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MeToabl perucrtpaumm vyactuu. [eTekTopesl.

N3mMepeHne KoopauHarT:

= MpPONopuUMOHanbHbIE U ApendoBble KaMepbl U Ap. ra30Bble AETEKTOPSI,
= [0JIyNPOBOAHUKOBbIE AETEKTOP.I.
NaoeHTudukaumnsa Jyactmu;:

s CUMHTUNNSALUMOHHBIE CHETUMKM,

m  YEepEeHKOBCKME CYETUYMUKMU,

= CUETUYMKM NEepPexoaHOro UsnyyeHus.
Pernctpaunsa (OTOHOB:

= POMNopLUMOHanbLHaa KaMepa,

m  CYETUYMKM MOJSIHOIO MOTrIOLEHNS, COHABUYMN,
= [0JIyNPOBOAHUKOBbIE AETEKTOP.I.
AZLPOHHbIE KAJIOPUMETPBI.

DKCMNEPUMEHTbI Ha YCKOpUTENSAX:

m OCHOBHble KOMMOHEHTbI 60NbLUMX AETEKTOPOB, TpUrrep, obpaboTka
NH(OpMaLNH.

Jlekumm nNo COBPEMEHHON 3KCMEPUMEHTASTbHON (husnke
B.U.TenbHOB
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NeTtekTop ATLAS Ha LHC

Jlekumm no coBpeMeHHOW 3KCrepuMeHTanbHoON (usmke
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" Bunch Crossing 4107 Hz

"~ Proton Collisions  10°Hz

- Parton Collisions

" New Particle Production 10 Hz
(Higgs, SUSY, ....)

Selection of 1 event in 10,000,000,000,000
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A simulated event in ATLAS (CMS)

H— ZZ - 4p
pp collision at Vs = 14 TeV = L =103 cm? s, bunch
G.o = 70mMb i spacing 25 ns
Interested in processes
with o = 10-100 fb "

=~ 23 overlapping minimum bias events / BC  Ha ogHo
~ 1900 charged + 1600 neutral particles / BC CTO/KHOBEHNE NyHkoB
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A light Higgs is one of the goals
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mﬁ (GEV) B.N.TenbHoB

calorimetry, tracking, ....



HetekTop KEAP
(UAD)

B Vertex detector

B Drift chamber

[ Aerogel threshold
counters

B ToF counters
M Lkr calorimeter

B Superconducting
coil

B Yoke
B Muon chambers
B CsI calorimeter

O Compensating
solenoid



I3mepeHne KoopanHatT
a) NponopuUunoHanbHble N AperdOoBble KaMepbl;
b) nonynpoBoaAHNKOBbDLIEC ,D,‘?r')eKTODbI
|_|DOI'IODLI.VIOHaﬂbeIe CHEeET4HUKHU

Ry ~ 20MKM, R, = 0.2 — 5¢cwm
(kamepbl)

Veagd—5b KB

Mone BOGAM3N npoBONOYkKn E ~ 300 —
500 kB/cwm

VaapHass MoHusauumsa, ycunenHume M ~
105 — 106°

NMnNy/ibC TOKa OT TOYEYHOW MOHU3aunmn
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cathode P
( anode Pl (\ “_
g \J b
/
/
lil to~1—5 HC.

TV AMMNN. CUFHana nponopL. MOHU3aLUUN.
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Jlekuuun no coBpeMeHHON 3KCnepuMeHTaibHOW (pusnke
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OO0pa3oBaHMe curHana B nNponopumMoHaibHOM CHETYUKeE

DNEKTPOH NPOXOAUT ~ 20 ANUH “MOHU3AUNOHHBLIX' npoberos: M ~ 220 ~ 10°
OCHOBHOE 4MCNO Nap MOHOB ob6pa3yeTcs B MNOCJNIEAHUX CTOJIKHOBEHUAX, T.e.
BONM3M aHOAHOW NPOBOJIOYKMN.

OCHOBHOWN CUIrHanN BO3HUKAET MNpu OTXOAE WOHOB OT aHOD,HOlyI NMPOBOJIOYKH

f:" Edr = const

Q1+Q2+Qo=0
Q1 In(rg/re) — QoIn(rg/r) =0

M
® ﬁ.b‘ % Q1= QO||:(;//Z))

:

e
o
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% =y = ul = u% (0 - NOABV>XHOCTb )

2

1 — i — @1 1
— |n%(r§+4Aut) X Fig’ to SR U o In (l -+ to)

MpH 7. =15 107%Y em, By = ii ~3-10°B/cMm,u = 1.7(Ar) = to ~ 4 - 1072 cex.

MonHoe Bpems c6opa UOHOB tmax = 17/(2Eorap) ~ 107> cm ana ry ~ 1 cwm.



[TponopLMOHanbHbIN CHETUYMK (MpoaoHKEHME)

MeaneHHas CoCTaBnsoWasa Toka «obpe3aercsa» 3nekTpoHnkon (anddepeHumnpytoLas
LIenoYyKa) 1 OCTaeTcsa TOJ/IbKO bbICTpas cocTaBnsaowasn ot Toka I~1/(t+t,). Mpu nonax B
cyeTumke E>1 kB/cM anekTpoHbl, 06pa3oBaHHbIE NPOSIETEBLUEN YaCTULIEN, ABUXKYTCS
CO CKOpOCTAMM Apenda V,p~(0.3-1)107 cM/c, Tak 4TO BpeMsi cbopa 311EKTPOHOB Mpu
paanyce Tpybkun ~ 1 cM coctaBnseT nopsiaka 100 He. MNpyn NOCTOSAHHOM MHTErpupoBa-
HUa nopsaka t, . =100 HC Aona OT NONHOro CUrHana cocTaBUT

O _In(t,/t) In(100HC/5HC) 3
Q, Ini_/t,) In(Imc/5uC) 12

CurHan Ha BxoaHol emkoctu coctasut U ~ 0, /¢ =0.25Q, /¢

Hanpumep: 3apsikeHHas yactuua obpasosana 100 nap noHos, c~10-11¢,
U=(0.25-100-1.6-10-19/1011) M~3-10-> M, rae M-ko3d. ra3oBOro ycuneHus.
Mpn M=10> U~0.3 B. 3T0 04YeHb 60NbLIOW CUrHAN.

[[@3bl. 1) Mano NpuannaHue 3neKTPOHOB, 2) XopoLlee NorioLeHne hoTOHOB,
BblIETAIOLNX U3 NaBUHbI, YTOObI OHM HE AaBasin BTOPUYHbIX 3/IEKTPOHOB Mpu
nonagaHnn Ha KaToa.

O6bI4YHO UCMOMb3YTCA MHEPTHbBIE rasbl C MPUMECHIO0 BbICOKOMOSEKYISIPHBIX
rasoB: Ar+ n% CO,, Ar+C,H,, 1n.T.A. (60/IblLIOE MHOXECTBO).

JIEKUMM NO COBPEMEHHOM 3KCMEPUMEHTASIbHON (hUanke
B.U.TenbHOB

~0.25



[1lponopLnoHanbHaa KaMepa

/ LLlapnak, 1968
katon —* S~2-5 MM
Id d~5 MM
aHofHble . . o
(cUrHanbHbIe) > ¥ Cebs ¢ ° r,~20-30 MKM
MPOBOSIOYKM

B6113n npoBonoYeEK NPONMCXOANT ra3oBoe ycuneHme. Ha npoBonoyke, B61mn3un
KOTOpOM NponeTena 4YacTuua, BO3HUKAET OTpULIATENbHbIN CUrHas, Ha COCeAHUX —
NoNoOXuTenbHbIM cnrHan (~15% oT OCHOBHOM0), HaBeAEHHbIN OTXOASALLMMU MOHAMY,
KOTOpbIN 60oblle, YEM EMKOCTHAst HaBOAKA C CUrHANIbHOW NMPOBO/IOYKM. DNIEKTPOHUKA
PErNCTPUPYET TONIbKO OTPULIATENbHbIA CUHAN.

MpocTpaHcTBeHHoe paspewenne o =5 /12 ~ 0.7 Mm

[. LWapnak, Hobenesckas npemusi, 1992

Jlekumm nNo COBPEMEHHON 3KCMEPUMEHTASTbHON (husnke
B.U.TenbHOB




[1pendoBble KaMepbl

| x=f(t) t- Bpewms
[ i fore V—fDELAYL—-f: Hayano oTc4yeTa BPEMEHUN U3BECTHO
scintillator Stop
Siarg 'PC| 0 BPEMEHM CTOMKHOBEHMS! My4KOB MK
«noTeHumanbHag» v- I— ' 6epeTcs| OT CUMNHT. CHeTHNnKa N Haxo-
HPOKOHOHKa ONTCA NPU HECKONbKNX CABUHYTbLIX KaMep.

[1lpocTpaHCTBEHHOE pa3peLleHne
: 3aBUCUT OT PaCcCTOSAHUS TPEKa OT NPOBOSOYKN
anode n coctasngaet 0~50-100 MKm

V_ - q E 1 1 1 T
e < 100} g
c
< > < > 2 =
. . 2
low field region high field region 5
—» drift — gas amplification N . .
' o Y electronics
Buabl sueek K o ° § 20 [~ statistics of primary electrons |
0 1 1 ui 1

5 10 15 20
drift path x[mm]

npocTp. paspeweHne 50-150 mkm
BpeMEeHHoe paspewl. 1-2 HC
. MepTBoe BpeMsi <50 HC

|0 COBPEMEHHOM 3KCNEPUMEHTANIbHON hur3nKe
B.N.TenbHOB




®©B

amepeHune nmnynbca

TOYHOCTb U3MeEPEHUST UMMYyFbca No CTpernke npornba

medas.

o(x)- pr
= T [720/(N +4)
0.3- BI? v

o (PT )
Pr

B-marH. none, L —6a3a, N-4nucno nam. Ha TpaekTopum,
O —NPOCTP. TOYHOCTb.

[Mpn Manbix UMNynbCcax TOYHOCTb OrPaHNYeHa MHOro-
KpaTHbIM paccesiHnem
MS

=0.045 1

ByLX,

o(p)

Pr

et e e et s e e e 9_._..-.71 usmke
B.N.TenbHOB



I/IsmepeHvle KOOpAuHaThbl NO UEeHTPY TAXXEeCTN 3apdda, HaBe4EeHHOro Ha KatoHble
NOJ1I0CKH, nepneHankyndapHble aHOOAHbIM MNMPOBOJIOYKaM.

Charged particle
Cathode ;g g Cathode
strip : signals
Cathode
[ — ~— signal distribution
[ i — ~— |
[ H— N\
| ° — /'\ |
[ — N |
[ = |
[ — ~—

s Center of gravity
Anode N— N, determined with
wire Anode oy = 50 - 300 pm

signal

[MockonbKy 3apsi HABOAUTCS Ha HECKONMBbKO MOMOCOK, TO E€ro LIEHTP TAKECTU
NPaKTUYECKN He 3aBUCUT OT Luara KaToaHbIX NOMOCOoK (M aHOOHbIX NPOBOSIOYEK).
[ocTturaeTtcsa npocTpaHcTBEHHOE pa3pelleHmne 0<50 MKM.

MO>XHO KaToAHble NOMNOCKN COEANHUTbL KycodKammn kabens u namepsiTb pasHoCTb
BPEMEH NPUX0Aa curHana K KoHuam nMHUA 3agepxkn, x=v(t,-t,)

Jlekumm no coBpeMEHHOM 3KCNepPUMEHTaNbHON dhu3nke
B.N.TenbHOB



Time Projection Chamber (TPC)

¢ A 3D-imaging chamber with rather long drift length

\ SECTORS —— 2m —

Tw

1 E —

fX \—V "

2 > \ ) t —> :— €
> Zm > PEP4TPC *T°°° T~

- homogeneous B- and E-fields

- anode plane equipped with MWPC wire chambers

|

]

| drifting electrons %
:

|

[}

T 4
y 7 ﬁ
=4 1 y

_____ ‘ avalanche wire 7

A pad wires I]
/
/
Jlekumn ng coBpeMeHHO 3KCNepUMEHTamsHOTm3MKe /

B.U.TenbHoB projected

track



Bpemsa-npoekuymMoHHaa kamepa 3aperncrtpupoBaHHoe cobbiTne
Time projection chamber (TPC) npwu cTtonikHoBeHun Pb-Pb
netektop ALICE (CERN)

HV electrode (100 kV)

field cage

readout chamber

Jlekumm no coBpeMEHHOM 3KCNepPUMEHTaNbHON dhu3nke
B.U.TenbHOB



/';/u/c/,o C,%.uuaﬁ-t € kKo g'/z,pf

-1

e
>
U AU €
-l R
( 5~Iod;_,;f

3 ataiPactens f/e,,uufme ﬂ¢7«/)%/cw/coﬁr,;
Ho pa /\a,guuwe X £ pecroero g
q//jﬂuf_@/‘dpof A?MW{OCAW/.OO/

’q

EM (Gas Electron Multiplier)

ot fRAF poLomer .

T, tafokot 7eiaiiu €
= > “ e froCJtenr, faere._
J C MatoF

S N - ”ﬁq éﬂv((/a__r (/'b
= Mrc[.oc%umm R Outs Lyendsy /CM’QMWW.&/“




® GEM: The Gas Electron Multiplier

{R. Boucler et al., MIM A 396 (1997) 50)

— e —
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2% 5-18 um Copper
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+» MICROMEGAS {G. Charpak et al., CERN-LHC97-08)

* : HV |
CONVErsion
- P — e kviom
™
v {Sei L mero gredf LR VI
100 um A amplificationgap o~ £ _ .o\ iem
AFTT T T T T T
copper strips = 0 3
on kapton foil J pm pm

Gas: Ar-DME (=80:20)
High rate capability (10° /(mm?Z-s), prototype in test beam

Jlekumm no coBpeMeHHOW 3KCrepuMeHTanbHoON (usmke
B.N.TenbHOB



* Resistive plate chambers (RPC) No wires !

Epacer

10 kY
- bakelite

imelamine
* phenolic laminate)

pickup strips

Ll

Gas: C,F,H,, (C,F¢H) + few % isobutane

{ATLAS, A. D4 Ciaccia, NIM A 384 (1996) 222)

Time dispersion = 1..2 ns — suited as trigger chamber
Rate capability = 1 kHz / cm?

Double and
multigap
geometries —
improve timing

Lt ZZ -

Problem: Operation close to streamer mode.

153 kY ——
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< Silicon pixel detectors

» Segment silicon to diode matrix
= also readout electronic with same geometry
s connection by bump bonding techniques

Flip-chip technique

|

DETECTOR (HP |

g ) I T - '.I.| “.'J.m-:.'.--'.
hi hy
o - & ien a#
electronics i "-I“"
V' ELECTROHES [rp {
) !
{ ]

Farkeis

RD 19, E. Heijne et al., NIk A 384 (1954) 359

= Requires sophisticated readout architecture
m First experiment WAS94 (1991), WAS7

= OMEGA 3 / LHC1 chip (2048 pixels, 50x500 um?) (cemn

ECR/BE-03]

m Pixel detectors will be used also in LHC experiments
(ATLAS, ALICE, CMS)



Some characteristic numbers for silicon

d

&

Band gap: E; =1.12 V.

E(e-hole pair) = 3.6 eV, (= 30 eV for gas detectors).

High specific density (2.33 g/cm?®) — AEftrack length for
M.I.P.'s.: 390 eV/um = 108 e-h/ um {average)

High mobility: u. =1450 cm?/Vs, p, = 450 cm?/Vs

Detector production by microelectronic techniques — small
dimensions — fast charge collection (<10 ns).

Rigidity of silicon allows thin self supporting structures.

Typical thickness 300 um — = 3.2 -10* e-h (average)
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Photo Multiplier Tube % ohoton
(PMT)

PhotcEhode = window
fosusing e input optics
elactnods

acoelorateng
alacirode
—
firsl dymoda
r’;:'i anvalope
A
mulliphier rf‘\}
ff\. last dynods
A
- &)
(Philips
Pheatanic) o
pumping slam
A
main phenomena: - - bas
+ photo emission from photo
cathode.
« secondary emission from
dynodes. PM'’s are in general
dynode gain g=3;50 (f(E)) very sensitive to B-
total gain M =]]g; fields, even to earth

i=1 field (30-60 uT). p-

10 dynodes with g=4 metal shielding
M= 410~ 108 required.




(External) QE of typical semitransparent photo-cathodes
Photon energy E, (eV)

i 3.1 1.76 1.13
Til BOOSSEC
03 :
|
|
QE = 50 % ]
S i T
|GaAS‘P EPEETT GaAs __QE-259%]
--'-7)" \ | SR i
102 W e W . > i G 3 QE=10%
= = = e — s ST L T X _ T e I ——
= S e e I
E ®. e = - 1 1
;" 08 -7 E{ = ¥ - iy - . -""I-._____‘ ‘
- - F 21 s ~
= b o / > \‘
|_ - Q,
n 100 e -03 - r. 4 L} OE:_‘I_/?_‘
= BN v - ‘\\ __‘}‘ _.\‘----- —=
0 AT~ I \===" === NT—
= o?f - \ _j S ks \\ ‘\\
= = X 01 AP & Ll O
g = % r Ag-O-Cs , \
i \-00
T o e [‘ | \\____ \ QE = 0.1%
i A i ) i . TS N i S —
== Shsteee =
1] E— Y 1\ i N\
CSTe \\_ e B \\ No sulfix / N
-~y , Multialkali
- |(solar \ Bialkali \ |
10-1 ot bllnd) (::GI |||atou)
100 o0 300 400 500 600 700 800 900 1000 1100

WAVELENGTH (nm)
Bialkali: SbKCs, SbRbCs Multialkali: SbNa,KCs (alkali metals have low work function)

Jlekumm no coBpeMEHHOM 3KCNepPUMEHTaNbHON dhu3nke
B.U.TenbHOB



@W P : -

&/
J-F“‘
(rreer 50U M 1 OKEsH QutsCrE
NN f uzﬂ““"’
bl € L T L T
\}\—\\.\. j’ _*k_
AL frtgpn
1 Otro G corru sk P oY N

.’/ﬁaﬁf"ﬂ ef‘f:,w e D Lt [
AR L D 2 a.a.,ap/

Meravcipun  cpinmctigeest
//ea?éwwuwé Cguss . [ Ma 27;—% Cﬂz“/;z?/ ol

e

& azm&n/ﬁl 7€ vz
M:g‘ UCtsfepducesd OF 1ewndeed QS
Cend,

ACULo g lisee §
S

e ————

7)
_Z/" Wﬂwu%v | wppucrtucnsy Ry e A SO

ul) '

foplyucpoueot noval:
:T om!ﬂﬁd— €O erofpsss € wa-e‘;au.n

&

—————

// eﬁné/ uwg/ wakses o o e Gkeis

Basiee o £ pp 01 80 sttny (OCIOALLLS LO ONVLLY
mffmﬁoﬂ Wﬁ‘a/maf CZ» . #0

e
e AOUAD A g Bl kS T ﬁu;muu/wmruh{ Thnity

WJ?-’-‘ uwaﬁm}z 4



L4 s
F(:)fqaauue,pue eLp U M 7Ll A M/Lov A‘/’)“*‘”Mp

(fps €70 L L0 /au r"/afj.élr, cmuu@u/ rappa sy

CAMd ey -

w‘— Mréme_(/aaa?&MM + CUrT U SLIPP ¢ }
L)

cuecy
nLe e ks e (”,;aarmua + Cdrd. 4 cpmect.
nAalerudceq

,fdwﬁrop) ené 4

/(anWe,og

mfw“ opin fUSAAIp [

vepolla — oLy on, Keu LoL

_Lﬁ@-iﬁ 5 iy J-reo s
(C‘Lia“u o S LIPGP ) ‘_/o‘h{e/’/pe £e/e Auip /
Curzeru rocte 2
cuel 0.0 (-

( y cnz. ¢ P LOPOE . . drx_&r
(' fse e st st e s

cmeoneress PoPOP Aage ~ 260 ur

cuc ~ Y(5-Y200nm

AN O OFUTRE LU £ _Ctpdet et A N/‘j—tmv

eMmeoruwf s Poro,r f!oaéfr-ym

60{,&9&‘ - MMWU(_/ Mwﬂcwmuyoﬂ

Al etz Ao, u)g

aw&m,c L Crwwsdise, naprassst, RBD, BTEUR

s o TR

e———

4
BAY $F9-430 - SWO-SOC ~ 0.0 te
F ocvobuown é’” ac:.w/c%pa afﬁ/amaj

ot o ..
»:oi:if::‘:é ‘:;fwm—(.cu/uar e casce el L a’o;f > IJof{mj.

Juflens pmeprd nephroar s ‘“‘“‘A”"/'/ [eogpaf, rorsousesud|



Multi-anode and flat-panel PMT’s

Multi-anode (Hamamatsu H7546)

« Up to 8 x 8 channels (2 x 2 mm2each);
Size: 28 x 28 mm?;

Active area 18.1 x 18.1 mm? (41%);

(Hamamatsu)

- Bialkali PC: QE = 25-45% @ A, =400 nm;
« Gain~ 310>
« Gain uniformity typ. 1: 2.5;
o Cross-talk typ. 2%
Cherenkov rings from Flat-panel (Hamamatsu H8500):
os ElGe ekl ilasiede) « 8 x 8 channels (5.8 x 5.8 mm?2 each)
j 02 « Excellent surface coverage (89%)
04
02| ;
) 02 '
04} i
r 1
08,5 446764 s pepu : (Hamamatsu) s
6, (rad) e o e ~—
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X-HPD project (CERN / Photonis

Concept of a large spherical tube with central spacial
scintillation crystal (X-tal) anode

= modern implementation of Philips Smart / Lake
Baikal concept.

Accelerate photoelectron hits scintillator and generates
scintillation light: ~ 25 photons/keV.

e Detect scint light with small external photodetector (e.g.
PMT, G-APD). 1 photon = 30-50 detected photoelectrons.

e Radial electric field
- negligible transit time spread
- ~100% collection efficiency
- no magnetic shielding required

e large viewing angle (d€2 ~ 3m)

e Possibility of anode segmentation A Braem et al.. NIM A
—>imaging capability (limited!) 602, (2009), 193-196

e Sensitivity gain through JleKLnM MO COBPEMEHHOM 3KCNepUMeHTanbHOM hinamke
‘Double-cathode effect’ 2 QE, . ~ 50% obse®/édenHos

max




X-HPD project (CERN )

£ \— .

=

H—H

AEAEL TN
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Ice-Cube . y

9 10 8 A1500m
o 5 o
= Neutrino experiment in the ice of the South Pole, AP 1 @
detecting Cherenkov light from up-going neutrinos - =~ -4 @ = ®
that have traversed the earth, and then vWN—-pX o :.3 : ; H
= Others use similar technique with sea water as e g ® ;
the target/radiator (ANTARES, NESTOR, etc) @
= Very challenging deployment! e
% = % e
g = L e R
coe (0
3 4 ° 1800 m
e
. O .
e
ol
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Super-Kamiokande

= Neutrino detector using water as
the target and detector medium

m Clear separation (real data) of
u- and e-like rings (showering)
Misidentification rate < 1%

Fre Rl
.....

SR FaiAAas
.;”i‘iii xvu-m . # .Jt' A
sl
i : e
H-E‘

Jlekumm no coBpeMEHHOM 3KCNepPUMEHTaNbHON dhu3nke
B.U.TenbHOB



Micro Channel Plate (MCP) based PMTs

hoton
Window/Faceplate % P - Typical secondary
~ ieldis 2
Photocathode Photoelectron AV~ 200V Y
Dual MCP ST Y AV~ 2000V » For 40:1 L:D there
. are typically 10
/ Gain ~ 10° : 10 3
MCP-OUT AV ~ 200V strikes (2 |10
Pulse gain single plate)

- Pore sizes range
from <10 to 25 um.

. Small distances =2
small TTS and good

Gain stage and detection are decoupled - lots of immunity to B-field

potential and freedom for MA-PMTs: Anode can be easily
segmented in application specific way.

PHOTONIS

»
»

T. T

Dual MCP Ceramic Insulators
Anode & Pins

50 mm

<
«

Available with up to 1024 (32
x 32) channels (1.6 x 1.6 mm?)

Jlekumm nNo COBPEMEHHON 3KCMEPUMEHTASTbHON (husnke
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+ Optical fibers

light transport by total
internal reflection

typ. 25 pm
> <
vy cladding
AN, PMMA) |
| core ."'.F." n=1.49
| polystyrene | |
[ n=1.59 | J
Pt e
typically <1 mm n,
o= .f!q["u::gi]']”—2 =69 6° @ =3.1% in one direction
f dr
MINIMIZE Ngyagging,

Ideal: air (n=1), but impossible due to surface imperfections

cladding
multi-clad fibres (PMMA)
for improved n=1.49
aperture 25 pm
. core .'I
H2_ s 30 m:.f? ;S,”e__,-
4 b
) ; E fluorinated
and absorption outer cladding
length: =10 m for n=1.42
visible light 25 pm

BHYTPEHHSIS 4aCTb BOTOKHA COAEPXUT
CMeCcTUTeNb CreKkTpa:

(OTOH nornoLwaeTcs 1 nNepeBbICBEYNBAETCA
(Ha MeHbLLEN YacTOTE) U30TPOMHO, TOMbKO
NO3TOMY CBET 3aXBaTbIBAETCS B BOSTOKHO.

readout of a scintillator with to photo detector .
a fiber (schematically)
: ' optical fiber
scintillator in machined
groove

1epuMeHTanbHON huanke

v v ioHOB



+ Hybrid photo diodes (HPD)

photocathode

_ ? electron — photo cathode + p.e.
;mjffﬂ f " av  acceleration + silicon
| — — det. (pixel, strip, pads)
silicon
SENS0T
Photo cathode like in PMT, AV 10-20 kV
. eAV 20 keV 3
o= = =310 f =
W 36er (for AV =20 kV)
A0
’ Commercial .HF"D (DEP
Single photon detection ** | Gecronic (s shapi

X . . : time)
with high resolution B | | (CP Datemaetal NM

9’ 38T{1997) 100

e
Poisson statistics § 2000 | ‘
with 1 =5000 ! 500

!
500 I I"‘xll b, i
Background from }P" N “w LA
electron backscattering 5 0 20 300 400

from silicon surface Ghannel nr




CucrtemMa CUMHTUNNALUMOHHBIX CYETYMKOB
netektopa KEAP
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KpuBble nponyckaHusa okoH (keapu, NaF) un kBaHToBas
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Focusing Aerogel RICH (FARICH)

[MnaHnpyoTCs MCNonb3oBaTh AN naeHTudnkauum
4acTuL, B HECKOJTbKMX 9KCNepuMeHTax

P =1 GeVic

16000 —  [GO00F

14000 - " O N
e B

10000 . m“‘"' 10000 -

n/K:7.6c @ 4 GeV/
H/n: 5.30 @ 1 GeV/c

sooo |-

soonf-
L aonn |-
4000 |- wmf

2000
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Homogeneous calorimeters

Two main types: Scintillator crystals or “glass” blocks
(Cherenkov radiation).

— photons. Readout via photomultiplier, -diode/triode

¢  Scintillators (crystals)

\ 2 Al 3a Scintillat
’1' Properties of some crystal scintillators RS

i = Wavelength Decay time Scinti
Scintillator Density | Xa[em) | Light 1) [ns] &, [nm] | Fad Comments Ko ?ﬁ:fr{g pex ol | ofmaxem. | Constant Pulse Mtes
[mem'] Yield [, ik 2 (nm) (ps) height!)
eV [Gwv] Nal(TH) 3.67 1.9 410 0.25 100 2)
{rel. wield) Csl 4.51 1.8 310 0.01 5 3)
Mlal [T]I .67 150 -1-:-"|:|1 k1] 41% =0 |.I_'|-dl:':'ﬂ’€|:l.'l1:'lll'.". Csl(Tl) 451 18 565 10 45 3)
fragile
F.(E 3.19 14 435 09 50
ol (1) 330 [ 56 T 005 565 =10 Shightly i 2] !
[0, 449) hygroscopic BaF, 488 15 19:?:%20 0'00225 1"’5
C5l pure 4.51 |56 T i g i Slightly -
(0.04) 16 110 hygroacopic BGO 7.13 22 480 0.30 10
BaF, A.ET 201 |.|'|'I 0.4 220} 1 Cdwo, 7.90 23 540 5.0 40
0,13} G20 L1 11] PbWO, 8.28 21 440 0.020 0.1
BGC 7.13 [.13 gx i o0 450 10 200 0.005
POW i, R.28 .55 =100 10 =440 Ta light yield =i T) GoF,s eie i 340 0020 2
1o =530 GSO 6.71 1.9 430 0.060 40
LSO 7 18 420 0.040 75
Ralative ight yield: rel, b Nal{TI) readoul with PM (Dialkali PC) YAP 550 19 370 0,030 70
... Cherenkﬂv radiatﬂrs 1) Relative to Nal(Tl) in %, 2) Hygroscopic, 3) Water soluble
Material Density | Xo[em] | n Light wigld doa [nm] | Bad, | Comments
[gfem’] [poe/GeV] Dram.
{rel. poed [Gy]
SF=5 40K 2.54 167 | sluy I50 1
Lead glass (1.5=107"
SF-6 520 1.59 LE] |t 350 [T
Lead glass (23107
PbF; 708 0495 1.82 | 2000 1 Mot available VEHTaNbHOW (DU3NKe
(5107 it quantiry

Relative light yield: rel. to Mal{Tl) readout with PR (bialkali PC)



Examples
OPAL Barrel + end-cap: lead glass + pre-sampler

{OPAL collab. NIM A 305 {1%81) 275)

=10500 blocks (10 x
10 x 37 cm?, 24.6 X,),
PM (barrel) or PT
(end-cap) readout.

o(E)/E =0.06/~E ®0.002

Spatial resolution
(intrinsic) = 11 mm
at 6 GeV

BGO E.M. Calorimeter in L3

(L3 collab. NIM A 283 (1391) 53)

11000 crystals, 21.4 X,
temperature monitoring +

Corbon fiber wall (1.2 mm) T2 ADRC

control system . e
light output -1.55% / °C
6 24 em Phootodicde
ik
ot oe/E < 1% for E > 1 GeV
;«ﬁ ! spatial resolution < 2 mm
"2 ¢ r (E =2 GeV)

L ' 1
v w0 |
[ ] I 1 |

. Partly test beam results !
Q1 DO P2 & 0 A0 E]
E {zev)
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Sampling calorimeters

Absorber + detector separated — additional sampling
fluctuations

detectors absorbers TEE Detectable track segments
E 1
= FlE)V—Xx. —
(.)E I:Iar

- >

d

+ MWPC, streamer tubes —————,
« warm liquids
TMP = tetramethylpentane,
TMS = tetramethylsilane

= cryogenic noble gases:
mainly LAr (Lxe, LKr)
= scintillators, scintillation fibres, silicon




EM showers profiles
EM shower development in krypton (Z=36, A=84)

&- 100 GeV in Liquid Krypten

e

lﬂ_f'-l'-ﬂ-ﬂ

k=)

55t ik

5
&
=
2
0
-7
<
4
£
Q
2

u "
I =]

GEANT simulation of a 100 GeV electron shower in the liquid Krypton calorimeter
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Hadronic Calorimetry

Simulations of hadron showers

Red - e.m. component Blue — charged hadrons

Unlike electromagnetic showers, hadron showers do not show a uniform
deposition of energy throughout the detector medium
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2016=>2018
o CPU 3.8226.3 (million HEPSpec06
o Disk 310 PB=>520 PB
o Tape 390 PB=>850 PB
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