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Outline:

 Why PID?
* TOF detectors
» Specific ionization loss - dE/dx
* Transition radiation detectors (TRD)
* Cherenkov based PID devices
* Threshold detectors
* RICH detectors
* DIRC type detectors
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Why we need PID? |

Example: HERA-B

12000 . . .
Without PID K*K~ invariant mass.
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Why we need PID? |

Example 2: LHCb

No - e I N02250_— I L B L B
> 7000 | M By — 7n : > 000 | T Bq 1
s | O No RICH =" | BBk With RICH
8 6000 Q 1750 - M B, — 1K ]
- ‘;1500_—;35%'(: _
o 5000 £ L M P
c > N
2 4000 W 4000 | E
L i i
i 750 |- .
3000 | :
i 500 | .
2000 | 250 | E
1000 | 0 55.05 5.1 515 5.2 5.25 5.3 5.35 5.4 545 5.5
[ Invariant mass | GeV/c? ]
0 5 5.05 51 5.15 5.2 5.25 5.3 5.35 5.4 5.4525.5
Invariant mass | GeV/c™ |
Need to distinguish B; —» w*n~ from other similar topology 2-body
decays and to distinguish B from anti-B using K tag.
. . . .. . 7 K]
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Event reconstruction |

* Most of the particles are short-lived and decay before reaching the detectors
 Their detection is based on decay products, detected in the spectrometer

Y(4S)
resonance

electron
8GeV
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Spectrometer Belle |

n and K, detection system
(14/15 layers RPC+Fe) Aerogel Cherenkov Counter
- (n=1.015-1.030)

Silicon Vertex Detector

(4 layers DSSD)\

Electromag. Cal.
(CsI crystals, 16X,)

“Central Drift Chamber
(small cells, He/C,Hg)

ToF counter

1.5T SC solenoid
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Masses and lifetimes for some particles |

electron (positron)
muon

tau lepton

neutral pion
charged pion
short-lived kaon
long-lived kaon
charged kaon
neutral B meson
charged B meson
J/¥ meson

proton (antiproton)

neutron

e Jet
uo/ut
T~ /Tt

T[O

[MeV/c

0,511
105,7
1777
135
139,6
498
498
494
5279,6
5279,3
3097
938,2
939,6

stable
2,2 %1076
2,9 x 10713
8,4 x 10~17
2,6 x 1078
9,0 x 10711
51x 1078
1,2 x 1078
1,5 x 10712
1,5 x 10712
7,2 x 10721

stable

885,7

Mass Llfetlme Range estimate
%] to [s cty [m]

660
87 x 107>
2,5x 1078
7,8
2,7 X 1072
15,3
3,6
4,5 x 1074
4,5 x 1074
2,2 x 10712

2,7 x 1011
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Particle IDentification - PID |

Exp 5 Run 404 Farm 1 Event B13B3

- particles are identified by their mass or interaction BELLE ' J
« charged and neutral particles that live long enough ‘
to rich detectors:

e,u, T, K,p,d,y,K;,n
« momentum is measured by track p = fymc
curvature in magnetic field
* in addition we can measure velocity:
* Time Of Flight - TOF
* jonization loss — dE/dx, dN/dx
e Cherenkov radiation
(threshold, RICH, DIRC ...)
e transition radiation
« or identify by specific interaction: E
* electrons — EM calorimeters — = ,B ~ 1
* muons — muon detectors pc

E = ymc?

< 1 . . . . m
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K/m separation at B factories |

=0 Tagging Kaans Tagging Kaons
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K/m PID at Belle |

D
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K/m PID at BaBar|

Tagqing Kaansg Tagging Kaons

DIRC
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Momentum range for different PID methods at ALICE |

TPC + ITs T LR E
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A
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Efficiency and misidentification probability |

Efficiency vs. misidentification probability

I'r

Efficiency and purity are tightly coupled!

-
0 i —
_§ 0.9 F -
. - Q -
particle 1 particle 2 S Ll /
v B
0.7 | /
1 K
™
075 P, 20_ 0 -
0.5 \\

/
0.25 4
-
0 '

075

0.5 ;
.25 : o
v 2 0 2 107 10 10
EXP(.X*%272) misid. probability
some discriminating variable (A variation of a Receiver Operating Characteristic (ROC)
(eg., time of flight, likelihood ...) curve for binary classification parameter that shows

efficiency vs. misid. probability as parameter is varied.)
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Outline:

* Why PID?

* TOF detectors

* Specific ionization loss - dE/dx

* Transition radiation detectors (TRD)
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Time-Of-Flight (TOF) |

* measure particle travel time over known distance
» typical resolution g; =100 ps

scintillator 1 scintillator 2

—

L particle
A://iﬁ/ﬁ

..-—"""'—-’H-

2
B L L L mc
C phofoK) t:_:_zz 1_|_(_)
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RIEr v [fc
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Time-Of-Flight (TOF) |

L L L
measured TOF difference v Be N (
2 2
L mi+C m-cC Lc
At=—| [14[—] — [1+[—= —— (mf —m3)
c\ p \ p " 2p

* typical time resolution g; = 100 ps
* 50 m/K separationup to = 1.2 GeV/cforL =2 m

2 (@) 1)

* mass resolution (m

i’:= 69)/2(%690;) ~ y? ﬁ

* mainly determined by time resolution

t(kaon)-t(pion) (2m) [ps]

10

............................................. path Iength 2m
75??5?55'“:1G?Y@ﬁPZK:?AfE?QQ??::::
B W GéV/é"p‘/K At~ 180ps

...........................................................................................................

2.0 3 A
momentum [GeV]
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Belle TOF with scintillator counters |

o(Tol) vs. Zhit | NIM A453(2000)315 |

{}.25 i I 1 I ! I I I ! I I I ! I I I | I |
| @ The weighted average of both ends :

TOF based on scintillation counters: 8 T pighedajenge fbarents |
» 128 255 cm long scintillator bars (BC408), 4x6 cm? 020 [ oh

* read out on both sides by finemesh PMT (Hamamatsu R6680) z | |
- start time from collision time t, , o, ~25 ps !
e ~ 100 ps timing resolution PPN R o S o

» 20 K/m separation up to ~1.25 GeV

{},{JS_"'i"'I"'l"|' ——
=70 -30 10 50 a0 130 170
Backward Forward Zhit (om)
— K/mt Separation vs. Momentum
LP (Z=0) 3_ — T T
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"""""""""""""""""" I ; ; ; :
I i :
':"TDF 40t x 6.0 W x 255.0L [-pmMT [~H . E
e Sem——— e ——— o oTIoITo- L
| TSC 0.5t x 120 W x 263.0 L R117.5 =
' 282. 0 L z | s | | |
I = 5 ; : i ; ]
i il T i

Light guide \ _— Cover Y o) - :
S | ) R S E L N ) ) X N A RN RN RPN

A — — 0.60 0.80 1.00 1.20 140

. - R=117.5 —-I . =
I n=11 R=117.5 Momentum (GeV)
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ALICE TOF with MRPCs |

Multi-gap Resistive Plate Chambers:
e 2 X5 gaps —250um

« ~ 80 ps timing resolution

» K/t separation up to ~2.5 GeV

* requires many tracks for accurate t,

. - Jk Signal electrode
W -
- . mmmamEn Cathode -10 kV
I_ 2] |
D j /x
_ . | ! | (-8 kV)
: i
0. - | %/ | (-6 kV)
: s | // (-4 kV)
i _ | / | (-2 kV)
: , ALICE Performance /\
. : PO-PD | sy = 5.02 TeV — Anode 0 V
- - _\f Signal electrode
D-4 i 1 B - . s | T—
1 10

p (GeV/c) LEur.Phys.J.Plus 128(2013)44 |
[ 1)

February 12th-25t, 2023, Particle identification in HEP experiments Samo Korpar -ﬁ- % (¥
ICFA School, TIFR, Mumbai (slide 20) Univ. of Maribor and J. Stefan Institute FSSSSE EEEEE ™ o BELLE




ALICE TOF |

( Strip ) ( Drift ) ( Pixel )

ACORDE

A Large lon Collider
Experiment

t, resolution depends on

the number of tracks in -

the event

MUON
FILTER

.

‘a;‘ L L DL DL DL
a ALICE Performance 1
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TOF - where are the limits? |

« Excellent timing properties
require fast light source — TOF1 TOF?
Cherenkov radiator

« Small prototypes based on MCP-
PMT directly attached to the
radiator show TOF in the range
of ~10 ps may be possible

16mm

“MCP-PMT

Parficle = Quartz HPK R3809U-50-25X
Témm Photo-Cathode ¢25mm

single-photon TTS ~ 50psec

6.2ps

40 80 120 140
TDC (ch/0.814ps)
Excellent timing resolution

6.2 ps obtained in the pion
beam (includes contribution

uartz -
Sty from electronics).
radiator MCP-PMT
K.Inami@PDO07
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Outline:

* Why PID?

* TOF detectors

» Specific ionization loss - dE/dx

* Transition radiation detectors (TRD)
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Tonization loss - dE/dx |

« dE/dx is a function of particle velocity

» Separation is possible in low momentum
region up to about = 1 GeV

 With a good resolution partial separation
Is available also at higher momenta

dE/dx

1 |

01 10 100 00
P[GeV/c
dE 2 o L [L 2mecB Whar ,  SGBY) cevicl
——|) = 4nNyr2m,c? = ln — 4 ———
dx A 19 I 2
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Central drift chamber - Belle |

e tracking in magnetic field — momentum

e jonization loss measurement — charged
particle identification

dE/dx (keV/cm)

lllll L 1 1 lllll 1 1 1 llllll
8
0.1 1 10

Momentum (GeV/c)

. v s . . . . - A >
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dE/dx - distribution |

« dE/dx distribution has long tails due to delta electrons — Landau

distribution, not Gaussian

« to improve the resolution average of many samples is taken and
about 30% of largest ones are discarded

Events (B. Adevaetal, NIM A 290 (1990) 115) Events
80 [ 0 ——

2 i |

1 wyire ‘

r V[ a L: most likely g | esp
wr l energy loss )

¢ A:average

: energy loss :
40 - 90<©<100 deg

L ]
20 -

! Cut

: Pulse

' l height

0 ._ s S k.
0 200 400 800 [mV]

g

L

;

4 wires i

90<0<100 deg

4 wires

S

b))

averaged

q

Pulse height |

400

600 [mvj
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dE/dx - examples |

* large drift chamber - Belle  large TPC chamber - ALICE

32 g - . JREEED LEm R R A N N T T
-' i ‘ \‘ . I-‘: 30 1 1 T T T T =
e a & - - g : ALICE performance
20 8 pp,\s=13TeV
B=02T

Energy deposit per unit length (keV/cm)

| ] | L1 R Ur | " Ll
8 1111 | 1 1 1111 | 1 L 1 | I | -1
0.1 1 10 10 1 o 10
Momentum (GeV/
Momentum (GeV/c) ( %

. . . . . . r- L D
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Cluster counting - dN/dx (SuperB) |

* Number of clusters per track follows Poissonian statistics —

better PID performance

 Timing of individual clusters in single cell — better tracking
* Single cell prototype with gas mixture 90%He+10%iC,H.,

* Beam test with 210 MeV e,u,n

« Combination of dN/dx and dE/dx — improved performance
» Waiting for large scale implementation

E 0-5 NNI va\lv ',l...' lh‘;"’q“Lml;‘ﬁ".ﬁ:wﬂv.
ng’, - . w | ) J.f.'ll «*“p"ﬂ -ﬁnl""hﬂlh\" W‘NJ Aty e '\W}lﬁ“-wwmﬂ'ﬁw ]
= N § ; W ¥ A ]
S 0.45/ AW / L =
> ~ | If \1; I ]
0.4 y* + Chamber A | _
el Time (ns) _
0 200 400 600 800 1000
e~ — - _—
,;. 0.5 f,ywwfumwwmmﬂ W m”w‘] J,rﬂ"“"""" o ‘,\ p w._.lr“ . r_ﬁ,mmmgwwwwm =
o — .." -
m - —
§ 0.45 U‘ fJ Lr Il S
~ | |' -
— | ' ]
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- Time (ns) |
0 - 200 - 400 - 600 800 1000

—

S
w
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e
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Pion Selection Efficiency
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<
=
|
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0.2

\
II\‘III|III|III|III*
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N I T T T T A R R Loy v v v Ly v Lo vy
0 140 150 160 170 180 190 200 210

Momentum (MeVi/c)

1)

c 1;_ ——. ]
K o
o b . _
£ L = ]
o8 T —
2 B B .
*8' - _
© 0.6 ——] dE/dx only N, -
= L ‘ _
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0.4 . N\ —
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i I | | 111 | | I I | | I | | 1 1 1 | 1 | ‘ \
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C!

Pion Selection Efficiency

J.F.Caron et al. arX|v 1307 8101
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Outline:

 Why PID?

* TOF detectors

* Specific ionization loss - dE/dx

* Transition radiation detectors (TRD)
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Transition Radiation |

€1, N1 F €, Ny

* when charged particle travers the boundary of two Photon
materials electric field abruptly changes leading to
emission of EM waves

» X rays emitted at the boundary of two media

with different refractive indices (relativistic particles)

* emission angle 8 = 1/y

 emission rate depends on y (Lorentz factor):

becomes important at y = 1000

* electrons at 0.5 GeV

* pions, muons above 100 GeV

* In between: discrimination of electrons vs pions, mions

N\\Z

/
L
b\
NN

€1 > €,

. . . .. . r-Y EE)
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Transition Radiation Detector (TRD) |

* emission at small angle (8 = 1/y), photons propagate along
the track — detected in tracking detectors
* many boundaries required for measurable output
» stacks of thin foils or
 porous materials — foam with many boundaries of individual
‘bubbles’

» detection of X rays (~10keV): high Z gas used in gaseous
detector (mixture with Xe)
 repeated many times to detect few TR photons

» X rays detected by localized deposition of energy contrary to
lonization loss, which is spread out along the track:

* high threshold — X ray (larger red dots)

* low threshold — ionization loss (smaller blue dots)

0.06
0.04
0.02

0

o]

Pions

>

Muons

o Electrons

single stack
Ll Ll Ll Lo aaul
10? 10° 10* 10°
Lorentz gamma factor
U
o +
- . C
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..'
9
..o
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ATLAS TRD detector |

(R =1082 mm

 ATLAS TRT (Transition Radiation
Tracker) in Inner Detector

e tracking + electron ID TRT<
» ~15 polypropylene fibers/foils -
fibers (barrel) and foils (end-cap)

* 70% Xe + 27% CO, + 3% O,

* straw tube type (4mm dia.) - faster
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ATLAS TRD detector |

 ATLAS TRT (Transition Radiation
Tracker) in Inner Detector
e tracking + electron ID

Radiator Sheets

« ~15 polypropylene fibers/foils - / Fension late

fibers (barrel) and foils (end-cap) / High Voltage Flate

* 70% Xe + 27% CO, + 3% O, U
* straw tube type (4mm dia.) - faster Protection Board |

i o
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: | |
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ALICE TRD detector |
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Outline:

 Cherenkov based PID devices
 Threshold detectors

* RICH detectors
* DIRC type detectors
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Cherenkov radiation |

» Cherenkov radiation is electromagnetic shock wave
phenomena

* threshold - radiation is emitted when charged particle
moves through the medium faster than the speed of light

C v 1
v>— o> f=—>—
n C n
mc mec
Pthr = ~ ) h—-1)«K1

n?—-1 J2(n-1)

» Cherenkov angle - angle between the particle and
photon momenta directions depends on particle velocity

1 1
cosY, = ,B_n < — :
shock Wave -.' @mﬁ: .=r
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Cherenkov

angle - examples |

04 T T

0.3

Cherenkov angle n=1.05

0.1

0.2 frrefreennns

- = MW et om e E

p(GeV/e)

20

15

10

=1.05

Ch. angle diff. n

0. (mrad)

 an aerogel radiator example, candidate for ARICH

Btlnax

250F e
u ........ p— S ———— 242 mrad
[ LT Aerogel
T
200
150
1o -
E.__ +E I- el
50 |- e 53 mrad
.-’f-l-
/ e '__"TL"'_—_—— ....................... S 32 nﬂ“'dd
: I'n 7~ K/ CF, gas
I:] 1 1 i I.'i i i PR T P
1 1o 100

* an

Momentum (GeV/c)

example from LHCb

RICH | and Il radiators

. v . . . . . 7Y A 7>
February 12025, 2023, Particle identification in HEP experiments Samo Korpar -ﬁ- :o. >
(slide 38) Univ. of Maribor and J. Stefan Institute JSSSSE EESE = ¢ BELLE

ICFA School, TIFR, Mumbai




Cherenkov radiation |

* number of photons per unit photon energy per
unit length - depends on:
* refractive index — Cherenkov angle
* path length

100 250 400 550 700 850 A[nm]

Photon energy:
hc 1239eV-nm

E, =hv = ~
 photodetector spectral response - A A
* visible range
d?N az> , az> 1 370 , 400 nm — 780 nm
= —sin“v, = —|[1— = sin“d —3.1-16eV,AE, =~ 1.5¢eV
dEdl  hc =T | ﬁZnZ(E)] eVem ¢ Y
* transformed to wavelength dependence
dN dN 1
_— C ——
dA dE A?
— more photons in blue and UV part of the spectrum
* prompt emission — no raise and decay time constants as with scintillators
— enables precise time measurements
e light is polarized — E lies in the plane defined by particle and photon momenta
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Number of Cherenkov photons - examples |

(n—1)- 10° An - 10° Pprag.x Pprag.
(7TeV) (6.5eV =T7.5eV) | (GeV/e) | (GeV/e)
 estimated number of detected photons Ar 315 21 5.70 20.15
B B CH, 510 19 1.37 15.46
(AE = 2eV,PDE = 0.1) Cy Hg 398 90 3.29 11.65
370, 74 CyHip 1500 160 2.55 9.01
~ Vem sin“9-AIAE = C—msm J-Al CF, 138 0 T =0
: 79: 23 3.51 12.39
- for saturated ring (n = V2,1 = 1cm) Cobs 3 ° =
CyFuo 1510 53 2.54 8.08
74 1 g 81 )
N = 1-— Al = 37 z pion
cm n F
. — A
e approximated for gas (n = 1.001,1 = 1m) St
5 C
74 :
N=~—2(n—-—1)Al = 15 aF
cm . |'II.-':I
- for aerogel (n = 1.05,l = 1cm) = 7 B
2 | %\
- o n=1.056 —
s I|' 5 n=1.047
Y SRy R Y I R VIR

Momentum (GeV/c)
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Outline:

 Cherenkov based PID devices
* Threshold detectors

* RICH detectors
* DIRC type detectors
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Threshold Cherenkov counters |

[GeV/e]

« ACC (Aerogel Cherenkov Counter) @ Belle =
(variable n=1.03,1.01,1.015, 1.02).
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Belle ACC performance |

Yield for momentum range 2-3.5 GeV/c:
expected and measured number of Ch.

< ! photons.
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Outline:

 Cherenkov based PID devices
 Threshold detectors

* RICH detectors
* DIRC type detectors
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RICH counter basic idea |

Particle |

 proposed in 1977 by
J. Seguinot and T. Ypsilantis

SPHERICAL
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|

FParticle 2

\_// D rachiotin g
radius R/2Z
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RICH detector basic types |

Ring Imaging CHerenkov counter (RICH) — measurement of Cherenkov
angle — particle velocity.
Base designs:

Cherenkov angle

/

/

/
~—_

low velocity high velocity

detector with focusing mirror proximity focusing detector
— gas radiator — solid or liquid radiator
25 i i i i i i amo Korpar i -
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RICH photon detection |

RICH counter: measure photon impact point on the photon
detector surface

— detection of single photons with:

« sufficient spatial resolution

 high efficiency and low background (few photons!)

« cCover a large area (square meters)

Special requirements:

« Operation in magnetic field

» High-rate capability

 Very high spatial resolution

 Excellent timing (time-of-arrival information)

v coordinate (cm)

50

40

30

20

10

-10

-20

-30

-40

-50

Selection of photon detector is a crucial part of the detector design.

300 20 -10 0 0 20

30 40 50

x coordinate (cm)
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Photosensors comparison table ‘ i i @ oo @

Peak QE Gain ENF single TTS B Rad. | Ageing
PDE | range photon Hard.
?
PD ~ 100% 1 1 NO - OK
Solid state
APD ~80% | UV-IR | <1000 | > 2 NO - OK oK OK
detectors g
SiPM ~ 60% ~ 10° ~ 1.1 (darchEEnts?) ~ 50ps count noise?)
PMT ~ 107 ~ 1.1 ~ 200ps = 0.1 mT
MA-PMT ~ 35% ~ 107 ~ 1.1 ~ 150ps |= 10 mT OK
YES
Vacuum MESH-PMT ~10° |~ 11-2 ~ 100ps | *2T | HiGH
detectors (axial) | (window?)
MCP-PMT ~25% | UV-R | ~10° |~1.1-2 ~20ps | ®2T OK?
(axial) (ALD)
VPT ~ 25% ~ 10 ~ 2 NO i S al oK
(axial)
Hybrid HPD ~ 40% ~ 5000 ~ 1 YES - oK OK
: OK
deteCtorS HAPD ~ 40% ~ 105 ~ 1 VES ~ .30pf9 (axial) OK
(@high gain) (DC noise?)
Gaseous Csl MWPC ~ 25% uv ~ 105 ~ 2 YES ~ 10ns
OK HIGH IBF?
detectors CsIMPGD |~20% | w | =10 [~12-2| ves |~ 100ps
. . . . . . 7Y o0
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RICH basic reconstruction | s Wy
* from the known track and photon ring a Cherenkov angle I
= 30 — s F
can be reconstructed S N
= 20 o =
10 - L] ]
» error for single photon Cherenkov angle comes mainly from: ok
e track error, g0 b . .
» dispersion, variation of phase refractive index 20 - M
* unknown emission point along the track in the radiator 0 5 "ot
» detector granularity — pad size 8d°
_5{} '....I....I....I....I....I....I....I....I....I....-
09,,single = OYtr.e. D 09,disp. D 09,emiss.p. D 09,ph.det.res. R %i?cf;(;jfﬂmi?ﬁ;mjg
» Cherenkov angle resolution per track reduces with square iE
root of the number of detected photons F
2 |
— Uﬁc f E_ nlalalal ek G
Jﬁ;tTaCk R /_N Y46 48 50 52 4 56 58
Cherekov angle distribution ( ni.rad.fnn. ) _
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RICH - reconstructed Cherenkov angle |

« example of a reconstructed
Cherenkov angle vs. track
momentum distribution
 bands corresponding to
different particle types are
clearly visible

» t/K separation up to

~ 50 GeV/c

o i s e S

Cherenkov angle (mrad)

o 10 20 30 40 50 60 70
particle momentum (GeV/c)
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Early RICH detectors |

 Detection of photons by gaseous detectors:
 photosensitive substance (TMAE, TEA) added to
gas or deposited on one cathode (Csl)

« works in magnetic field i
* low initial costs

« only UV transparent materials and high purity gas

(not for aerogel)

QE. (%)
2
|

an

UV photon
| ° drlft, TPC

ﬂ i '\-\._.\_. = = -
[ 140 150 1a 17y [k 1 20o 210 220

wavelength (nm)

l
| photo-electron

TMAE

« DELPHI, SLD, OMEGA RICH counters based on TMAE:

* long absorption length — thick wire chamber detector — TPC

(UV photon -2 photo-electron - detection of a single electron in a TPC)
 slow — low rate

* aging
e 7. . . . . @ 00 ey )
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ICFA School, TIFR, Mumbai (slide 51) Univ. of Maribor and J. Stefan Institute JSSSSE EE ® BELE




Early RICH detector |

particle

OMEGA, DELPHI RICH counters based on TMAE

Cherenkov
i light \ mirror
o
.-.. I.-. .\HH‘.\-H
”'HH photo .
P s \_;1 electrons C.E, gas radiator
17 e : |
.""-f S ;:.-' . N \ \i
i NN \ <o UV photon detector
& e . k=
# - = . \\._ " W :

£ _,-f*“f ' T o Y (I WO [ Cherenl{m;/
*-_:__.-' 1 ; » . W - i light
i / = 24 i / / C, E, liquid radiator

II' _-"'ff | . I mhnx
N _i,.--" o} \ ]
[ \\; rdiniot [ .Ii II. { :\xa
I 1-{"\.; .I | 'I -._L'__'___,—ﬂ
ﬁ_‘ AR I rhCl T e ___—--"‘.'_-_ |
. N daft chambess  ~ __—
. 2  dr _
MH'-\. ____——__ i ______— —E
. | ] é
OMEGA - DELPHI (dual radiator)
T . .. . r- RS
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Faster wire chambre based RICH detectors |

Q.E. (%)
3
T

Thin multi-wire proportional chamber with cathode pad readout —
short drift distance — fast detector

CLEO RICH:
 TEA — short absorption length |
« sensitive only below 160 nm s . =

. (] 140 150 1 170 181 194) 200 2l 20
* aging

0

wavelength (nm)

/f UV photon
« HADES, COMPASS, ALICE RICH: / R—
quariz winaow
» thin Csl layer over photocathode pads \ /
* high-rate instabilities

® \ ® / ® cathods wires (50micron

anode wires (15micron)

0.5micron Csl
cathode with pads

photpslectron

signal

e L . 7-Y X >
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ALICE CsI RICH |

ALICE experiment uses MWPCs with Csl w rom .

photocathode for high momentum PID: meee . oo - " s )
bl i ' P 1 |= a m EE
* proximity focusing configuration = '
. . . .
* liquid radiator C;F,, (15 mm, - e E
|1 N i ..II |
n=1.2989@175nm) .
o Neoceram
: . l ;
* CH, gas, gain ~ 4*10% £ ' C.F,, liquid
« 300nm Csl reflective photocathode, = i i oG
QE~ 25%@175nm ““““““ 2 N
- CH, / i collection
o) E _ : electrode
g o Cu-Be2 20 um :
~ g - wires W-Re3 € :
] - wires £ .
© F - 3 :
@ 05 E 000000 00C :
D r = € ]
S 04 - = € © €© © ++205K/ ;
> = = & 4.2 mm :
S¥F PERFORMANGE E ‘ |
= E DBA0E E I sy SEanateetririnrnerrie: MW
QO Ye© _ N | s
E, n.1f— ALICE pp 1s=13TeV —f T LIS 4 E——
O b ] i electronics
T I B N W T S S T : '
p (GeV/c) v JINST 3(2008)808002
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GEMs and THGEMs with CsI - gaseous detector comeback? | —

COMPASS RICH-1 upgrade:
« THGEM + Csl — new development in g ¥ _F SLLY
gaseous photo detectors
* ~ 10 photons for saturated ring
e resolution ~1.8 mrad ...

FUSED SILICA WINDOW

PROTECTION WIRES

DRIFT WIRES

Csl

THGEM |

THGEM 2

|

i 1

MWPC | MAPMT - MAPMT ‘ MWPC

MESH

radiator
gas: C,Fp

pipe

ANODE wiTH PAD

NIMA 952 (2020) 161832

e L . 7-Y A
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Vacuum based photon detectors - PMTs |

 operation at high rates over longer periods

» sensitivity for visible light — compatible with aerogel radiator /
» does not work in magnetic field PMTSs plane |

« HERMES RICH (SELEX, PHENIX):
* dual radiator C,F,, (n=1.00137 @ 633nm)+

.
aerogel (n=1.03 @ 633nm) | Pparticle.
» single channel PMTs (% inch, Philips XP1911/UV) \\
. ; \:—\\ ~ ‘b‘ |
Alununium . |t
’ ';ﬂ/ ] N
P
< “'-xerogel
P [GeV] [NIMA 479 (2002) 511 ]
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Multi-anode PMTs | ' -ior pad size — better resolution Photon

HERA-B RICH: Rl
« high-rate operation (>1MHz/cm?) —
wire chamber prototypes(Csl,TMAE) abandoned
« multi-anode PMTs (Hamamatsu R5900-M16(M4))
— first use on large scale
« excellent single photoelectron detection
« low noise (few dark counts/s/ch.) __
. low cross-talk (< 1%) L —
 low active area ration (<50%)
— imaging light concentrators (area ratio 4:1)

EE (Photo Cathode) '_ . PHOTOCATHODE

FOCUSING MESH \

METAL CHANNEL | (7~ (7~ [
DYNODES \ -
LWL R

L . Photon
MULTIANODE ~ TTT TTT Detectors

Planar Mirrors

INIM A453 (2000) 289]
—

1 . . . I >
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The HERA-B RICH lens demagnification |

* Imaging light concentrators:
* two lens system
« demagnification factor 2
e area ratio 4:1
* limited angular acceptance = 150 mrad
(saturated Cherenkov angle = 53 mrad)
* injection moulded plastic lenses

08 -

Transmisson

0.2 — 500 nm

Field lens, 35 mm x 35 mm r
C 350 nm
: Condensor lens 0s [

diameter 32 mm

PMT active area

0s |
18 mm x 18 mm r

04 -

300 nm

03

- - m

=200 =150 =100 -5 4] A0 100 150 200
! 150 mm

X angle, mrad

— . —
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The HERA-B RICH performance |

&0

* low noise (few hits per event) ¢ good performance even at
« ~ 30 ph./ring(saturated) high occupancy events (typical)

Cherenkov angle (mrad)

b1
i r . .-r.l A

]
: 4 1'm= a kL C ]
| LS .H '_ [} i LIEF] :'.-l ul::.'._ E_l"':il_. ._..=. ; 1L.‘ '_ - n 5 E
> B " l“--i e - 'ffh-u'rol'.il'il-' T *.;.IJ. 1
' . " L RS R 'r..;':'_-- Jpee X i LA ] e R | }
= i .14:;-!- L. i -.. l-:-'-h.:--{'-f :\...- hﬂg—‘t R:.ll:\..: L _'-..1.:...I ) 20 L L L L L 1
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MA-PMTs - COMPAS RICH upgrade |

COMPAS RICH upgrade:

 Csl in central (high occupancy) part replaced with multi-
anode PMTs

* similar imaging light concentrator system used

i
Al vessel

NIMA 553 (2005) 215,
NIMA 587 (2008) 371,
NIMA 616 (2010) 21,
NIMA 631 (2011) 26

. MWPC'’s + Csl
« UV extended PMTs and optics (down to 200 nm) i ;
UV mirror
« area demagnification 7:1 N wall =
* 60 ph. for saturated ring, resolution 0.3 mrad ...
N
=
MAPMT’s
™ tlenses
| radiator
MAPMT gas: C4Fqp
beam pipe
PD’s: ~6 m?
. . . .. . 7 K]
ebruar th_)5th, R P le id fi HEP amo Korpar [
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LHCb RICH 142 with HPDs |

« 2 RICHs with 2(3) radiators

(aereget, C,F,,; CF))

» Hybrid Photon Detector introduced

* electron optics — 5x demagnification

* sensitive to magnetic field

« HV ~20kV, gain ~5k

« CERN+DEP-Photonis (replaced with MaPMTs)

[ HitMap for Rich1 top panel |
photon : I h o
window photon il yre i 1 I“
[T - A ' i -_‘;ﬂ T
\ . : 1. ! nﬁ- .I i

Magnetic
Shield

Detectors

250 ™2

; Spherical
— Mirror

Beam pipe

I [—

[ Track

I NIM A 603 520092 287 |

v window
hotocathode .
) photocathode
NN\ S
) HV ~20 kV | photoelectron/
€| photoelectron o
v
p J
"’(_) .-..\ |
"{}8 e bombardment | | ' | focusing
. ole] / gain ~10k || | electrode
NN OV, || \
~~4---7 electron-hole | | ‘ \,
creation | L
Si sensor
n (segmented)
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Belle IT spectrometer

ARICH: '
C aeroge\l radiator Barrel PID — TOP counter

ARICH: photon detector |

The aim is
precise
measurement of

rare decays of B

and D mesons,
T leptons, dark
matter search,
and CP violation.

Central drift chamber

Vertex detector
DEPFET (pixel) + DSSD (strip)

J--i » 1\.;”- f/",-' . :
‘éf =3 Calorimeter (Csl(Tl))
: h,, _: :ﬂ
5 AN Return joke with
' KLM detector {
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Belle 2 ARICH |

Proximity focusing Aerogel Ring Imaging CHerenkov d .

detector (ARICH) components:
« double layer focusing aerogel radiator (20 mm each) / 02

160 mm expansion gap sl

> 0}
» photon detector - Hybrid Avalanche Photo Detectors
02
(HAPD) :
Photon detector: Single-layer system
HEHE | PR s o == b
160 mm Sl | S [AlEEs | e oz |
[
] 2,
-2 -
ChBI’gE{' - L] . ‘- —" .'-1;-:‘1 ':1: n n 04 bk
particle | e | e | R i Ha -
i b
~ Dual-layer system
Silica aerogel
. : =
IFCeEZuggolozlmTzlg iﬁfn . Particle 1dent1ﬁca21(i);: ;;1) HEP experiments b, of Masibor and 1. SStzlez Egtrlfuiz U-ﬁ- 3
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Single photon Cherenkov angle resolution | 3 n

=
: : : : . T X e Ir
« Two main contributions to single photon resolution (n=1.05) tan oy, ~ T X
i .. ) a = 30 n L
* pad size a (~6mm), position resolution — S
V12 S
< 25 3
09, = cos*Pe_a_ 8 mrad =
Or T (1-2a) viz :
20}
. . . . . d
» aerogel thickness d, emission point uncertainty —
g P y T2 isl
cosv sind, d
0, ~ ~ Ad =d -4 mrad/cm .
T ) o "
« single photon resolution 5 haRerson e .
09, = 09,0 D 09,4 e
0 10 20 30 40 50 60
thickness (mm)
fcegzuggolc)zljhi‘zlls*“:f\?lﬁ;]bai Particle identiﬁcafsil(i);: :11) HEP experiments Univ. of Maribor and J. Sizlfgg Elts)tlfuiz -H-
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Aerogel thickness optimization |

* Single track Cherenkov angle resolution

— 0-19C = 13 °
Otrack — —— S [ n=1.05 A =45 < |
VN S - n=1.05 A,=30 Z 0l
: . = 12[— y=1.05A,=20 ‘
* with no attenuation (N = Bd) % [
S 11 8l
2 2 8 ;
2 0-19,7‘ + (Ad) §o : [
Otrack =~ d i 6
B |
9} Z
* minimum at T
St !
2 L f
0-19,1” v | 2+ f on=1.056,A=30.0mm —
dmm A cm i A n=1051,A=183mm -~
6 ) . . . ot a1 M PR
0 10 20 30 40 50 0 10 20 30 40 50 60
* minimum sigma (data) thickness [mm] HICKNESSi(mm)
14mrad
V6
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Proximity focusing aerogel RICH |

= X/ndt 7764 7 706] F * Typical distributions for
000 T Pi p 7701 | =
P2 0.2896 . .
| " ) s 2cm sample, obtained in the
6000 - P4 87.84 .
' Ps 322.3 pion beam tests — Nph’ Jc
T Cherenkov angle resolution
2000 nb=0.33
F | \ per track is optimal at ~ 2cm
0 0.1 0.2 0.3 04 erf radfj.j -04 -0.2 0 0.2 u{_‘?jad)
theta cerenkov ring in cerenkov space g0 }
® A index:1.045 TML=44mm
 Radiators of different thicknesses and refractive S °| A index1.049 TML=38mm
: : 58 @ index1.062 TML=32mm
indices were tested (2001,2003) . s 2
e 'C i,
o L
i i « M = 35 (F L
- Single photon resolution § 2] L= 38 mm 3 o 'y 2
o o [ @ -
=} 'S_m: ® SH
6 qé s: 4;_
S -
+ : 33 Orrack = 99,
i 2 track — \/—
| * ; N
< o n=1.056 — 2_ e
4 n=1.051 - .I]:IIII|IIII|IIII|IIII|IIII|IIII
. LT ok . ey 0 10 20 30 40 50 60
0 0 20 30 4 50 60 th thickness(mm)
thickness [mm] thickness [mm]
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Aerogel radiator |

two layers of 20 mm thick hydrophobic aerogel :
* upstream, n = 1.045, 4490 nm = 47 mm
» downstream, n = 1.055, A450nm = 37 mm
4 segmented rings, 2 X 124 tiles
all but exit surface of each pair covered by black
paper
each pair fixed by two black strings running
radially
completed in December 2016

. _
= 60
£ e @400nm
o . g 8
- 50 P 5
5 T
C 40 . "
(] ity
= target b&é",,:,
9O 30
@ target
£ 20
w
©
|10
0 L 1 | L 1 1 1 1 1 1 [ L 1 1 I 1 1 1 L 1 ]
1.0400 1.0450 1.0500 1.0550 1.0€
Refractive index
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Photon detector - HAPD | HAPD properties:

e size: 73 X 73 X 28 mm?
s Y e 2 X 2 APDS with 6 X 6 channels,
* | 4.9 X 4.9 mm?
quarz window @ 5 1mm pitch
-7 ~ -8kV e- o L QE400nm > 32 % : = :
30mm « combined gain ~ 70k | ' ' =4 llI

| 420‘HAPDS in 7 rin S

» channel capacitance 80 pF ' U E
s “ . . - —a! \ 3 | r‘_f-:"-
bi-alkali photocathode * operationin B=15T g -
ixelated APD : o1 NniMev
P » radiation tolerance ~ 1012 =2<~
cm
| 0.45
100 — 2% wi &
- NN ey e, ay® &
i NI T T T L AR 0.4 0 :
N 9% ‘ 3 ® & JQ:“}A/} : -
] QAsﬁ D OB T Ol & I (5 » © G 0.35 I
1 oot ot snmm, S’ e :
50 1 aa e it oer N6 02508 . !
1 B LAY A @ 50— il
VLo - 980808 o3 G
(NI QR. 4 L O\ A A A E L Entries 420 -
el b b ] CERARDEEY c [ Mean 32.22
=BT I-ET SEEnuT 025 W o [sdpev 3272
o [EADEON Bl F r
= {et totat ) i wio=a . B Q
mEseBEe Sasanic g >~
-] . DO ‘L,J i ¥ \‘:' - :
i ﬁ 24009 Suqony H0.15 - 7 /
5 2 y o :(1 < % .
7] P K @, g ‘) 6@,‘?@)# 0.1 B : .
: O y P, y ’ £ wjm [ o) ‘:)'(;:; 10’_ .I |'II|
i S S T TR 0.05 - . "
100 — 75 ALY - -
g;‘ |t 0 L | PO A S N T PR L | el L - - -
I_1 |()Ol I_éo T T T I 6 [ T | T SIO T T T T 1é0 I qo 15 20 a5 40 45 - - §
QE [%] 18 planar mirrors neutron shield
. . . . . . 7Y il >
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ARICH Cherenkov angle | Cherenkov ring |

e'e’ - )

* ARICH is aligned by maximising the agreement between 0s bor2
expected and measured photon o2 ot
. . . 0: 0.008
« After alignment, a very good agreement is achieved between oo
expected and measured Cherenkov angle distributions. 02 -
. _ :zj 0.002
o 7 4 — i :
E - | —— data (exp 7 - bucket 4) % B TR LT %5 04 03 02 -01 0 01 02 03 04 05
18— | —— MC i, 0.35 AL theta
£ 16 ,, DATA —
14 . Nsig = 11.38 /track 03
x + - +,,— sig
1.2 e e —UuUu ge=12.7T mrad
1 . o 258
naf . o Al PR
= . Nsig = 11.27 /track 0.2 388 MRE e | qiE
E ! o = 12.75 mrad 18 VR A
0.4 :—-.-. . 8 ' o ; Y s :
02fr = . -,_: \ T ’ ~.
ﬂil L1 M| BRI B B BT | = ;l 111 | | LR A TER LT IS I TETLY
o 0. 1 0.15 02 0325 0.3 .35 0.4 ‘:1;1-411-?51 [rm?]ﬁ 0.10 1 5 3 4 5 6 -
Momentum, GeV/c
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ARICH rings |

p=3.56GeV,N__ =213, dii=21.8794

. tWO |On rln 0.6: e direct ® mirror 1 ® mirror 2 —exp. T —exp. K 1000
p 9, f
examples : 300
02
e compared with |
(0] o 0
expected Cher. [ Y
. . . -0.2[~
angle distribution | 500
—0.4:—
_D__%:...l...|...|..'.|...|... ~1000
6 04 -0.2 0 02 04 06
p=238GeV,N__ =238, di= 69.4996
06
[ edirect ® mirror 1 ® mirror 2 —exp. 1 —exp. K 1000
0.4:—
i . 500
0.2_—
U:— 0
—0.2-—
i 500
—0.4:—
i 1000
B T ¥ B 1 R S T S v R T

detector plane

.1'5%

« hits
—track

I I T 1 T T I T I T 1 I T L] 1 T I 1 1 T T I |

L
o
]
(=] 9

-500 0 500

detector plane

1000

S

« hits
—track

I I LI T T I T 1 ] T I T L] 1 1 I T T T T I |

L
o
]
(=] 9

-500 0 500

1000

Cherenkov angle

thc

h

45

n

Entries 28
0.2588
Std Dev 01384

Mean

0.1 0.2 0.3 0.4

Cherenkov angle

0.5 0.6
theta Iradl

thc

4.3

Entries 28
Mean 0.3258
Std Dev  0.02838

==

0.1 0.2 0.3 0.4

0.5 0.6
theta [rad]
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PID capability: Likelihood calculation |

 PDF of Cherenkov photons from both radiators and uniform background for mass hypothesis m can be
approximated as a function of Cher. angle (9) and by

v _@-eam) o (9-9m)’
2 npr(9,m) o 9

1 2 2
nee(9,m) = ( e 2] + e 207
Y V2moy V2o,

» likelihood function — Poisson distribution of hits on each pad with mean value n;(m)

L(m) = 1_[ e~ Tu(m) . 1_[(1 _ e—ﬁi(m))

nohiti hiti
InL (m) = - Z ni(m) + z In(1 —e~m) =|— z A (m) — Eﬁ"(m) + Zﬁi(m) + Zln(1 — eum))
nohiti nohiti nohiti hiti hiti hiti

InL (m) = —N(m) + z (ﬁ,;(m) + ln(l — e‘ﬁi(m)))
hiti
« summation is needed only over the pixels with hit

o
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PID capability: m/K separation power with D** decays |

* 1, K identified by my;,,, charge

S DY 7o

pN

Dt > D« D*~
¢

K nt

slow

slow

Kt 7

Apply selection criteria on

L
RIK /7] = - f ;

L - likelihood for given id. hypothesis

Cherenkov ring @ 3 GeV (pi-red, K-black)

0.4 :
—7r expecfed —K expected

0.3

L g,
. !_‘ .

0.1F

| L e

01) ;. I—O.S -0.2

Pion in ARICH (p > 0.7 GeV)

Entries
(3]
(o= ]
[ ]

250
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K efficiency

0.851H

0.8
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0.95p

R [K/pi] > 0.6

/1: dt=1.3fh™!
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w/o R[K/pi] f \
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R

~1.87 188 189 19
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Kaon in ARICH (p > 0.7 GeV)

R [KIpi] >0.6
# of K: 502.25 +/- 24.05
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| I | I |
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Photon detectors: SiPM |

« Immune to magnetic field fslatslatalals »

. high photon detection efficiency (PDE) afatatunfatate

« good timing properties (< 300ps FWHM) alaulnwlw Al soom |-

« NO high voltage wono |

 low material budget

. high noise rate ~ 0.1MHz/mm? L ) N
. radiation damage - increase of dark noise R B TR

TDC [100ps]

Possible candidate: . beam test result (1cm,n=1.03)

. array of Hamamatsu S10362-11-100P
Improve signal to noise ratio by:

« Narrow time window

« use of light concentrators

0.3

0.2

0.1

-0.1

-0.2

|
i 'v
.
3
™
=l
-
-
»

-0.3

-0.4

-04  -03 -02 -01 0 0.1 0.2 0.3 0.4

NIM A613 52010= 195 I

. . . .. . r- 0 War i)
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EIC mRICH)|

aerogel

RICH solenoid coil (1.5-3 T)

_ ?§{ h
; L Central tracker I

e radiator: aerogel + Fresnel lens
» photosensor: SiPM

l
I.
Endcap E M trackef

.I

lens  Sensor plane

GEM

|
|
Aerogel Air : trackers
3.2m
: Fresnel lens
|
xo"S
on® | I
g'ﬂ‘""‘aﬂ o _1 _B_ - |
cwe’ T
_ 16 L,

| Incident particlel
|
I :
|

: nsor plane
"
f I
- >

11 cm Aerogel Geant4 Simulation
. v . ] . . ] = A 7>
February 12th-25th, 2023, Particle identification in HEP experiments Samo Korpar -‘- EE) <>
ICFA School, TIFR, Mumbai (slide 74) Univ. of Maribor and J. Stefan Institute FSSSSE EEEEE ... BELLE




Outline:

 Cherenkov based PID devices
 Threshold detectors

* RICH detectors
* DIRC type detectors

o

BELLE
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DIRC detector @ BaBar |

 quartz bar as radiator and light guide
 water filled expansion volume with
PMTs outside magnetic field

Support tube (Al)

Quart; Barbox
Compensating coil
PMT + Base
Assembly flange
* event
Standoff box
\.‘ .
Light
/ 17.25 mm Ar Catcher -
(35.00 mm rAd) Bar Box
Track / Vool =
Trajectory E] \ \
Wedge / "s.l ooy
Mirror , PMT Plane Lo o
'\ - Water Vo

IJ !

o =
T: rt,f  Bars e /lJ:
Q ! W\ /Sland off Box (SOB)

) \ —91 mm-—— 10mm
[ — 5m | 117 m “

4 x 1.225 m Bars

glued end-to-end INIM A479$2002!1 I
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DIRC performance |

W71 Lots of photons
BABAR
60 B ¢ Data (di-muon tracks) ]
L —— Monte Carlo Simulation -

% 40 - -
v - i

20 — -

0 I | | | 1 | | | 1 | | | 1 | 1 | | 1 ]

| -0.5 0 0.5 1
0SB,
>} 1 __ T [+ T T | T T T T | T I__
Q C — —— ]
8 09 =+ ———
2 08 | BABAR -
m - D’ sample ]
% 0.7 = 3
= 0.6 s | | | | ! | | | L L
R
M T T T T T T T T T T :
g 02 - ’
S o1- +
S - — —+
=4 O ;'I._l | J_.I_'_I._'I_._l | 1 I | | |;
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|
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=
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Py, (GeVie)

Excellent /K separation

NIM A538 (2005) 281, NIM A553 (2005) 317

e e . 7 X
February 12025, 2023, Particle identification in HEP experiments Samo Korpar |NESTHINEY 90 . PO
ICFA School, TIFR, Mumbai (slide 77) Univ. of Maribor and J. Stefan Institute JSSSSE EESE = ¢ BELE




FDIRC design |

Focusing DIRC (SuperB R&D)
- additional wedge and expansion volume with mirror made
from quartz — smaller volume less sensitive to neutrons

- flat-panel PMT Hamamatsu H8500 for photon detection — = 550 e = ! :
better time resolution REE  EE G £ g

Background suppression x25 (volume) x10 (timing). q doun i B

2(]: » 1] n-‘ " £ z i "

Ray tracing: Geant 4 model: o Elled e e .
- g S-S0 [
N o osfem o i [ ) e
0 10 20 30 40 50 .

225
200
175
150
125
100 ‘
75 .~140ps
50 :
25

— (1105 £54) ps
=(219.1 +11.6) ps

5 55 % 65
time (ns)

Old wedge New wedge FBLOCK [ SLAC-PUB- 13464i 2008 |

c . . . . >
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FDIRC chromatic error correction |

Chromatic correction - only small pixels

i 14 -
° .
Correlat|0n between the 12 e Corrected (max. likelihood method)
' ' ] s Uncorrected 000" ' o C
propagation time (L/c,) BTN S N3 Position1 -
= 8. , o | T % M N N A e R - Lpath ~10 .
and Cherenkov angle £ T B O B b ol R ok R
. 2 64 Tog ot egd Togie : ;
(cos9, = c/vn) is used to oy ) RS et L 2000)- o ~7.6mrad 3
. & - .
2 - : ; ; ; ; 1000 E
improve the anQU|ar Chromatic correction with 3mm pixel size - o]
. 0 - ! T J I T ! ! T T 1 P40 760 780 800 820 840 860 880 O00 20 940
resolution 0 1 2 3 4 5 6 71 8 9 10 0, [mrad]
Photon path length [m] ~.'
Expected chromatic correction e Wons 0630 -
Mean 1.013 Er T T T T T T T T T T T
15 FWHM ~ 150 ps/m = ANSX 01001 3500 Position 1 E
E < I'-I § ::Tfuj ”351:.3: 200 30002— oo —i
= | S 2500E- Lpath ~10 m 3
e S O L. o S | T O < Yt o ISH - E
E" - : §_ 1530 2000 =
~ ;i-é ' D 1500 o~5.6mrad 3
Gl? lﬂ:.r_: ' : S 100 1000 =
T 010 4005 045 020 500 E
- S E [ 3 .'?'.--.-.I...“‘..‘?-JAJJ T I
E. A =410 mn [ns/m] § 50 P40 760 780 €00 820 £40 860 880 900 020 640
g = Red photons Blue photons 5 osf 0, [mrad]
= ifast) _1p.J T5l0W) e o,
| : : 0
dTOP/Lpath [ns/m] =TOP/Lpath(}) - TOP/Lpath(410nm) o 2 -015 .01 -005 0 005 01 015 02 035 03
< ATOP/LI’ath = (TOPmeasured - TOPexpected)/Lpath[ns/m]
-
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Phase vs group light speed - refractive index of quartz |

 group velocity is lower than phase velocity

» variation of group refractive index n (1) is larger than variation of phase refractive index n(1)

1.52 . . : , j | |
dn
\\ ng(A) =n() - A—
]
1.48
1.46 ot s A A m e m == T T T
1.44 __________-__:'_
: 0 °C (blue), 100 °C (black) and 200 °C (red)
Lq%m E.tl:lt:l Btljt:l mlt:u:l 12It:|t:| 14It:u:| 15It:|t:| 15|t:|t:| 2000
wavelength (nm)

https://www.rp-photonics.com/group index.html
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TOP principle |

= i0
Based on a DIRC concept: =
o instead of 2D imaging — 1D + Time Of Propagation (TOP, path length) =
— compact detector sl
Linear array PMT (~5mm) -1

Time resolution & ~40ps X, FA00mm

Linear-array type z=<— [ “I;

X sl
photon detector

20mm

5t
p 1
cosVp = ——— _
Side view of crystal harged parici :B Tl(ﬂ) ’
9(: cherenkovangle K 3 T
crystal //_ 4 1 l ng (A)

pP t — — 51
W/ TP 7 () <o

backward-going - |_ >

——= z-component of unit velocity

T
« measured time relative to bunch crossing is a combination of photon 0 -r;'ﬁmjm;(;g
propagation time and time of flight from the interaction point to the quartz bar x(cmy
Belle II TDR
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Focusing TOP |

Focusing TOP concept:

» focusing added for photons reflected from non
instrumented side of the bar

* by focusing photons of different wavelength, that are
emitted at different Cherenkov angles, are separated at the

—_—

I—IJ-—II_:I—II E

focal plane -> reduced error due to chromatic dispersion o
_ g
s Belle Il TOP 2018 (Preliminary) = T
£ D* kinematically tagged kaon § E
T Pp=173GeVic = i .
0 =94.1° Y
Kaon PDF % 1 1
15" |og L (K) ~-236.38 ' | Side view
S @ | Charged
. o & 1 + K t A Particle
"‘.‘ 3 u\.\‘-n__- 1
— g3 w0
10 " ——— : '-.1;.:.:_;_ ' Emitting Cherenkov light
T et~ 20 to 40 photons ; :
per charged track
Probability density distribution are detected :
with /A meson hypothesis . e_ I e+
Y16 32 48 64 > €
B ki Imaging TOP extension (iTOP)
. . . .. . 7Y K]
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TOP radiator

2600 mm

F-Y * >
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Fast photon detection: MCP-PMT (Hamamatsu SL10) |

Multiandode MCP-PMT was developed in ],K\

cooperation with Hamamatsu: window wih photocathode
» bi-alkali photocathode -
¢ gain ~1.5x10° @ 1.5 T dual MCP - Chevron config.
* single photon time resolution ~35ps @ 1.5T
* pad size ~dmm x d5mm (4x4 array)

» additional cut-off filter 320 nm

— 40 — —
S 1 (pm=mmt---- e
3000 — w : = Super Bi-alkali | ! h
E ﬁ .} I ;,.4-..,.‘\ ¢ Multi-alkali 1 : i‘“"““f““““‘! i
C I / 1 | 1
2500 30 ! ]‘-1_ ¥ ||
- 0=34.210.4ps R \ i |
2000— i " ] N S B I
- y " ] : : : : i
L / " | I ! I H
- 20 . i I heeod I |
1500 — \ ] S  —— |
— 4 i I.
- " ] 22 (effective area)
1000 — \ X .
= : y 1 , 27.5mm s
- 10 % 4 N
500 — : \ :
:||||||||||.|..I|..|I._MH‘=F_&' et h'.-.h\ :
%@ 40 30 =20 -0 0 10 20 30 40 50 0 T
200 400 600 800
TDC [1count/25ps] ()
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TOP - event example |

» hit distribution for kinematically tagged kaon from D** —» D%(-» K~n*)x],,,, decay
compared with PDFs for three different hypothesis: , K, p ,
* hit distribution compatible with K hypothesis (highest logL)

'@'ED- : T . 'EED- — . - . ':_.:_r:'ED T -
‘s Belle ll TOP 2018 (Preliminary) ‘s Belle Il TOP 2018 (Preliminary) ‘> Belle Il TOP 2018 (Preliminary)
E b kinematically tagged kaon £ p kinematically tagged kaon E kKinematically tagged kaon
£ p=1.73GeVic ¥ p=173GeVic ¥ p=173GeV/c
- 6=941"  0=941" | =941°
Pion PDF Kaon PDF Proton PDF
1597 log L (r) =-257.51 157 |og L (K) =-236.38 1 197 1egL(p) =-263.53 ]
10~ : . — 10~ ' = —r | 10— . . -
T T S — m—  — —_e— = b " i
Probability density distribution F'r:::+!:.aat:gilityr density distribution Probability density distribution
with 7T meson hypothesis with /& meson hypothesis with proton hypothesis
v 16 32 a8 64 b 16 32 48 4 % 16 32 48 64
Pixel column Pixel column Pixel column
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charged particle

TOP - PID performance: D*" — D (» K- nH)m* I Side view of crystal /

GC cherenkovangle
crystal / /
o

. . . . pho
* preliminary TOP PID performance — K efficiency vs. Om/n’

r misidentification probability C

———1> z-component of unit velocity

A

o

©
=
0o

o
oo
| T T 171 | T T 1 | T T

_____ i;i
EI N

S

/77 Bellell preliminary o AR R A AR R A
.......... -~ TOPGH]}I’ Dﬁ._d BE”EHPFE‘H"?;HEW
| f v Proc12+B ((TOP Only)

*
&
'S
"
"
e
i

K ID Efficiency
K ID Efficiency/n mis-ID rate

D.?_ : ...... P T PR . .............. , TR P T PPN = PP PR 0"¢EMC14|‘F3- - --------------- ---------------- ----------------- -------------- P ; -----
Ny —— Proc12+B : | | ; 5 | | :
w - Eﬂ%ﬁ; | v MCidrd
. L dria : : v

0.6 S1% MCtdrd 0.2/~ 4
- i :
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TORCH: TOP like TOF disc detector |-

« TORCH for LHCDb PID upgrade

« TOF based on internally
reflected Cherenkov light

* low momentum PID (< 10 GeV)

* in front of RICH2

Focusing block ]

Photodetectors —‘;

Quartz plate

Beamn pipe

Mirrored edge \\

L

Magnet

250cm

- -

66 cm

Focusing

7
117
7

Optics

Photoﬁ

Detector

7
THI77 7

Y
/.

Possible
Photon Paths

[ -

N\

N

y' -coordinate (pixels)

Number of Clusters

128 pixels

[

53 x 53 mm?
active area

8 columns

-+——— 60 mm pitch ——»

K-m separation (N,)

Particle identification efficiency

100
TORCH
RICH1 RICH2
10 \\\\
1 N .:I N N
1 10 100
Momentum (GeV/c)
17 32
- —— —e— K = K (2410 cm?s)
09:_ == i ""L_:+ ----- K - K (2x10% em2 s)
DBE— ,_‘_J' e S —6— 71— K (2x10% cm? &)
' 50—; P e 71— K (2x10% cm? s)
- ——
0.7 L~
= e
0.6 ‘—¢—+
E eeer EEPETR
05— =
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ICFA 2023 ARICH detector

* trigger: 2 cm plastic scintillator

* ARICH
» focusing radiator - two layers of
2 cm thick aerogels :
e upstream, n = 1.048,
/1400 nm ~ 44 mm
 downstream, n = 1.062,
/1400nm ~ 55 mm

* photon detector:
* 6x6 array of Ma-PMTS
(HERA-B) at 30 mm pitch —
576 channels
* readout electronics — Belle 2
ARICH FE boards
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Mesh PMT |

qﬁﬂl‘ .
HGain
408 TPMHecesaEC atoT

Coarse mesh or fine mesh types:
* multiplication is confined in space
— Ccross-wire readout

— multi-anode designs eLeoon 7
. . 107 .
* high gain up to 107 > RsgpAT0
[, yd
. . A4
 good linearity 108 A e
] . . ] F, >
 operation in relatively high z ARl
< 1 = ——
. . COARSE MESH TYPE | | FINEMESH TYPE (O] 7
H t 7
magnetic field (Hamamatsu) o =
i i 0 108 /] [N\1"R5505-70 | | |
— maximum gain at 30° between o1 [T I 7
. . SUPPLY VOLTAGE: 2000 V 7 Vi
the magnetic field and PMT axes L XX
100 = ’:" =
Z DN 30 2
é \\\ — 102 /
T NI 500 1000 1500 2000 2500
= *
N ; \‘\ \\\ SUPPLY VOLTAGE (V)
o -
102 |- m \\\
- o
_,&AGNEHC k N
— + FIELD ‘1\
109 ' ' >
0 025 050 075 10 125 15
MAGNETIC FLUX DENSITY (T)
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Gaseous photodetectors |

Different ways to achieve photo-

sensitivity:

 addition of photosensitive molecules
to the counter gas (TMAE, TEA)

 solid photocathode deposited on the 40
cathode (Csl)

» semitransparent cathode on the
window (bialkali)

Q.E. (%}
2

khoton

window
°
photosensitive

_molecule
VA
[ ] [ ] o [ ] [ ]

—————— ——

| | | |
N\ ‘/,- \f v

° ° °
photocathode
* * IS E—

Released photoelectron drifts toward 130 Mo 150 160 1T 180 190
the high field region and produces the

avalanche — multiplication —

detectable signal

« TMAE, TEA, Csl sensitive in deep UV
* bialkali sensitive also in visible but requires very clean gas — long term
operation not yet demonstrated

200 210 120
wavelength (nm)

L‘/ window

/ photocathode
[ ] [ J [ ] [ ] [ J [ ] [ J

—+ T
Difficulties:

. High gain operation (ion feedback
and light emission from avalanche)

. Gas purity — UV transparency
. Aging (ion backflow, impurities)
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Photosensitivity in gaseous detectors |

Gaseous detectors (MWPCs, TPCs) use admixtures of photosensitive substances or
solid Csl photocathode to gain photo-sensitivity in UV region.

Epn (eV) _ hv/eV
55 6 6.5 7 75 8 8.5
9.5 9.0 8.5 8.0 7.5 g L B R U S B AR B
l 1 l l l g . E R T e
ﬁ 0.9 fused quartz H20(5 Fpm)
03— He+TEA E 08 ‘
g 07 F
g 0.6
o 0.2 % 0.5 [ \
04 1l
5 O,(5 ppm
5 03 |
1 S 02 .\
0. \
RSP o P PN B .!..-.\ | L
0 0230220 210 200 190 180 170 160 140
130 140 150 160 170 A/nm
= molecule E [eV] (I [nm]) | max. QE(E) | | [mm]
| | ‘ abs@293K
S TEA (C,H.);N 7.5 (164) 0.33(8.2) 0.43
TMAE C,[(CH,),N], 5.36 (230) 0.51 (8.3) 26
\/ DMA (CH,),NH 8.3 (1438) 0.2 (9.2)
TMA (CH,);N 7.9 (156) 0.27 (8.6)

Photosensitive agent is admixed to the counting gas of a MWPC by bubbling the gas
through the liquid agent at a given temperature — concentration control.

. . . .. . r-Y RS
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Photosensitive materials - photocathodes |

|I<—.. begin of arrow indicates threshold

Si (1100nm)
GaAsP <
TMAE, GaN Blalkall «II GaAS
CSI i} N KZCSSb | ﬁll
D o C T‘ . Multialkali
T . — ‘ NaKCsSb
12.3 4.9 3.1 2.24 1.76 1.45 E[eV]
NZ /\_Q O NS
100/ | & 25Tq;§ S 400 550 700 850 A [nm]
=Z N = |2
N 5 | Remember :
- a | E, ~ 1239 eV-nm/A
i 212
QIS: 7oy Almost all photosensitive materials are
- _ very reactive (alkali metals). Operation

28
only in vacuum or extremely clean gas.

Exceptions: Csl, Si.

Cut-off limits of window materials
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Transmission mode photo-cathodes |

Photon energy EY (eV)

12.3 3.1 1.76 1.13
" TIl BO0S8EC
QE = 50 %
GaAsP et N
\ o = et = \ QE = 25 %
et~ . N ) ] o i e
& \ [ e R =
== s
102 o = e \ \ QE=10%
; o = 4'{- = — {?ﬁ-‘- “ = “_ ————————————
< e P R R o N PP e ]
= 7t P - —_— \ \
; _-D.{." il %f = - - = i o P —
- - .- // P il I W e S
> - \
|_
L == :?Q—f AN QE=1% .
& Ra M="1AF e | e —
! R e | e LY
% r =\ i i\ - O - C S i N
E -07] \‘ﬂ [ Ja=-"" \ A A\
-::_l: - e \ —
0 \ \-09
E:E jioo [ oy QE = 0.1 %
= = Il'I - = W
== T e e N
o e :\' —T— A -
P ] —— Multialkali ~N
Bialkali ! |
{0 _t \ \ \ (Hamamatsu)
100 400 500 600 700 800 900 1000 1100
WAVELENGTH (nm)
Bialkali: Sb-K-Cs, Sb-Rb-Cs, Na-K-Sb Multialkali: Sb-Na-K-Cs
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Photo-multiplier tubes (PMT's) |

Principle of operation:
» photo-emission from photo-cathode — QF
» collection of photoelectrons by 1st dynode - n.,; (CE)
« Secondary emission (SE) from N dynodes:
« dynode gain §;~3 — 50 (function off
Incoming electron energy);

» total gain M:
M = 51 . 52 5N — 1_[51 Dynodes
L Photon ( ppoto- D, / \ A
E .\A ‘
3!
« Example: condar [[]Rﬂ
* 10 dynodes with i‘}‘;‘é?ﬁ‘fl;y

c5 =4 / ........... )
o O

— SN _ 410 6 . . =
M =6"=4" =10 Window with - * -
photocathode High voltage
. . . I . [ 3 r'D
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MUH'i - anOde PMT (MA = PMT) I PHOTOCATHODE

FOCUSING MESH N
\

Metal channel dynode (Hamamatsu): S S R e
e . . I B o o o
» multiplication is confined in a narrow channel WL EL L
. ) I'-.r‘IETJi!LL'OH;*!\NNEL4 I’E‘T Eff
— multi-anode designs DYNODES
— some tolerance to modest magnetic field

e ~30 mm x 30 mm
* gain up to 107, excellent single photon detection
 gain uniformity typ. 1 : 2.5;
« cross-talk typ. < 2% (for 2x2 mm? pads)
 low DCR, few counts/cm?/s

Flat-panel (Hamamatsu H8500):

. 8 x 8 channels (5.8 x 5.8 mm? each)
.~ 50 mm x 50 mm

. Excellent active area coverage (89%)

c . . . . .._r'D
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Micro Channel plate PMT (MCP-PMT) |

®~10 um

Similar to ordinary PMT — dynode structure is replaced by MCP.

Basic characteristics: 400 pm
. Gain ~ 10 — single photon MCP is a thin glass plate with an array \
. Collection efficiency ~ 60% of holes (<10-100 pm diameter) - |

Small thickness, high field continuous dynode structure

—small TTS MCP gain depends on

: - L/D ratio — typically 1000

. Works in magnetic field y\ For L/D=40
° Segmented anOde \ window with photocathode

— position sensitive o Creton eonfia

Anodes — can be segmented

. HAMAMATSU _ > 5¢
PHOTONIS PHOTEK according to application needs

. . . . . . L 8 7>
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Hybrid photodetector (HPD) concept |

Combination of vacuum and
silicon device — multiplication step
In silicon. Detection steps:

e photon interacts in
photocathode and produces
photoelectron

 high electric field accelerates
photoelectron

* on impact electron-hole pairs
are generated ("bombardment”

gain)

Qhoton

L

window

photocathode

photoelectron

/
4-=~" electron-hole

creation

HV ~20 kV

bombardment
gain ~10k
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Hybrid avalanche photodetector (HAPD) concept |

photon
Combination of vacuum device and R window
o . . L

avalanche silicon diode: otocathods
* first steps equal as in HPD

— photoelectron acceleration, electron-hole e | photoelectron Vo

pair generation on impact
» primary electrons drift into avalanche region A <

Al At s P bombardment
where they produce second multiplication ‘ §§ ) bombardmer
(~50) T electron-hole
. creation
— lower HV required l A
— higher gain e o avalanche
: , : [ o® coo ! p| gain1-100

— higher capacitance — larger electronic M. 00000

noise v !
* intrinsically very fast
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