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Scintillators

= charged particle

photons

* atom
* molecule

« Charged particle passing through matter distorts
* |attice

» Relaxation of distortion — light emitted

pr+A—>p+ A

A —>Ad+y Successive

- Emitted photon may — excite another molecule excitation & emission
— different A photons

p+A—>p + A
A +B—>A+5
B +C—>C +B
C">C+y

each step ~100ps
whole chain~1-10ns

* Very fast — good timing resolution



Light guide

PM

- T

TIIT

Fig. 9.6. Adapting a flat scintillator sheet to the circular face of a PM
with a light guide

« Can be extremely efficient Z’—E~ 2MeV |/ cm
X
1y /10°eV lost = 10*y / cm

x collection efficiency

x photomultiplier efficiency

~ 100 photoelectrons per cm.

- Spatial resolution ~ size of scintillator ~10s cm ~ 10

S

Scintillating fibres
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Fig. 9.5. Example of scintillator-

PM coupling with a light guide
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Fig. 9.6. Adapting a flat scintillator sheet to the circular face of a PM
with a light guide












SCINTILLATING MATERIAL
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They usually consist of a solvent + scintillator and a secondary fluor as wavelength sh\gérs.

A traversing ionizing particle releases energy in the solvent. Then, energy flows
radiationless® to the scintillator. Finally, light emitted by the scintillator is absorbed (radiative
transfer*) and re-emitted at longer wavelength by the secondary fluor.

radiationless Molecular states . '
_ A fluor has its absorption
singetstates and emission spectra

EX. energy states = 10" s shifted. The two peaks
in the solvent difference is called
S, triplet states Stokes shift
non.- ‘ T2
S, . radiative
\ T, *fast and local energy
fluorescence phosphorescence  transfer via non-radiative
d‘\f\'\N\F BRI >10 s dipole-dipole interactions
q/l/l/l’l/k (Forster transfer).
v Y
**~1/R? light attenuation




Why are scintillators transparent to emitted light?

SEL
ng r l = 1 SHARP LINE
M i s SPECTRUM
L AL3Scl
Absorpti Emissi
docoun e sl Abgorption Emission
b o k hift
MOLECULE SPECTRUM WITH Stokes s
WITH DISTINCT ; VIBRATIONAL J
SUBSTATES STRUCTURE
S 3 Absorption Emission sorption Emission
c .
MO
oLEcuLE 87080 BaND
UNRESOLVED SPECTRUM
SUBSTATES
Abgorption  Emission Absorption Emission

* TIME ScCALE &F SCiA/ZILA Trens
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. and emission spectra
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ZEUS CALORIMETER
DEPLETED ou
URANIUM  LIGHT CREATION STEEL CLADDING
DU 33mm IN THE 02 mm EMC
| SCINTILLATOR 04 mm HAC
l E I | Zhmm
E g | f / wrapped in
PARTICLES A~ white
(e.n’p;-)_| 4 e Tyvek paper
’ PH
A Lfoas

| END__‘ //i z@ =

"BACK ™ apsoreTION OF BUUE LIGHT WAVELENGTH
REFLECTOR EMISSION OF GREEN-YELLOW LIGHT SHIFTER

Fig. 2.44 Readout of the scintillator light with wavelength shifters.
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INORGANI C  CRYSTALS

V

EM

conduction band

electmnI

exciton
band — ™ \
: 3 VRS

activation PN N
centres 2 X 5 _r
(impurities) ;: £ g traps
scintillation =
(200-600nm)

;

l e O hole

valence band

CAL ORIMETERS

Warning, sometimes > 2 time
constants:

» fast recombination (ns-us) from
activation centers

» delayed recombination due to
trapping (nus-ms)

«full control of growth, doping and
impurities is imperative to optimize
light yield, transmission and decay
time



Scintillator i Densﬂy 4 Index of JeauGreng) pengme bl M
= , ! . of max.Em. Constant Pulse tes
composition g/cm3 ' refraction
il B su s (nm) (1s)
; NaI(TI) 367 1.9 410 0.25 2)
ol 451 1.8 310 0.01 3)
CsI(TI) 4.51 1.8 565 1.0 3)
3.19 14 435 0.9 50
190/220 0,0006 5
0B L 310 0.63 15
3 2.2 480 0.30 10
7.90 2.3 540 5.0 40
828 1 24 440 0.020 0.1
e 300 0.005
6.16 1.7 340 0.020 5
6.71 1.9 430 0.060 40
7 1.8 420 0.040 i)
YAP 5.50 1.9 370 0.030 70

1) Relative to Nal(Tl) in %; 2) Hygroscopic; 3) Water soluble




NEATRING  EXPTY \/
Liquefied noble gases: LAr, LXe, LKr DARK MAT7EL. = XPTS

de-excitation and
excited dissomatlon
molecule

excitation /\j\N\l\P

@ @?t“r:sgg 130nm (Ar)

atoms ::?gnm gér))

|on|zat|on @ @ @ nm (Xe
ionized

molecule recombination
@ .

Also here one finds 2 time constants: from a few ns to 1 us.



SCINTILILATING FIBRES

Large volume liquid or solid detectors (in form of tiles): underground'experiments, sam\JI' g-
calorimeters (HCAL in CMS or ATLAS, etc.), counters, light guides.

High precision, small volume active targets and fibre tracking (UA2, DO, CHORUS).

As an example, a scintillating plastic fibre working principle:

typ. 25 um

cladding
(PMMA)
n=1.49

core
polystyrene
n=1.59

typically <1 mm

——=0.51-c¢c05*9)=3%
4

Double cladding system

light transport by total i

internal reflection cladding
-‘ ,/(PMMA)

" n=1.49
25 um
0 core

polystyrene
=1.59
n, \ n
\ fluorinated

74 \ outer cladding
N, vn=1.42
25 um

n
n
1




CENTRAL TRAKER.

ALSO D@

=7

(=

TARG

Developed in RD7, they consist of bundles of hexagonal fibres

2.5 mm bundle size)

ACTIVE

(typ. 60 umigha.

regeres

oV VaVs

=== M =—————

Images of tracks from 5 GeV/c pions (1989)

Beautiful tracks with only 2.2% of X,and >20 hits, but...



PEAD OUT  USIWG

IMAGE  /NT7ENS/I=1££2C

Active target in WA84 (1989)

IMAGE INTENSIFIER

micro channel type
GLAS TAPER PROXIFIERS
\

magnificatiom 2

TARGET

SX10X200mm

fibre 80 m
multl IxXimm

0.77PMP

0kV +18kV

. IMAGE INTENSIFIER
=-30kV 0kV |=-30kV OkV 0kV +7kV
FIBRE PLATE INSULATOR IMAGE INTENSIFIER
magnification= 1.8
gain * 10



Photocathode Luminescent Screen

']'II

ANNNNEERNNNNERN .

g

NN

Proximity focus image intensifier PROXIFIER® (1. generation image intensifier)

Light impinges upon the photocathode through the input window of the image intensifier. Due to the
photoelectric effect, electrons are produced which escape from the photocathode with very little en-
ergy. By a high potential electrical acceleration field between photocathode and phosphor screen of
10 kV to 15 kV, the electrons are strongly accelerated and, at the same time, closely focused. They
strike the phosphor screen with high kinetic energy and stimulate fluorescence.

The fluorescent screen is covered on its upper side, which is turned facing the photocathode, with two
layers:



Scintillating tile readout via fibers and photom\ll}{;liers
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1 of 64 ind. wedges

Periodical arrangement of scintillator tiles (ATLAS TDR)
(3 mm thick) in a steel absorber structure




Photomultiplier Gain =(secondary emission factor, & )¢

7
Vd

Ec&cTRenNn~  MULTIPLICA TionN™ o=k
P S —
E ‘E number of stages
= ; E: m—
| I . —
—-— m—
— | —
() ‘i
Pue Te Cathode Anod 1 electron x 10’
e G ~10’ — 1mA

Photo Dynodes .
cathode 1 2 3 4 5 6 , 7 8 Anode
o Vol b
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! R Vs
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PM Sensitivity
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Table 8.1. Photocathode characteristics (from RTC catalog [8.3])

Cathode type

Composition

A at peak
response [nm]

Quantum efficiency
at peak

S1(C)

S4

S11 (A)
Super A
S13 (U)
$20 (T)
S20R

TU
Bialkali
Bialkali D
Bialkali DU
SB

Ag—0—-Cs
SbCs

SbCs

SbCs

S{:Cs
SbNa—KCs
SbNa—KCs
SbNa—KCs
SbRb—Cs
Sb—-K-Cs
Sb—K—-Cs
Cs—Te

800
400
440 -
440
440
420
550
420
420
400
400
235

0.36
16
17
22
17
20




Modern Photodetectors

* Micro-channel plates

 Multi-anode pm

* Hybrid pm N
- Visible light photon counters™ "} ="

Depletich
Region ¥ £
Zpm Substrate e

Mickel-chromium electrode
ocathode %

Ebins Z
Multi Anode PM
example: Hamamatsu R5900 series.
Up to 8x8 channels.
Size: 28x28 mm?, — electron —
Active area 18x18 mm? (41%). focusing 1 AV
Bialkali PC: Q.E. =20% at A, = electrodes ¢
400 nm. Gain = 108 — —
. [TTHTTTTTTTRTT
silicon

R.S. Orr 2009 TRIUMF Summer Institute sensor



Schematic structure of MCP

CHANNEL
DIAMETER: d

/{2/4 LHANNEL S

LENGTH: L
e}

> HICGH VoL7TRAGE

CHANNEL OUTPUT SIDE
ELECTRODE

INCIDENT

ELECTRON OUTPUT
ELECTRONS

INPUT SIDE

ELECTRODE

TMCPCOO002EF



Standard
OAR 60 % —

Funnel

j JUIN OAR 90 %

Cross-sectional view

A Shape of channel entrance (SEM image)



BNCP gain characteristics

GAIN
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107
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/L
3 STAGE MCP |/
)4
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/
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Principles of PIN Photodiodes

* As aphoton flux @ penetrates into a semiconductor, 1t will be
absorbed as 1t progresses through the material.

« If a(A) is the photon absorption coefficient at a wavelength A,

the p()we}‘ ](3]}(3] at a djyfnmr"'{) v intn the maotorvial 1c

=iz o
P(x) = P, exp(~0.) i g Lot
Photodiode utput
P i n {41
Hole Electron * o
Ao 2 e e =l
Absorbed photons P i e ©

trigger photocurrent
[, n the external

circultry """’\
P(w) —

Photocurrent o< B
Incident Light Power 0 :

Relative power level




Photogenerated
electron

Band gap E, p

|

Conduction band

| (T T T

Photon
hv,>/Eg = =
| Photogenerated
| hole
|=—Depletion region—| Valence band
fe = L.24 um Cut off wavelength depends on the

- E, ) E,(el) band gap energy



Avalanche Photodiode (APD)

APD has an internal gain obtained by having a high
electric field that energizes photo-generated electrons
and holes

—

I'hese electrons and holes 10onize bound electrons 1n
the valence band upon colliding with them

e

I'his mechanism 1s known as impact ionization

I

[he newly generated electrons and holes are also
accelerated by the high electric field and they gain
enough energy to cause further impact 1onization

This phenomena 1s called the avalanche eftect.
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VISIBLE AlGH7 PrHo7ON Coun 7612

Transparent Intrinsic Gain  Drift Spacer Contact Degenerate
Contact Layer Region Region Layer Layer Substrate

X <

Anti-
Reflection

(a) Coating

i :|_
< H«f— 39«( — > v

6000

:_é 5000
(b) = & 4000
ES 3000
2% 2000
- 1000

0 \—

Device Depth

FIGURE 2.2: Schematic of the VLPC’s (a) structure and (b) electric field profile.
Total layer thickness of the epitaxial layers is ~ 30 pms.

CAN DETECT SINGME PPOTONS
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Intrinsic | 2T e )
Region I (g 1.12 eV
g I /@—b 5 3 J
[ Ve
¢ As Impurity 74 N ESTRPRITELY >
e,/ 17 *~Band o ®

Incident Photon

Arsenic Doped
Gain Region

N

Conduction Band

Top
Contact

SN

/

Valence Band

----.-

FiGURE 2.3: VLPC device operation. 1. An incident photon is absorbed generating
an electron-hole pair. 2. The field in the device causes the hole to drift into the
gain region. 3. The hole triggers an impact 1onization event near the end of the
gain region or within the drift region, which knocks an impurity electron into the
conduction band. 4. The electron accelerates toward the front contact causing
additional impact ionization events and starting an avalanche. 5. As the avalanche
grows, D+ charges accumulate, which are slowly conducted away:.
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FIGURE 2.4: Pulse height distribution for the VLPC showing the size of the pulse
depending on the number of photons detected. Dashed lines represent the voltage
values at which thresholds would be set to determine photon number. Image repro-
duced with permission from [74].



Hybrid Photon Detectors ( HPD )

light quantum

photocathode

focusing -
electrodes ™

silicon
sensor ~—
+FE
electronics

N Combination of sensitivity of PMT with
ol el excellent spatial and energy resolution of
suicon =
G silicon sensor

sensor

U:.=20kV — G ~ 5000

small compared
Gain is achieved in a single dissipative step ! Og =W G to o

electronics




Main advantages of HPD technology

_ - 10-inch TOM HPD (U = -25 kV)
Excellent signal definition

Allows for photon counting

Free choice of segmentation (50 um - 10 mm)
Uniform sensitivity and gain

no dead zones between pixels

CMS HCAL
19-pixel HPD
(DEP, NL)

Drawbacks pulse height (ADC counts)

 Rel. low gain (3000 - 8000) — low noise electronics required
» Expressed sensitivity to magnetic fields




electron optics

The 5-inch Pad HPD

(originally developed for LHCb RICH)

Bialkali
photocathode

glas body

Ceramic with

2 signal layers
Si Sensor

2048 pads
(1x1 mm?2)

16 VA2/3 chips
(Ideas Norway)

Wire bonds

S| sensor Indium joint

Front end electronics




B

10 12 14 16 18

“ALICE” mode

All pixels individually read

WEX

0

2 24 6 28 N 32

Online event display:

PS T9 - air radiator - 10 GeV/c
Double rings of e and

First performance estimates meet

all specifications, except det.
efficiency g4 ~ 0.87 (prel.)




Multi Anode Photo Multiplier Tubes

_ Principle
L 2 % 2.3mm

= -

E%E%EED » Stacks of micro machined perforated metal
%E%E% Multi-Anode Array sheets act as independen't dynode channels.
EERS D « Independent anodes receive avalanches.

O]
2.3111111 == QQE

L UV Glass Window ]SS ues

~ Photocathode

L] 1000V Active area coverage
* Gain uniformity

Cross talk

ii:'l(l)yn(_)dc Chain sl e .
Sensitivity to magnetic fields
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A SRS EE S EE SR
dSESEES RSN E S
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Limitations

64-Channel MaFMT: « Number of independent channels (~100)
Hamamatsu R7600-03-M64 - X
» Pixel size (~mm)




What is the real active area ?
Principle of metal channel dynodes

Photocatode

- «—— Focusing electrodes

- f ynodes
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Example: Hamamatsu R7600-M64
64 cells of 2.3 mm [J

A. Duane et al. LHCb 98-039
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