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Astronomical Instrumentation

and Data Analysis
Detectors for Astroparticle Physics

=(charged) Cosmic Rays
-Gamma Rays
=Neutrinos

=Dark Matter
=Gravitational Waves
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Radio Emission in Air Showers

«w» Mainly: Charge

separation in
geomagnetic field
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Radio detection of extensive air showers
~around the world
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Fig. 21. Map of the total geomagnetic field strengths (world magneric model [207]) and the location of various radio experiments detecting cosmic-ray
air showers.
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LOPES
Lofar Prototype Station
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Figure 3.5: Schematic view of the LBA. The pillar is shown in the middle with the LNA
on top of it. The dipole wires are located to the right and left of the LBA.
Figure taken from [62].
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Figure 3.6: Simplified equivalent circuit of the LBA together with the electronics. The
LNA works as an operational amplifier.
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BBOC 9217 - transmit-
ting antenna

Amplifier
60 m Figure 5.1: Left: Biconical antenna used for the calibration measurements. Right: Oc-
12 V DC tocopter with the transmitting antenna mounted below.
Calibration Loop
/... of Network Ana-
LBA - receiving lyser
antenna Calibration of the LOFAR Antennas
by
Maria Krause
Bias Tee
24 m 6 V DC A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science
in
Physics and Astronomy
Vector Network Analyser at

Figure 5.3: Set-up to measure the horizontal gain. The grey half circle denotes the path

of the transmitting antenna. The angle 6 highlights the zenith angle of the %4% &
transmitting antenna with respect to the LBA. The black dashed-dotted -
line indicates the cable connection between the LBA and the amplifier used fadboud University Nijmesen
for the calibration of the network analyser. Modified figure from [41]. July 2013
R —— —
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Figure 5.14: Comparison of the simulated gain as a function of frequency for different
resistors and a fixed capacitor.
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Figure 5.15: Comparison of the simulated gain as a function of frequency for different
capacitors and a fixed resistor.

006
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Figure 5.12: Measurements of the horizontal gain of the outer LBA as a function of
zenith angle for different frequencies. The error bars indicate the sys-
tematic uncertainty caused by the frequency analyser and the biconical
antenna. The statistical errors are small compared to the systematic ones.
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LORA
LOFAR Radboud Array

Superterp: &
1 * diameter ~ 300 m -

scintillator detectors * 20 LORA detectors
- & - = I 6 LBA stations e

(= 6 X 48 antennas)

M- more LBA stations
around superterp

trigger: 13 of 20
‘ detectors R o —
T . offline analysis :
§- . 1P Schellart et al., A&A 560, 98 (2013)

pulse maximum Signal

— Envelope

Amplitude (ADU)

ok

1.0
Time (us)

Selection this analysis:
o 4+ LBA stations

nk Joérg R. Hérandel, Astronomical Instrumentation 2020/21 11




R
| d:'« 3
Auger Engineering Radio Array

~150 antennas
~17 km2
30-80 MHz.
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AERA

Auger Engineering Radio Array

AUGER
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AERA

Auger Engineering Radio Array
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AERA basic idea

data taking:
geomagnetic -trigger through SD (CDAS),
radio self trigger, int. scint. trigger
all AERA data are combined in DAQ at Co

{ 't:’..
-
W field
/ e

air shower 7§

two antenna types:
- LPDA
- butterfly

AUGER

OBSERVATORY

autarcic system: — _
- solar power measure electric fields in

- battery buffer NS and EW directions

- GPS -> time two digitizer types:
- wireless comms - ring buffer + external trigger (SD) (Ger)

(fiber in 1st phase)

- ¢ Uy v I s
Jorg R. Hérandel, Astronomical Instrumentation 2020/21 15
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Calibration

©2008VF www.Vadlo.com

Data don't make any sense, we will have to resort to statistics.

Jorg R. Hérandel, Astronomical Instrumentation 2020/21 19



s &
LOFAR LBA Calibration &
measured signal _
W recorded in ADC voltage received 7N
counts (pm) at the antenna (Pe) |

2 independent methods

Nelles, A. et al. 2015,Journal of - ;e:e:ezce SOU:CG;
Instrumentation, 10, P11005 R Bt
— Jalaxy
1. Reference Source A; > T Pexpected (V)
+ Angular response = TR AN g P neasured (V)
- Relies on conflicting manufacturer S 06
data sheets s
= Not easily repeatable 0.4 .
2. Galactic Emission E= S 02
- Average over whole sky 30 40 50 60 70 80
*+ Can be done anytime frequency (MHz)
= Large error bars due to
electronic noise 3

K. M“lrey, ARENA 2018 Joérg R. Hérandel, Astronomical Instrumentation 2020/21 20



Galactic Calibration &

10° 7 e Galaxy noise is primary external
source of noise in LBA frequency
10 LOFAR range
SRR
107 | : : :
< & galaxy Galaxy noise + electronic noise
g "= Man made (rural) = recorded signal
c -~ Atmospheric (day)
%1 -2 Atmospheric (night)
o © Total noise (day) « Lfmap software provides frequency
< ‘ | dependent galactic noise
@ |h\ temperature
© ‘
=10 .
qg)_ \ ‘ Tsky(l/: ., (5) — TCMB + TIso(V) + Tgal(l/a «, 5)
10?1 ;- | _
\
101 | 5.5
- 5.0 z
1 10 100 1000 10000 &
frequency (MHz) 3
(@)
O

Cz (1/) — PSky+eleC.noise (1/)

P measured (1/ ) E. Polisensky, LFmap: A Low Frequency Sky Map Generating Program. ,
Long Wavelength Array (LWA) Memo Series 111 (2007).
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Simulating Galaxy Noise

W)
S

Visible galaxy at 00.00,6:00,12:00,18:00 Local Sidereal Time

Average antenna response at 55 MHz

pol 0

K. Mulrey, ARENA 2018

2kp H(v,0,¢)|?Zo B
P) = 2XB 2 [p o, g 5B 00720 40 g,
2 y ¥, 05 ¢
C , 27,
g == = sim O pol
E . - = sim 1 pol. /7 \\
(;) 0.5 \\ \
: \
0.0
§ FSS
"©-0.5 N
5 R\
0 S\
w —1.0 \
c \
g—l.s \
& Nz
pol 1 =0 5 10 15 20 4
LST (h)
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N
LOFAR Signal Chain &

active antenna

receiver unit

amplification
.+.

ADC

coax cable

TBB
data

Gant I-coax GRCU c

T T coax T T

LNA RCU ADC

G L y GRCU —% Freq. Dependent losses and gains

ant > " coax

T T T T —® Constant noise values
LNA’ "coax’ RcCU’ " ADC

K. Mulrey, ARENA 2018



LOFAR Signal Chain &

gain

frequency

K. Mulrey, ARENA 2018

(Pskyo/, £) + TLNA) Gann (1) A (1)

Antenna gain, simulated with
Ga,nt (V>

coax

WIPL-D software, with known
misaligned resonance frequency

correction to antenna model

TBB

Gro> ()

RCU ADC
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LOFAR Signal Chain

Cable atten. (dB)

Frequency (MHz)

G
(F). ant

T T

LNA coax

K. Mulrey, ARENA 2018

1 1 1 1 1 1 1 1
40 100 130 160 190 220 250 280

\
S

(Psky (I/, t) + TLNA) Gant (V)A(V)Lcoaﬂx(’/)

| PP (,/) Cable attenuation

coax

(50m, 80m ,115m)

Teoax << Trna, Trcu, TaDpC
(not included in model)

TBB

GRCU Q

RCU ADC
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O\
LOFAR Signal Chain &

E ©

m TRrRcU  Noise from amplification in RCU
't% 40 GRrcu (V) RCU passband filter

_Q —60

@ S scale factor between

i voltage and ADC units

é:z: v TADC time jitter noise from digitization

25freir)ui)uency(MHz) .

( (Psky(l/f t) + TLNA) Ga.nt (V)A(V)Lcoa.x(l/) + TRCU) GRCU (V)S + TADC — Psim(l/a t)

TBB

G ant Lcoax GRCU Q

T T oa T T

LNA RCU ADC 10

K. Mulrey, ARENA 2018 2



RCU

passband (dBm)

o
1

|
N
o

|
N
o

|
[o)]
o

|
@
o

|
=
o
o

—-120
0

5 50 75
frequency(

MHz)

150

LOFAR Signal Chain &

30 40 50 60 70 80

(

(Psk)'(l/- t) + TLNA) Ga.nt(l/)A(l/)Lcoax(l/) -1- TRCU) GRCU(V)S -+ TADC — Psim(l/, t)

K. Mulrey, ARENA 2018

LNA

ant

coax

coax

TBB

Grcy>(H)

T T

RCU ADC 10
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Fitting for Electronic Noise &

((Psky(ya t) + TLNA )Gant(V)A(V)Lcoax(V) + TRCU GR,CU(V,)S + TADC — Psim(l/a t)

7

known, frequency dependent
quantity
unknown, constant quantity

10] ™= = sim O pol.
== = sim 1 pol.
-~ data 0 pol.
data 1 pol.

Fitted noise values at ADC

variation of received power (dB)

—1.0 1
10° 5
-1.5 .
X~ —
-2.0 .' (&)
0 5 1-0 . 15 20 Q
local sidereal time (h) s 10-1 -
> 3
X2 _ E ' (P(V7t)data o P(l/7t)sim) 8_
Q
U(Va t)da,ta, g 10-2 4
2
All noise contributions are
* required to fit simulation to data o
at all frequencies 30 40 50 60 70 80

Frequency (MHz) 1
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Calibration Results &

C2 (V) = A(V)Lcoa,x(V)GRCU (I/)S

g le=5
- = Reference Source 1 Uncertainty Percentage
77 L I;:Tae)r;nce source 2 j event-to-event fluctuation 4
i galaxy model 12
electronic noise < 77 MHz 5-6
electronic noise > 77 MHz 10-20
total < 77 MHz 14

104 ™= = sim O pol.
== = sim 1 pol.
<% data 0 pol.
data 1 pol.

30 40 50 60 70 80
frequency (MHz)

» Galaxy model now limits systematic
uncertainties

variation of received power (dB)

 Uncertainties from electronic noise are | | | |
found by comparing resulting calibration ’ " local sidereal time (h)

constants for different antennas
12
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Comparison to CoREAS

norm. |fft|?
(arb. scale)

=
o
(=]

30

40

50

60

frequency (MHz)

80

160.0 -

140.0 -

120.0 -

100.0 -

80.0 -

60.0

40.0 -

20.0 -

0.0 -
-0.08

-0.06

-0.04

-0.02

0.0

0.02

0.04

sim
gal
ref. source 1
ref. source 2

0.06 0.08

(slope 30-58 MHz)-(slope 62-78 MHz)

K. Mulrey, ARENA 2018

For ~20 strong events (x 3 stations x 48 antennas),
compare slope on either side of resonance

frequency

0.02 A

0.01 A

0.00 A

—0.01 -

—0.02 +

slope 62-78 MHz

—0.03 -

-0.04 4

—0.05 +

.
.
.
.
.
.

.68
i
SN .68
A
//((7 I
|\,
ref. 1
ref. 2

~0.03 —0.02 —-0.01
slope 30-58 MHz

0.00

13
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Auger Engineering Radio Array

AUGER

OBLEAVATCRY

Use beacon broadcasting ™'

at 4 different frequencies

to measure relative time = |

shifts

relative time difference [ns]
o

Timing calibration

-100 |

station 131 vs. 45 - no correction

the GPS clocks drift against each other:
-> relative timing accuracy only ~ 30 ns

-3 -2 -1 0 1 2 3 4

event time [days since 8 Aug 2014, 00:00 UTC]

ADS-B  wr AERA @

180

* 180

21:20

21:19

21:18

21:16

21:15

number of stations

30 I l l l
butterfly:
1 u=0.154ns
251 c=1.19%ns [
LPDA:
20 L 1 n=066611ns ||
o = 2.538ns

A. Aab et al., JINST 11 (2016) no.01, P01018

0
-20 O 20 40 60 80

mean y of the time correction values
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Scintillation detectors are frequently used
to detect charged particles

charged particles deposit energy in a material through

ionization losses

-—
"

sl
'!.

2
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\ Light Guide

Dcfcqfur Station

e

= o

-~

Pressura Balance
~ Vessel (Ar filling)

e/gommo-Detectors
. Liquid Scintillator
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(0em) -
.
Iren Absorber _
(4 cm) Tt i — i
. L J - . - 4 L] -o .
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lonization loss

charged particles traveling through matter lose energy on excitation
and ionization of its atoms

energy loss per unit of column depth [MeV per g/cm?]
Bethe-Bloch equation

dE NaZ 27 (ze?)? _1 2Muv2y* W 252_
- = N
dx A Mv: | I? ]
I average ionization potential
W maximum energy loss _.¢ [ MY ] .
AK J(Cwl j
AE
X
_dE) L ]
AR [wa'en Jlew? ‘ <
(37"2"/‘4 S
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the ionization loss is proportional to a constant L that includes the
charge and atomic number fo the medium

W NAZ [ 2 \° 27
L= A2 0 ) 02 —0.0765 ([ 22 ) Mevi(g cm?)
A mc? A

for dense media: reduction of logarithmic rise (density effect)

dFE 72
i O (B+40.69+2Invy3 +In W — 26% — §) MeV/(g cm?)
XL
2
mc E
B =1In (T) W =~ E element l, eV L B C
hydrogen 21.8 152 21.07 -9.50
helium 44.0 77 19.39 -2.13
0 =2In Y 6 C carbon 77.8 77 1825 -3.22
C correction factor (Sternheimer) 2:;:2‘:‘“ 91002 Z :;:; 1322
iron 286 72 15.32 -4.62
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Figure 27.2: Mean energy loss rate in liquid (bubble chamber) hydrogen,
gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative effects,

relevant for muons and pions, are not included. These become significant for
muons in iron for By & 1000, and at lower momenta for muons in higher-Z

absorbers. See Fig. 27.21.



Scintillation Detectors

Particle Detection via Luminescence

—
-
e
S —

-
-~
! -
— ‘
..
— -
= e .

Photokathode \ Anode

Gehduse / Abschirmung



Scintillators — General Characteristics

Principle:

dE/dx converted into visible light

Detection via photosensor
le.g. photomultiplier, human eye ...]

Main Features:

Sensitivity to energy
Fast time response
Pulse shape discrimination

Plastic Scintillator |
BC412

Requirements

High efficiency for conversion of exciting energy to fluorescent radiation
Transparency to its fluorescent radiation to allow transmission of light
Emission of light in a spectral range detectable for photosensors
Short decay time to allow fast response

Jorg R. Hérandel, Astronomical Instrumentation 2020/21 38



Inorganic Crystals

conduction band

Materials: 2 —
Sodium iodide (Nal) N N
Cesium iodide (Csl) v | ‘VV
Barium fluoride (BaF2) ~ impurities > 2 VV traps
[activation centers] § _%
/(‘__("\ i% §
' \4 \/ €))
Mechanism: y o \
intillati " " p
Energy deposition by ionization luminescence Y—e«—O hole
Energy transfer to impurities valence band

Radiation of scintillation photons Energy bands in

impurity activated crystal

Time COﬂS‘taﬂtS: showing excitation, luminescence,
quenching and trapping

Fast: recombination from activation centers [ns ... YS]
Slow: recombination due to trapping [ms ... S]
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Inorganic Crystals

Example CMS

Electromagnetic Calorimeter

One of the last
CMS end-cap crystals
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Inorganic Crystals — Time Constants

2 Exponential decay of scintillation
g can be resolved into two components ...
-
L
) Fast —t/T —t/’r
—! \\ Component N = A@ 7 -+ B@ °
S ” 7¢ : decay constant of fast component
<\ Ts . decay constant of slow component
N\
\
\
~ N\
e ~
I N
-~
Slow
Component

Jorg R. Horandel, Astronomical Instrumentation 2020/21 41



Inorganic Crystals — Light Output

— 5
Scintillation Spectrum 2 —— Nal(T)
for Nal and Csl 2 4 — CslNay
- — Gsl(TI)
o
£ 3 4
2 -
" : - s 14 \
100k Nal(Tl)
c 400 600 800
;é 80k Wavelength [nm]
x Csl(Na)
3
Q
5 60t
2 ]
5
i LOF csi(TI) 8GO Strong
= Temperature Dependence
< 20 5 B B : 1 .| [in contrast to organic scintillators]
100 -60 -20 0 20 60 100 140

Crystal temperature -degrees centigrade
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Scintillation in Liguid Nobel Gases

Decay time constants:

02 ps, T2 =3 us

De-excitation and

\/_J\[_fl‘;r 130 nm

Materials:
i Argon T <.02 ps
Liquid Argon (LAr)
Liquid Xenon (LXe)
Excited dissociation
molecules
Excnahon
> (&

Collision

@ \ [with other gas atoms]

LKr : 150 nm
L Xe : 175 nm

> () —
lonization

lonized

molecules / Recombination

o
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Inorganic Scintillators — Properties

Numerical examples:

NaI(FI) Amax = 410 nm; hv = 3 eV
photons/MeV = 40000

T=250ns

PBWO4 Amax = 420 NI, hv =3 eV
photons/MeV = 200

T=0nS

Scintillator quality:
Light yield — &s¢ = fraction of energy loss going into photons

e.g. Nal(Tl) : 40000 photons; 3 eV/photon > &sc =4-10%-3 eV/10° eV = 11.3%
PBWOs: 200 photons; 3 eV/photon > & =2-102-3 eV/10° eV = 0.06%
[for 1 MeV particle]
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Organic Scintillators

| Naphtalene
Aromatic hydrocarbon
compounds:
e.g. Naphtalene [CioHg] Antracene

Antracene [Ci4H1q]
Stilbene [CiaH12]

Very faSt! Scintillation is based on electrons
[Decay times of O(ns)] of the C=C bond ...

T bond

Scintillation light arises from
delocalized electrons In rt-orbitals ... >

Transitions of 'free' electrons ...
Two

Pz orbitals
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Organic Scintillators

: - Absorption
Molecular states: L Rsomton e I
= - — ;> —[ R IS — T
Singlet states = S S— o

internal —r
degradation e — ]

.
(|
| |
L]

Triplet states

|
|

——— | |
|

e
-luorescence In To
UV range 05 - |

_ o i e triplet states

~ 320 nm] Sp m——

singlet states

w» usage of

wavelength shifters Fluorescence . S1 > S0 [< 108 ]

Phosphorescence : To > So[>10%s]
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Organic Scintillators

Transparency requires:

Emission

Shift of absorption
and emission spectra ...

Shift due to

d\/——\\\—_iti\:—{‘f ﬂted State

Franck-Condon Principle

Excitation into higher vibrational states

De-excitation from lowest vibrational state Ground State

& > - b TN G
N?® . /
P = 2= 5

T 4

Excitation time scale : 10 s
Vibrational time scale : 1072 s /.

Y . 8 ~ | = Vibrational
S1 lifetime . 10°s | -+ 2 States

y.  Nuclear
» distance
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Plastic and Liquid Scintillators

In practice use ...

solution of organic scintillators

[solved in plastic or liquid]

+ large concentration of primary fluor

+ smaller concentration of secondary fluor
+ ...

&S
. . ’.. % s > 2 'Tf'. ; .35‘ Bl g
Solvable in base material B, s e s ettt W

SR D 22 aas .
> M € -~ &l

-

\

BN
v

Scintillator requirements:

o

- - v
“‘ho..b p
»

_____
= A A R = TE S S e
’ y y > - I c < & & &8 A

High fluorescence vyield CEEERR -2 s

- -
‘‘‘‘‘‘‘‘‘‘

Absorption spectrum must overlap Ok, FHEERERET - - g aan
with emission spectrum of base material A S B S S ST H D

LSND experiment
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Plastic and Liquid Scintillators

A N Primary fluorescent 3
Energy deposit in base - Good light yield ...
material > excitation - Absorption spectrum

matched to excited

states in base ]:?econdan; C

material ... uorescen
Soven Wave length
Ay shifter

Secondary

Excitations ApTA

Soa |
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Wavelength Shifting

Principle:
Absorption of
orimary scintillation light

Re-emission at
onger wavelength

Adapts light to spectral
sensitivity of photosensor

Requirement:

Good transparency
for emitted light

emissions

absorptions

Polystyrene

Schematics of
wavelength shifting principle

Primary  Secondary
R B

fluor l fluor Final fluor

} 1\1 i i Il J_1/1 i It
T T L | L |¢v T lll T T T | /l T T
' 1
' 1Y
: LY
' X .
, ¥ .
. / \
f {

200

300 400 500
wavelength (nm)

600
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Organic Scintillators — Properties

Light yield: o » -
[without quenching] pg * e
| S E ’ J—-E"
5 200 »a -
dL ’ dE g5 / ool sty
—_— 0—— € 00 /} 3 W a PARTICLES ——
dx dx é}\' - A G5 [ProTols
3 /s
5 (_’w
m n
Quenching: L‘ . vjfl&a&m a ENERGY eV
non-linear response due to _ | | Proron enemer wev (° % '
saturation of available states ) | !
| 20— ELECTRON ENERGY MeV |
ol Fos 0\ obs odz 0B 00bS, \ |
: | . 000 2 5 o 2 5 O« 2 8 0 2 3 0 |
Birk's law: O g
dL dE — =
— _ dx
ar 0 1+ BB Also other
x T RD 5 parameterizations ...

[kB needs to be determined experimentally] for diﬁsrgﬁ?ggi?c?ﬂeyﬁg
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Scintillation Counters — Setup

Scintillator light to be
guided to photosensor

> Light guide
[Plexiglas; optical fibers]

Light transfer by
total internal reflection

[maybe combined with wavelength shifting]

Liouville's Theorem:

Complete light transfer

Impossible as Ax AB = const.
[limits acceptance angle]

Use adiabatic light guide
like 'fish tail’;

> appreciable energy loss

Scintillator

PMT

Light guide
Light guide
PM
—
1 —
o TT—— =
fish tail’
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Photon Detection

Purpose : Convert light into a detectable electronic signal
Principle : Use photo-electric effect to convert photons to
photo-electrons (p.e.)

Requirement :

High Photon Detection Efficiency (PDE) or
Quantum Efficiency; Q.E. = Np.e./Nphotons

Avallable devices [Examples:

Photomultipliers pmT] HybridPhoto Diodes [HPD]
Micro Channel Plates [mcp] Visible Light Photon Counters [vLPC]
Photo Diodes [pD] Silicon Photomultipliers [siPm
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Photomultipliers — Dynode Chain

"\ 5 Dynodes
Electron —
R R R R R

_*_ | * I * * _I_._ ........... *

Us Voltage divider =
Multiplication process: ical: =2 -

P P Typical: © =2 10] G = S = 106 108

Electrons accelerated toward dynode n=8-15

Further electrons produced > avalanche

Secondary emission coefficient: Gain fluctuation:  © = kUp; G = ao(kUp)"

O = #(e~ produced)/#(e~ incoming) dG/G = ndUp/Up = ndUs/Us
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Photomultipliers — Dynode Chain

P - d - 4o o4

an [f e
el LLLLLL_U b
Optimization of NAA

————v "

A*‘

CWTTTrT

PMT gain =
Anode isolation

Cathode Anodo

. . Boxand [~ » ~ o~ N B
Linearity o [ NARCh, L E
Transit time -J.f = Lo ) =
B-field dependence Linear f{———"5"" Y
focused |’ 1 ‘f: —
] \ :
) - A oo =
PM’s are in general 7 B S \V

very sensitive to B-fields ! SO

. Gireular /22 5% S\
Even to earth field (30-60 pT). bl ZAPN
' ' . I | N & . u.",’. .-I
u-metal shielding required. %A Qv 21 e
L\ ¢ w” o\ \\e./’ 7
\ ‘."~ l\: h“ -c‘;".‘l.".'-::“.&" .";"‘.."-.
- \‘;.q__-:"\_;(/‘ )/, Photocathode
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el " .
4 i ":L'."': '
4 -". .'. p
e
-
&%
-
e
R
o
e ‘

PP
s n

Super-Kamiokande neutrino observatory (Japan)
1 km underground

cylindrical stainless steel tank with 41.4 m height and 39.3 m diameter
11146 PMTs with 50 cm diameter
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Photomultipliers — Photocathode

Y-CONversion
via photo effect ...

Photon

entrance window

photo
cathode

¥ Electron

4-step process:

Electron generation via ionization
Propagation through cathode
Escape of electron into vacuum

Q.E. = 10-30%

[need specifically developed alloys]

Bialkali: SbRbCs; SbK2Cs

Quantum Efficiency % Q.E. %
' [ V 1 | :]OO I_ _~:_ : _:._4,_” —S:ZO—]
28 ' * + v -+ ' ‘ c ¢ > : : A : -—4M0dlfl8d
("‘ JO:- ‘ N o -.._“-‘ S-20 l
¥ el A 27 TN AN A Extended
i | ‘/, : - o | p Vg S—Z'O_
24 - ' - .-<1_4_.
'
, ‘ . o 4
/ ’ g =1 n—t—t=
—p Iy IN_ S O —t—
LTI\ 7 i AL
: (§ A‘ f‘ (I ‘ - . I-—-—- —t
Wt - -S—1]
= I \-", i + ) ",'S.- 1.‘
4 l. , . - I—f D) U | ﬁ
| V-7 S—11,
16—--i | St Do HOR ; 1 i&X \
i ; ' : 800 900
B R T Y | A SE
Bialkali (K-Cs)
Il B —
- - | '
S—-10 ]
gt | i . i
‘-s\ | | |
| \‘s .:’1._...__, =y | G R S
- ' Extended S—-20
- —+—- - 4 Y [ 4 | ]
—— All window materials |
~=4==--"Fused silica windows t+—— 1~ 1~
: | ! l !
v O Y. N R ) S N (N

100 200 300 400

| 4NN d| .
500 600 700 800
Wavelength nm
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Photomultipliers — Energy

Energy resolution influenced by:

Linearity of PMT: at high dynode current

Resolution

possibly saturation

by space charge effects; Ia « ny for 3 orders of magnitude possible ...

light collection

Photoelectron statistics: given by poisson statistics.

n —MN
Neg € 7°  with ne given

by dE/dX ...

Pn(ne) = ol

on/{n) =1/1/ne
Secondary electron fluctuations:

" e 0 7]

n!

Pn(6) =

on/(n) =1/V35

I

with dynode gain 9;
and with N dynodes ...

efficiency
_ dE  Photons
Ne = — X xn X Q.E.
= T X TMey <1*Q
For Nal(Tl) and 10 MeV photon;
photons/MeV = 40000;
| n=02;QE =025 ne = 20000
on/(n) = 0.7%

On/<n> dominated by
first dynode stage ...

... Important for
single photon detection
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