Hz at 𝑡 = 0. Each blue dot represents the average amplitude of 25 pulses for better plot clarity. The point near 𝑡 = 0 at ∼ 0.85 contains partially high and low rate data and is,
therefore, an artefact of the switch to low rates.

a lower efficiency of our ToF system) or timing resolution. To aid the
rate capability, we use a low PMT gain of 2000 (with respect to the red,
current method gain curves in Fig. 6, corresponding to ∼ 4000 pulse
gain, which excludes collection efficiency). With the expected number
of photoelectrons of 20−30 per proton in each channel hit and a 20MHz
detection rate, the required rate capability is ∼ 1 μA∕cm2 in terms of
anode current density.

As four channels in a row are hit in a typical detection event, we
set up our channel mask accordingly to open a single row of channels
across the PMT. This has the most impact on the timing measurement
by allowing for the averaging of the four channels, but it has only
a marginal impact on the rate limit [10], as the charge per area is the
same as if a single channel had been opened only.

The number of photoelectrons (𝑃es) in the measured channels was
determined as the ratio of the median area under waveform as com-
pared to a single 𝑃e measurement, using the gain curve to correct for the
PMT gain difference (single 𝑃e measurements require high gain ≥ 105).
We aimed to obtain data at 𝑃e of 25 and 50, with some small variations
across the PMTs due to setup (filter) limitations.

The rate scans were performed from 10 kHz up, with this lowest
rate point serving as a reference for the relative gain determination.
The gain ratio was calculated using the median area under waveform
values. If, however, a simple amplitude was used instead, the results
would have been essentially identical.

Fig. 9 shows the relative gain dependence on the pulse rate, where
the gain starts to deteriorate at several MHz, varying across the PMT
pieces and the number of 𝑃e𝑠 in the pulse. We can easily see that at
comparable 𝑃e, the MCP resistance has a significant influence on the
rate limit, with the lower values allowing for higher rates without the
gain suffering. A comparison of the gain behaviour and the timing
resolution can be found in Table 1.

The timing resolution results originate from the same measurement
set and, therefore, the same considerations about 𝑃es apply. The arrival
time of the pulse is determined through a software CFD (constant
fraction discriminator), thus removing time walk by triggering at 42%
of the pulse height, which was previously determined to yield the
best results. A minimum amplitude cut of 12mV was used as a cut-off
threshold for the events, resulting in > 99% efficiency at sufficient light
levels of ∼ 20𝑃e or more.

Table 1
Train (4 channel average) timing resolution and relative gain of each PMT when
subjected to 10 kHz and 20MHz pulses of ∼ 25 Pe (∼ 0.5 nA∕ cm2 and ∼ 1 μA∕cm2).

PMT MCP 𝑅 𝜎𝑡 (10 kHz) 𝜎𝑡 (20MHz) Gain ratio (20MHz/10 kHz)

2196 44MΩ 22.5 ps 39.5 ps 0.58
2199 35MΩ 22.8 ps 22.8 ps 1.07
2200 27MΩ 14.8 ps 16.3 ps 0.99

The timing resolution strongly depends on the number of 𝑃es, as can
be seen in Fig. 10. The train combination (average of arrival times of
the four channels forming a train) improves the timing significantly,
as expected. In all cases, the timing starts to deteriorate at roughly the
same rates as the gain, which can be seen by comparing Figs. 9 and 10.

4.5. Crosstalk

As we mentioned in the Introduction, we have studied electronic
crosstalk and the crosstalk by charge sharing as separate effects. Whilst
the electronic crosstalk from a channel affects all the others approx-
imately to the same extent, the charge sharing takes place only in
the immediate vicinity. As the footprint of the ToF bars on the PMT
and, therefore, also of the mask openings are asymmetric, we expect to
see less charge sharing in the direction where there is a larger width
covered/not illuminated (dead area) at the channel boundaries (1.4mm)
as compared to the smaller width (0.4mm). The smaller anode gap is
then expected to give the electrons leaving the MCP less room to spread,
reducing the charge sharing in all directions.

The crosstalk measurements were again performed using the chan-
nel mask, but with only a single channel open. Four channels were still
monitored with the oscilloscope: the open channel, one of its direct
neighbours in either direction (where charge sharing and electronic
crosstalk mix) and one channel far away (influenced only by electronic
crosstalk). A schematic illustration of the channel layout can be seen in
Fig. 11.

The results match the expectations, as can be seen in Fig. 12 and
Table 2. Both the reduced anode gap and a wider channel boundary
dead area contribute to reducing the crosstalk. In our specific case, the
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Fig. 9. Relative gain during rate scans. Relative gain values at 20MHz are in Table 1. 20MHz rate of ∼ 25 Pe pulses corresponds to anode current of ∼ 1 μA∕cm2.

Fig. 10. Timing resolution of the detector during rate scans. The TAvg timing is determined as a train (4 channels in a row) average, relevant to our use case. Actual values at
10 kHz and 20MHz are in Table 1. 20MHz rate of ∼ 25 Pe pulses corresponds to anode current of ∼ 1 μA∕cm2.

Fig. 11. The layout of observed channels during crosstalk measurements. All the
channels that are observed are marked with a circle. The sole channel which is
illuminated as well as monitored is marked with a filled circle. The colours correspond
to the colour coding in Fig. 12.

Table 2
Charge sharing strength as compared to the primary channel signal.

Channel spacing Standard anode gap Reduced anode gap

In train (0.4mm) 7.5% 5.5%
Next train (1.4mm) 5.0% 3.0%

narrow gaps between the ToF bars are along the train, which means the
channels are hit together by a single event. As the ToF optical part is
designed in such a way that the light from these channels reaches the
PMT at the same time, any charge sharing does not present an issue. In
the direction across trains, the dead area is wider, limiting the possible
charge sharing magnitude and thus producing fewer fake triggers in
trains that are neighbours to the one really hit with a proton.

7
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Fig. 12. An example of waveforms during the crosstalk measurement of PMT 2199. The yellow waveform (C1) is the illuminated channel; red (C2) is the neighbour across trains;
and blue (C3) the neighbour in the same train (charge sharing is the dominant source of crosstalk in C2 and C3). Green (C4) is a channel far away from the one with light,
exhibiting the electronic crosstalk only. The colouring scheme follows Fig. 11. Note the different vertical scale on C1 (illuminated channel), shrunk by a factor of 5 compared to
the crosstalk channels.

The green (C4) waveform in Fig. 12 is the aforementioned electronic
crosstalk which manifests as a weak pulse with reversed polarity. This
is caused by the inherently imperfect grounding of the shared ground,
which is then briefly influenced by the fast signal. Such crosstalk is
present in all channels at a similar magnitude of 1.5% of the sig-
nal pulse, but is inseparable from the signal where some crosstalk is
present, while influencing its edge and amplitude. For this reason, the
proportion of charge sharing is in reality slightly higher than in Table 2,
but with respect to the threshold tuning and real detector operation, the
values in the table are more relevant than the ones with such correction
in place would be.

5. Discussion

Gain curves were determined using the pulse charge method and
when corrected for a small, fixed factor difference due to different
methods used, they match the gain points specified by the manufacturer
very well (a deviation of 1–4%). These gain curves were later used to
determine the proper HV for target gain and to calculate the average
number of photoelectrons in each measurement.

The single photoelectron timing resolution (TTS) was determined
to be 38.8 ± 0.5 ps in all three pieces. This is about 10 ps worse than
most of the devices we tested so far, which were typically just below
30 ps [10,14].

When comparing tubes with a similar MCP 𝑅, the rate capability
of these PMTs slightly exceeds the XPM85212/A1-S performance we
reported on in [10] There a 36MΩ tube exhibited a 20% gain drop
already at 1.38 μA∕cm2, whereas the 2199 tested here with an al-
most equivalent MCP 𝑅 of 35MΩ MCP exhibits the same gain drop
at 2.5 μA∕cm2. The rate capability again depends strongly on the
resistance of the MCP (ones with lower 𝑅 are handling higher rates
better), as expected. At 20MHz with ∼ 25 photoelectrons (∼ 1μA∕cm2),
the two PMTs with the lower resistance (27MΩ, 35MΩ) have only
a negligible loss of gain whereas the third one (44MΩ) has a loss of
gain that is not detrimental to its overall performance. The timing
resolution is noticeably impacted only at rates where the gain is starting
to be impacted as well. The PMTs can work well at these high rates,
particularly thanks to the low gain operation, which draws less charge
per pulse from the MCP.

The PMTs do not exhibit the prolonged gain drop as those evaluated
in [10]. On the contrary, after being subject to high rates, the gain is
actually temporarily increased. This phenomenon can also explain the
gain rise in rate capability plots in Fig. 9. The PMT 2196, which is
not able to perform at high rates so well, exhibits a different type of
behaviour — the gain bump is not explicitly visible in the rate plots,

but it contributes instead only to a less steep initial gain decline, since
the bump probably occurs at similar rates for all PMTs while keeping
the gain equivalent. In order to remove the impact of this gain change
effect induced by high rate saturation, all measurements were done
with waiting periods of 30 min between them.

The crosstalk between the channels was measured as two separate
effects. One part is electronic, originating in the capacitive couplings
between channels and ground rebound. This has the same impact on
all channels within the PMT and is proportional to the primary pulse
amplitude (∼ 1.5%). The second effect is charge sharing within the
PMT, where parts of the generated electron spray hit adjacent anode
pads. This strongly depends on the geometry, specifically how close to
the channel boundary photons are allowed to land, and also on the
anode gap size (a shorter gap means less spreading of the electrons
leaving the MCP and less charge sharing).

6. Conclusion

Three pieces of miniPlanacon XPM85112-S-R2D2 MCP-PMTs with
modified backend electronics were tested. The tests were performed
using a picosecond laser setup, with the focus on timing resolution,
while rate capability and crosstalk, gain curves were also determined.

The rate capability of each PMT strongly depends on its MCP
resistance, as expected. Low PMT gain operation also allows them
to reach a high rate capability, while more focus has to be directed
towards proper shielding from interference to maintain a reasonable
signal-to-noise ratio. When the PMTs are saturated with too much light,
gain starts to drop, and the timing resolution is negatively impacted as
well. Recovery from the PMT saturation happens through temporarily
increased gain which returns to normal in under half an hour if the
PMT is not powered.

Crosstalk between the channels was determined to consist of two
types: one with influence over the whole PMT (ground rebound) and
the other with influence only on its direct neighbours (charge sharing).
The latter is heavily influenced by the anode gap size (a smaller gap
allows for less electron spread) and the geometry of the illuminated
area of each channel.
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A B S T R A C T

Silicon photomultipliers (SiPMs) have become an interesting alternative to conventional and micro-channel
plate photomultipliers, proving to be a very good option for Cherenkov light based time-of-flight detectors.
The important characteristic for this application is the intrinsic time resolution for a wide range of wavelengths
(from below 250 nm up to about 600 nm).

We present a study of the time resolution of two SiPMs: a 3 × 3 mm2 FBK SiPM-NUV3S and a 3.5 × 3.5 mm2

STMicroelectronics prototype SiPM. The measurement was performed for two representative wavelengths
(280 nm and 420 nm) under the variation of SiPM overvoltage and light intensity.

The measured transition time spread (TTS) of the devices was (285 ± 9) ps (FBK) and (154 ± 20) ps (STM).
The time resolution dropped with increasing mean number of photoelectrons (𝑁pe) as 𝜎TTS𝑁

− 1
2

pe with saturation
observed for high 𝑁pe. The obtained best time resolutions were (8 ± 1) ps and (4 ± 1) ps for the FBK and STM
SiPM respectively at 𝑁pe of the order of 106 for 420 nm photons. The results for the two wavelengths were
comparable, with 280 nm photons providing worse results at very high illumination.

1. Introduction

Silicon photomultipliers – matrices of avalanche photodiodes con-
nected in parallel – have proved to be a very good option for Cherenkov
time-of-flight (ToF) detectors [1,2]. Such a detector consists of a photo-
sensor coupled to a radiator bar with high refraction index, transparent
to ultraviolet light, in which Cherenkov photons are produced when
a charged relativistic particle traverses it. In this application, it is the
intrinsic timing resolution of the SiPM that, together with the light
yield of the radiator, determines the timing properties of the detector
as a whole.

During the development of the ToF system of the ATLAS Forward
Proton (AFP) detector [3], currently installed at the Large Hadron
Collider at CERN, a 3.5 × 3.5 mm2 SiPM produced by STMicroelectron-
ics (NRD09_1, 58 × 58 μm cell size) was utilized. It was coupled with
a 3 cm long quartz Cherenkov radiator and served as a timing reference.
It reached a time resolution of 11 ps [2].

Since the STM NRD09_1 is no longer produced, we were examining
a possible replacement. Taking into account their performance in the
MEG II scintillation detector [4] and low price, we measured the prop-
erties of a 3 × 3 mm2 SiPM manufactured by FBK (SiPM-NUV3S [5],
40 × 40 μm cell size), capable of detecting light in near ultra-violet
spectrum, with a focus on the time resolution under variation of the

∗ Corresponding author.
E-mail address: ladislav.chytka@upol.cz (L. Chytka).

light intensity, overvoltage and light wavelength. Time resolutions
were compared to those of the STM NRD09_1.

Cherenkov radiators produce light of wavelengths from below
250 nm and the light yield increases with decreasing wavelength down
to a limit given by the radiator material [6]. Therefore, it is important
to know the timing properties not only near the peak efficiency (420 nm
for the FBK SiPM-NUV3S) but also for the deeper UV region. Here we
present a comparison of timing properties of the SiPMs for 420 nm and
280 nm wavelengths.

2. Methods

2.1. Measurement setup

We used a Coherent Mira 9000 laser system with 2nd (420 nm) and
3rd (280 nm) harmonic generation with the pulse width of 150 fs as
light source. The laser beam was coupled into an optical fiber splitter
(Y) cable. Coupling was adjusted such that the two outputs of the fiber
splitter had an equal intensity (with observed deviation within 10% of
the output power). One output was fed into a reference SiPM (another
STM NRD09_1) which was used as the trigger. The other output was
attenuated by a set of neutral density (ND) filters and detected by the

https://doi.org/10.1016/j.nima.2019.04.082
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0168-9002/© 2019 Elsevier B.V. All rights reserved.



L. Chytka, M. Hrabovský, T. Komárek et al. Nuclear Inst. and Methods in Physics Research, A 935 (2019) 51–55

Fig. 1. The scheme of the measurement setup. Boxes with round corners represent optical components and SiPMs, rectangles stand for electronic devices.

SiPM under test. A circular area with 3 mm diameter was illuminated
for both SiPMs. The scheme of the setup is illustrated in Fig. 1.

The outputs from both the measured and the triggering SiPMs were
amplified by two-stage 32 dB low-noise broadband pre-amplifiers.1
A third amplifier with the amplification of 16 dB was added for the
measured STM SiPM. The amplified signal from the triggering SiPM
was split. One output was used for a direct monitoring and the other
was processed by a constant fraction discriminator (CFD) made by
University of Alberta [7] to reduce the trigger jitter. The constant
fraction was set to 42% tuned to minimum jitter. The data acquisition
was handled by LeCroy WavePro 7200 A oscilloscope with 2 GHz
bandwidth and 10 GS/s sampling frequency. The SiPMs were powered
by TTi QL564TP power supply.

The second output of the triggering SiPM was used to ensure a stable
laser output: the amplitude of the monitoring signal was kept constant
between measurements and the shape of the monitoring signal was
observed for a possible laser instability. The trigger jitter, including the
readout of the reference SiPM, was determined to be (4 ± 1) ps for the
420 nm photons and (8 ± 1) ps for the 280 nm photons.

Measurements were performed in an air-conditioned laboratory at
the temperature of 23 ◦C stabilized within 1 ◦C. The SiPMs were
not thermally stabilized to keep the detector simple. Each SiPM was
encapsulated in an aluminum box connected by an aluminum bracket
to an optical breadboard, and the SiPMs were placed in a dark box with
feedthroughs for cables and optical fibers.

2.2. Estimation of the number of photoelectrons

The mean number of photoelectrons (𝑁pe) produced in an illumi-
nated SiPM was estimated from the Poissonian probability of pedestal
events with subtraction of dark pulses [8] as

𝑁pe = − ln
𝑁ped

𝑁tot
+ ln

𝑁dark
ped

𝑁dark
tot

, (1)

where 𝑁ped is the number of recorded events without a pulse (i.e.
pedestal events), 𝑁tot is the total number of collected events and 𝑁dark

i
expresses the corresponding numbers for the case without illumination
of the SiPM.

The pedestal threshold was set to 0.5 photoelectron level, deter-
mined from the dark pulse amplitude for each bias voltage applied to
the measured SiPM.

Eq. (1) is usable up to 𝑁pe ≈ 10 due to the acquired total number of
events from 104 to 3 ⋅ 104. For higher light intensities, we extrapolated
the 𝑁pe estimate based on the optical density value of the used ND
filters: first, the number of photons before the ND filters was estimated2

(𝑁𝑖 = 𝑁pe ,𝑖 ⋅ 10𝑑𝑖 , where 𝑑𝑖 is the 𝑖th filter optical density value and

1 produced by Stony Brook University [7].
2 The photodetection efficiency was neglected, as it is assumed not to

change under varying illumination.

𝑁pe ,𝑖 is the corresponding 𝑁pe value determined from Eq. (1)) for each
filter value for which it was possible to estimate 𝑁pe using Eq. (1) and
average �̄� was calculated; then 𝑁pe estimate for a filter optical density
𝑑 was calculated from 𝑁pe = �̄� ⋅ 10−𝑑 . The procedure was applied
separately for each SiPM and each wavelength.

2.3. Time resolution analysis

We used broadband amplifiers to preserve pulse shapes and the
amplified pulses were captured as the full waveforms using the oscillo-
scope.

The acquired waveforms were preprocessed to obtain an optimal
timing performance and to minimize the electronic jitter contribution.
First, a low-pass filter was applied to cut off high frequency interfer-
ences. Then, the 0.5 photoelectron threshold was applied to remove
pedestal events.

After the preprocessing, we used a constant fraction discriminator
algorithm implemented in the analysis software (with the constant
fraction set to 42% corresponding to the hardware CFD) to determine
the time of the pulse detection with respect to the time of the trigger.
The time resolution was obtained from a Gaussian fit to the signal time
distribution.

Examples of time distributions are shown in Fig. 2. It is evident
that, for the single photoelectron case, there are pronounced tails
caused by delayed photoelectrons, uniformly distributed dark pulses
and electronic noise fluctuations superimposed to the time distribution
of the photoelectrons generated by the laser. The Gaussian fit was per-
formed iteratively around the central part of the distribution to measure
the time resolution without the influence of delayed photoelectrons
and dark pulses. This influence decreased with increasing number of
photoelectrons, as can be seen in the right part of Fig. 2.

The contribution of the trigger and the electronics jitter to the
time resolution is subtracted in quadrature in the values and plots that
follow.

The low-pass filter cut-off frequency was optimized for each SiPM
to obtain the best time resolution. The optimal value was found to be
900 MHz for the FBK SiPM and 1400 MHz for the STM device. In the
text below, we quote an overvoltage (OV) value 𝑉OV = 𝑉bias−𝑉BD, where
𝑉bias is the voltage applied to the SiPM and the breakdown voltage 𝑉BD
was measured to be 28.1 V for the STM SiPM and 26.6 V for the FBK
device.

The time resolution is expected to behave as 𝜎TTS𝑁
− 1

2
pe [9], where

TTS stands for Transit Time Spread, i.e. the time spread of transition
of single photoelectrons, with saturation at high 𝑁pe values. The satu-
ration originates from an internal electronic jitter (labeled 𝜎const in the
formula below) of an SiPM, which needs to be added in quadrature to
describe the measured points as a function of 𝑁pe. Therefore, we fit the
distribution of time resolution vs. 𝑁pe with

𝜎TTS√
𝑁pe

⊕ 𝜎const ≡
√√√√𝜎2TTS

𝑁pe
+ 𝜎2const . (2)
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Fig. 2. A typical time distribution for a single photoelectron (left) and a high number of photoelectrons (right). Histograms show time distributions for STM SiPM operated at
2.9V overvoltage and illuminated by 420 nm laser light for 𝑁pe = 1.2 (left) and 𝑁pe = 270 (right). The Gaussian fits from which the time resolution was extracted are represented
by the dashed red line.

Fig. 3. Circuit diagram of the SiPM connection.

2.4. Time resolution uncertainty estimate

We found that the influence of the electronic noise originating
from electronic components in the SiPM connection (Fig. 3) cannot
be neglected, especially for the single photoelectron illumination. The
main source of the noise is the 1 kΩ load resistor (R2 in Fig. 3) due to
the Johnson–Nyquist noise. This influence is the main contribution to
the systematic uncertainty.

We evaluated the noise contribution using simulated pulses super-
imposed to the measured noise. We generated a set of samples with
different mean pulse amplitudes. All the pulses were generated at a
fixed time with zero time smearing. The noise sample acquired for
the SiPM was then superimposed to each Monte Carlo sample and the
time uncertainty was determined for each case. The uncertainty was
found to be inversely proportional to the mean pulse amplitude 𝐴 (in
V) according to 6.8±0.2

𝐴 + (1.5 ± 0.2) ps.
The systematic uncertainty is included in the following values and

plots.

3. Results

3.1. Time resolution

Fig. 4 plots the dependence of the time resolution on 𝑁pe and 𝑉OV.

The time resolutions of both SiPMs follow very well the 𝜎TTS𝑁
− 1

2
pe ⊕

𝜎const law (the lines in the figure show the fit results). Both SiPMs show
a similar behavior for the two wavelengths.

To determine the best possible resolution with the available illumi-
nation, we removed the ND filters and subsequently obtained 𝑁pe of
the order 106 for 420 nm photons with corresponding time resolutions
of (8 ± 1) ps and (4 ± 1) ps for the FBK and STM SiPM, respectively.
For 280 nm photons, 𝑁pe was of the order 104 and we obtained the
resolutions of (27 ± 1) ps (FBK) and (8 ± 1) ps (STM). The SiPMs were
operated just below the 𝑉BD for this measurement.

The right part of Fig. 4 shows the dependence of the time resolution
on the increasing 𝑉OV. The STM photosensor resolution decreases up to
𝑉OV = 2.9V and then levels off. The maximum values of 68 ps and 75 ps
for 280 nm photons and 420 nm photons, respectively, decrease down

to 36 ps (280 nm photons) and 52 ps (420 nm photons). The FBK device
shows significant changes for different 𝑉OV values, but there is no clear
monotonic trend. For 280 nm photons the minimum time resolution is
60 ps and the maximum is 69 ps. For 420 nm photons the minimum
time resolution is 73 ps and the maximum is 83 ps. The results are not
directly comparable between wavelengths, as the 𝑁pe estimate varies.

To justify the usage of Gaussian widths 𝜎 to quantify time resolu-
tions, Fig. 5 plots the correlation between the time resolution expressed
in 𝜎 obtained from the Gaussian fit and the full width at half-maximum
(FWHM) value of the time distribution. For the ideal Gaussian, the
linear fit FWHM = 𝐾 ⋅𝜎 should yield 𝐾 ≈ 2.35. The values are lower for
both SiPM types, but the deviation is small (below 5%). The deviation
is caused by the tails of the time distributions, as can be seen in Fig. 2,
the tails slightly broaden the fit even in case of abundant photoelectrons
(the peak of the distribution is visible above the fit line).

3.2. Single photon response

Single photon measurements were performed for 𝑁pe ≈ 1 in order
to estimate 𝜎TTS. However, the level of the electronic noise was close
to 0.5 photoelectron level of the SiPM signal and induced significant
smearing of the pulse amplitude as well as the time jitter. Therefore,
it was not possible to select only 1 photoelectron events based on
the signal amplitude. The time jitter was included as a systematic
uncertainty based on the simulation described above.

Fig. 6 plots measured single photon time resolution as a function
of 𝑉OV. The results show very similar values for both wavelengths
with minimal TTS of (223 ± 92) ps for FBK SiPM and (123 ± 30) ps for
the STM one. The two SiPMs show a different dependence on 𝑉OV:
while the STM TTS is slightly improving up to 𝑉𝑂𝑉 = 2.9 V, the
TTS of FBK SiPM is increasing. In all cases, the decreasing size of
the error bars illustrates mainly the increasing signal-to-noise ratio as
the 1 photoelectron amplitude increases, although a contribution from
increasing photodetection efficiency is also observed in the decreasing
statistical uncertainty.

4. Discussion

As seen in Fig. 4, the time resolutions follow the law 𝜎TTS𝑁
− 1

2
pe ⊕

𝜎const . For the 𝜎TTS, however, all measured points for 𝑁pe ≈ 1 fall
lower than the fit parameters suggest. This is because these points
underestimate 𝜎TTS, since the time resolution for 𝑁pe ≈ 1 comprises also
contributions from events with more photoelectrons with probability
given by the Poisson distribution with mean value of 1. Due to the
noise influence, it was not feasible to decrease the light intensity. Even
though the difference in TTS is within uncertainties of the fit and
measured values, the fit values provide more reliable measurement of
𝜎TTS.

The measurements with a very large 𝑁pe (104–106) provide estimate
of the 𝜎const in Eq. (2), as the first term of Eq. (2) is negligible for
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Fig. 4. Time resolution dependence on 𝑁pe for the 𝑉OV = 2.9V (left); the resolution as a function of 𝑉OV for 𝑁pe in range 20–30 for 420 nm photons and 35–45 for 280 nm photons
(right). 𝑁pe calculation changes at 𝑁pe ≈ 10, as described in Section 2.2.

Fig. 5. Correlation between the time resolution expressed in 𝜎 obtained from the Gaussian fit and the full width at half-maximum (FWHM) value of the time distribution. The
values are fitted by FWHM = 𝐾𝜎. The fit is represented by the red line. Left: STM SiPM; right: FBK SiPM.

Fig. 6. Time resolution dependence on the 𝑉OV for 𝑁pe ≈ 1.

large 𝑁pe and what remains is the constant term originating from an
electronic jitter within the SiPM. The main contribution to the jitter is
assumed to be of thermal noise origin, which is not directly dependent
on 𝑉OV. Considering also shot noise contribution, which will increase
with the 𝑉OV due to the increased current, the measured values (below
the 𝑉BD) provide lower bounds for a given SiPM and wavelength. The
dark counts contribution to the jitter (that would also increase with the
𝑉OV) can be neglected as the 𝑁pe = 104–106.

Overall, the FBK SiPM performance was consistently worse than that
of the STM SiPM with time resolution 2–3 times worse. Considering
the 11 ps resolution achieved with STM SiPM during the beam test
campaigns, the expected beam test time resolution for the FBK device
would be 20–35 ps. This is not adequate for their use as time reference
in beam tests of the AFP ToF system, as such resolution is at best
comparable to the ToF system under test.

5. Conclusion

We measured the timing properties of SiPMs from FBK and STM.
The devices manifested TTS of (285 ± 9) ps (FBK) and (154 ± 20) ps

(STM). The time resolution decreased with increasing 𝑁pe as 𝜎TTS𝑁
− 1

2
pe ⊕

𝜎const with the best time resolutions, achieved for 𝑁pe of the order 106

for 420 nm photons, of (8 ± 1) ps and (4 ± 1) ps for the FBK and STM
SiPM, respectively.

The results for the two wavelengths were comparable, with 280 nm
photons providing worse results at very high illumination: (27 ± 1) ps
(FBK) and (8 ± 1) ps (STM) at 𝑁pe of the order 104.

The STM SiPM has already proved to be a great photosensor for
Cherenkov time-of-flight systems, reaching 11 ps when combined with
a 3 cm quartz radiator [2]. However, the FBK device was found to
provide worse resolution by a factor of 2–3.

Based on our findings, we are still facing the challenge of finding
a suitable backup photosensor for upcoming beam tests.
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