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Scintillation Detectors

AA scintillation detector is a device that detects the light
produced by the deposition of energy via dE/dx in a
scintillator. It consists of two basic elements:

AScintillator (produces the light)
APhotodetector (detects the light)

ACan also include other elements such as additional
absorbers which absorb part of the energy lost by a
particle, light collectors and readout electronics.
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Scintillation Detectors

Incident particle can also interact directl
the photodetector to creditgairs

Scintillatiogd
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o Note: QE for direct conversion can be >
Scintillator Photodetector E.,=3.62eVinSi

High energy particles deposit energy in the scintillator and produces scintillation

I\lscint: L:i'n* econ
Scintillation photons are collected and detected in the photodetegbibioprethatings

Npe: cint* ecol* QE
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Basic Types dbcintillators

A scintillator is a material that transforms energy loss due to ionidBfttb) (nto light

Organic Scintillators Inorganic Scintillators Noble Liguids Scintillators
A Plastics, liquids, organic crystalsA Crystals A LArLKrLXe
A Low density (~ 1 glcrm A Can high density (> 8 §/cm A Requires working at cryogenic
A Low Z A Typical have high Z temperatures
A Requires interspersing high Z A Leads to homogeneous detectdhsModerate density and Z
absorber material to achieve high with very good energy resolution A (~ 1.43.0 g/cf)
stopping power for high ergrgy A Requires good light collection A Scintillation in UV or VUV
A n detection by,f) interactions A Poor n detection efficiency A Light yield 50,00@/MeV
A Up to 10,0a9MeV A Up to 50,0a¢MeV A Produce ionization plus scintilla
A ns decay times A ns tomsealecay times
A Relatively inexpensive A Expensive

A Moderately rad hard (kG@yn A Fairly radiation hard (~K®#)
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Organic Scintillators
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Plastic Scintillators

©) € Ionization excitation of base plastic

@ C) d g © lOSmM Forster energy transfer

base plastic

v —seo

primary fluor

00 Compton scatter OV 540 o (F1%wt/wt)
A Charged particles produce ionization which causes excii 107*m v

In the medium
A Gammas interact and produce electrons which cause iol

absorb UV photon secondary fluor

q _ (~0.05% wt/wt )
c emit blue, ~400 nm

.
g absorb blue photon
APrimary ionization causes excitation of molecules in the basc piasuc

photodetector

Review of Particle Physics
G, Vol 37, No 7A (2010)

ADeexcitation of the base plastic produces scintillation photons in the short wavaTafigth
UV (~ 300 nm), which are absorbed by affuamargnergy is transferred directly
from the base to thenn a very short distance.

APrimarfluoremits at a longer wavelength (~ 340 nm), which is absorbed by a
secondarfjuorthat emits in the visible (~ 400 nm)

AEach process involves losses due to the efficiency of energy transfer at each step,
resulting in an overall light yield of ~ 1 photon per 100 eV of energy deposit
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Wavelength Shifters

Wavelength shifters absorb light at a short wavelenghitzatcBréonger wavelength.
Change in wavelength between absorpticaraisdion is called 8tekes Shift

Wavelength shifting can take place in the base plastic scintillator, or can be
applied to the light produced by the scintillator using other materials such as
wavelength shifting bars or fibers

Wavelength shifting can accomplish several goals:
1. Improve light propagation in the material
I Attenuation length of most base materials is much longer at longer wavelengths
2. Redirect the light for better light collection
3. Provide a better wavelength match to the photodetector

These features come at some cost:
1. Efficiency of wavelength shifting may be low
2. Primary light must be collected by the wavelength shifter
3. Decay time of wavelength shifter may be slower than primary emitter
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Wavelength Shifters
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Commonly Used Plastic Scintillators

Scintillator  Light output  Decay time Wavelength of  Attenuation Application

(% Anthracene) (ns) emission max  length (cm)
(nm)

BC 400 65 2.4 423 250 General

purpose
BC 404 68 1.8 408 120 Fast counting
BC 408 64 2.1 425 380 Large area
BC 412 60 3.3 434 400 Large area
BC 418 67 1.4 391 100 Ultrafast timing
BC 428 50 12.0 490 330 Green emitting

Review of Particle Physics
Bicron/SaintGobain Journal of Physics G, Vol 37, No 7A (2010)

Light output of Anthracene ~ 4gN6V (similar ka)
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CrystalScintillators

Primary ionization excites an electron from the valence band to the conduction L
leaving a hole in the valence band

Electrons in the conduction band form loosely bound states with holes Ey
e in the valence bagexditon¥ which move freely througlatiee Neh = BE
which are eventually captured on traps of activator sites gap
E,= incident gamma ray energy
b = efficiency factor fér gair formatiam~ 24)

e

€
e

Defects can produce unwanted traps in the forbidden gap

Howevegctivatorsuch a3 landCecan create energy levels
in the forbidden gap that can produce luminescence

Conduction band © -

— |_—-g
e

E, traps

Exciton

— — J

._1

Valence band
h

" ——— 9 Nohotor= Nen € A

h Core band .
- Cross Luminescence " .
S = Transfer efficiency to luminescence cen

Q = Luminescence efficiency

HE photon interaction
|
|

h CoreValence Transition

CONVERSION TRANSPORT — LUMINESCENCE Note: Activator determines wavelength and
decay time of emission
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Commonly Used Crystaintilators

b

Parameter: p MP Xj M dE/dz AT Tgecay Amax n°  Relative Hygro- d(LY)/dT
Units: g/ecm® °C cm om MeViem cm ns T output’ scopic? %/° ct
Nal(T1) 3.67 651 259 4.13 4.8 42,9 230 410 85 100 ves —0.2
BGO 7.13 1050 1.12 2.23 9.0 22.8 300 480  2.15 21 no —-0.9
Bal's 4.80 1280 2.03 3.10 6.5 30.7 630° 300° 1.50 36° no —1.3°
0.97 220 3.41 ~0f
CsI(TT) 4.51 621 1.86 3.57 5.6 39.3 1300 560 1.79 165 slight 0.3
Csl(pure) 4.51 621 1.86 3.57 5.6 39.3 35%  420°  1.95 3.6° slight —1.3
6/ 3107 1.1/
PbWO, 83 1123 0.89 200 10.1 20.7 30° 425° 220 0.083° no —2.7
10/ 4207 0.297
LSO(Ce) 7.40 2050 1.14 2.07 9.6 20.9 40 402 1.82 83 no —0.2
LaBrs(Ce) 5.20 788 1.88 2.85 6.9 30.4 20 356 1.9 130 ves 0.2

Light output of Nal(TIl) ~ 4@Q0&V

C.Woody, GRIDS Summer School, 6-17-19
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Decay Time (ns)
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Crystal Scintillators

- ——— . u-‘q’-: o

Csi(Na)  CslI(T) LaBr,(Ce)

S\ [ FoS— | T = . ' = 4§/
PWO LSO LYSO BGO CeF, LaCl;(Ce)

R.ZhulEEE Tranklucl Sci., Vol 55, No. 4 (2008)-2425%

Crystal scintillators with ~(}2¥ofume
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Energy Resolution in Scintillators
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BE gap

S = Intrinsic Notniformity
S p = NorRProportionality
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Scintillator Not#Proportionality

Plastic scintillators do not respond linearly to ionization density
Saturation effects occur due to guenching and recombination

dEdx ~ 2 MeV/cm for minimum ionizing particles

Semempericdbrmula:

BIrkS LaW m‘; ELECTRON /////// ] I‘
dL dE / dx A
= LO E Elo’—- //}, PROTON
dx 1+ k,dE / dx i |

TWO PARAMETER —
} DATA POINTS 1

ke= Birksé con =
determined by measurem . TN

G.Knoll, Radiation Detection and
Measurement
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NonProportionality in Crystals
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Probability

Pulse Shape Discrimination

NonProportionality in Organic Scintillators can be used for Pulse Shape Discrimir

Tall/Total Ratio providgseparation

EJ309 Liquid Scintillator o
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CTR FWHM [ps]

Fast Timing with Scintillators

Factors Affecting Time Resolution

511keV/ crystal . SiPM _read?ut ele.ctronics A Eluctuations in DOI
gamma — PDE —| Signal plle_-up A Scintillation mechanitp,§
— SPTR | | Electr. noise A Light transport
NNN  SPAD signal Bandwidth limitation] A  Photodetection efficiency
— —| Leading edge A Signal processing electronics (SN
At
PET EP
511keV k-th photon= t+ 1:Scir'ltillation(k) + 1:photon travel(k) + 1:SPTR é 5 Me \}_I
160 142 s A I i Ca‘tio n S . LSO:Ce,Ca crystal (5 mm) + FBK NUV-HD SiPM
LYSO:Ce 130ps . PS; Pp . T 064, = (26.9 £ 0.6) ps i
190- 113p? ;‘122ps|\|||\|o A TQF PI.ET o _Foem= (14.5+ 0.5) ps | uncorrected
87pe A Pileup in HEP (LHC) :
£ . . . - + time walk corrected
804 A Improving calorimeter resolution - _
73ps  LSO:Ce04%Ca - Dual readout calorime®gint L : :
10 A Particle ID by TOF oo
A Particle Iby DIRC i3
0 2x2mm crloss sectlon: T=15°C | A Fast RICH applications r
0 10 20 30
10 ps Challenge - |
crystal length [mm] At = time ,_, - time__, (ns)
S.Gundackeet al, 2016 JINST 11 P08008 P.LecoglEEE Tran$lucl Sci. Vol. 6 (2017) 47835 A.BenagligM. Lucchini et al., NIM 830 (2016) 30

C.Woody, GRIDS Summer School, 6-17-19
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Radiation Damage

Radiation can produce defects in a scintillating material resulting in a loss in trans
and/or scintillation light output

lonization Damage

- Electrons are liberated and are captured in existing traps in the crystal or plastic

- These traps can then cause resonance absorption centers for the emitted scintill
photons which often appear as optical absorption bands

- Shallow resonance traps can often be annealed away by thermal or optical anne

Displacement Damage

- Heavy particles (charged hadrons, neutrons, heavy ions, etc..) can cause displa
damage in the material and produce additional defects

- These defects can be permanent (e.g., due to nuclear breakup) or are harder to
anneal (interstivalcancy recombination)

- However, generally, the scintillation mechanism is not damaged

C.Woody, GRIDS Summer School, 6-17-19 20



Radiation Damage in Crystals
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Transmission (%)

Radiation Damage in Plastics

(a) Recovery in oxygen

(b) Recovery in argon

100
| 2 months rec. 100 2 months rec
801 -irrad —> 1
pre . 897 pre-irrad —>
®
€0- 4 days rec. =
£ 60
| E 1 month rec.
40 g 401
=
20 1 201
0“ T T L 0 v 717 ™r—r—
200 300 400 500 600 700 800 200 300 400 S00 600 700 800

Wavelength (nm)

Figure 4:

Wavelength (nm)

Transmission spectra of cylindrical BC408 samples (15 mm diameter x 10 mm

thickness) after being irradiated (in air) to 4 Mrad by a %0Co source (140 krad/hr) and allowed
to recover in flowing (a) oxygen and (b) argon atmospheres.

Annealing in oxygen is more effective due to reduction of oxygen vacancies

C.ZornlEEE Tranhlucl Sci . Vol. 37(1990) 5812
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Noble Liquid Scintillators

P

Collection grid
LAr LKr | LXe

S T T T s

Atomic Number (2) 18 36 54
Density (g/cm3) 1.40 241 2.95
Boiling Point (deg C @ 1atm) 87.3 119.8 @ 165.0

W SO0 ~"O0OM~M®QoO0o ~0 T
1———1
/CDI
] 1
W -SO0~"O0OMd~Md®QO0 "0 T

Radiation length (cm) 14.0 4.7 2.4

Moliere radius (cm) 8.0 55 4.2

| ' | Interaction Length (cm) 84 61 57

Luminescence (nm) 128 147 174

Collection grid Light yield 102 ~100 116

AModerate density Decay time (ns) fast 6.5 2.0 2.2

AHigh scintillation light yield slow 11000 850 = 27.0

AEmission in the VUV * Absolute light yield = 40000 g /MeV

APossibility of measuring scintillation  some vaiues rom R wigmans, Caiorimety, Eneroy Measurement n Prtcte Physics

light and collecting charge
ADrift time can give position (TPC)
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Light Collection

Light produced in the gamma converter must be collected and
directed onto the photodetector.

Light collection techniques

- Direct reflection or use of reflective materials
- Light guides

- Wavelength shifters

Factors to consider

- Efficiency

- Uniformity

- Geometry

- Matching to readout device

C.Woody, GRIDS Summer School, 6-17-19 24



Reflectors

Diffuse reflection
Lamberts Law
i) _ cos(f)

dl,

g, =sin '™

Best reflector is Total Internal Reflection
AScintillation light is produced isotropically

ASome fraction F will be trapped in the scintillator by internal reflection
-requires good polished surface
- however, may lead to-moeiformities due to self absorption

AEscaping fraction can be reflected back into scintillator by an external reflector
ARequires an air gap between scintillator surface and reflector to preserve internal reflection
ASpecular reflector preserves angle
ADiffuse reflector can change the angle of exiting rays to improve efficiency

C.Woody, GRIDS Summer School, 6-17-19 25



Focusing Light Guides

Need to concentrate the light, but Phase Spaag(@gnsiynains constant with time
Loui svill eds T Wesion€ane Adiabatic
| R.Winston, J. Opt. Sci. Amer. 60 (192d)y245 L|ght GUIde
dp _ Z":{@Dq- +5’PP}_ 0 Off axis parabola of revolution
‘ ’ Focuses rays on exit aperture

Scintillator ¥
’

Reducing area increases divergenceéry to preserve initial area

G.Knoll, Radiation Detection and
Measurement
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Wavelength Shifters as Light Collectors

Photodetector WLS Bar

— Photodetector
oSN WLS Fibey/_ o
/ ANShaskIl i ko
V4
Scintillator / Photodetector
RN ]
WLS Fiber|  TileFiber

Scintillato

Wavelength shifter absorbs scintillation ligienaitel re X /
shifted light at a longer wavelength and in a different di e)c/t.ion\

Wavel ength shifter (bar, el , €) acts a
bringing the shifted light to the photodetector

Note: Transfer of light from scintillator to wavelength shifter, absosgtam, re
collection and transfer to photodetector can be very inefficient
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Optical Fibers

Cadding,n d

/ Cladding light
q. Core n Core light
max n Direct light

Fibers are used both as light guides and as active detector m@l%% traction is small
- Scintillator or Cherenkov

Frio :1%' &g
Light is trapped by internal reflection between core and, clagiding (n °¢ M=

oll, Radiation Detection and
Measurement

Numerical Apertaiefines the maximum angle that can be trapp@aet.ss (polystyrene)
n=1.49 (PMMA)

- sy - 2 2 Fiip~ 3%
N.A. = nG&in qmax = »\/nl - n2 X2 ~ 6% if use reflector or

read out both ends

Attenuation length is highly wavelength deper ™ o
Some escaping light is trapped in the cladding{" Wié
Direct light can also escape ot

All can lead to roniformities in $Giapplications = . uruils e 4

FIE ]
$sd: B N g 39,
- uhhbyll e i @ 2

3M Optical Fibers
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Photodetectors

Must convert the light from the scintillator into electrons which car
then be amplified and measured

Photodetectors consist of two basic elements:

Photocathode
- Converts photons into photoelectrons via the photoelectric effect

- Performance determined by the Quantum Efficiency

Charge amplification

- Can involve gain or only direct conversion

- Performance determined by signal to noise ratio
- Requires appropriate readout electronics

C.Woody, GRIDS Summer School, 6-17-19 29



Gaseous TMAE
photocathodes Csl

G <
TEA CsTe
> el <

12.3 4.9 3.1

A2 Ao AT A3
= =
100 |m s 2505 |3 400
z |N 2 (=2
(@) o E
o7 = |5
- o
. Q Q
. 2=
7 =3
& z
L 7))
W g
-~

Cut-off limits of window materials

Photocathodes

GaAsP Si (1100nm)
S
«II
Bialkali =" GaAs ,
KoCsSDb Multialkall
«II )
NaKCsSb Photoelectric Effect

2.24 1.76 145 E [eV] g semiconductor>}é vacuum

e
’e\%‘
O - VACUUM LEVEL

5—’ EA
T \__ Y (electron affinity)
y E._ (band gap) @ (work function)
550 700 850 | [nm] UGHTh% N R
%/ AL
VALENCE BAND 1
0SS S A e

T Almost all photosensitive
materials are very reactive
alkali metals v T en T
( . ) . , . Qw p ¢ cdolil |
1 Operation only in vacuum O Q’
or extremely clean gas. = =

 Exceptions: Csl, Si Visible range 400 nm i 780 nm
Y 3 -116 eV

Photon energy:
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Types of Photodetectors

Photo-detectors

A\ 4 \ 4 A\ 4

Solid state Vacuum Gas
PIN-diode Avalanche multiplication Other multiplication
. APD processes I Hybrid tubes MWPC
Si PM ( MPPC DynodesY PMT, VF HHED
CMOS _ Solid state:  Luminescent:
CCD ‘Continuous dynode
Y MC ehanneltron HPD  SMART/Qasar
| | HAPD X-HPD
Multi-anode devices VSiPM

C.Woody, GRIDS Summer School, 6-17-19



Properties of Various Photodetectors

Type A €Q €C Gain Risetime  Area  1-p.e noise
(nm) (ns) (mmg} (Hz)

HV Price
(V) (USD)

PMT* 1151700 0.150.25 103107 0.7-10 102105 10104
MCP* 100-650 0.01-0.10 10%-107 0.15-0.3 102-10*  0.1-200
HPD* 115850 0.1-0.3 10°-10% 7 10%-10°  10-10°
GPM* 115500 0.15-0.3 10>-105 0O(0.1) O(10)  10-103
APD  300-1700  ~0.7 10-108  o(1) 10-10*  1-10°
PPD  320-900 0.15-0.3 105-106 ~ 1 1-10 0(109)

500-3000 100-5000
500-3500 10-6000
~2 x 10 ~600
300-2000  O(10)
400-1400  O(100)
30-60  O(100)

Review of Particle Physics
Journal of Physics G, Vol 37, No 7A (2010)

PMT= Photomultipliertgb&zo r k hor s e, but doesnot
MCP= Multichannel Plate Detéitorse, small diameter charge amyii#et)s
HPD= Hybrid Photodiode Detéciotium PMT with silicon sensor)

GPM= Gaseous Photon Detéstdid & gaseous photocathade cover large areas)

APD= Avalanche Photodi@deo PIN diode)
PPD= Pixellated Photon Detécton P M, GPMT,

C.Woody, GRIDS Summer School, 6-17-19
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Photomultiplier Tubes

Principle of operation:

A photo-emission from the photocathode i 0 ‘O

A collection of photoelectrons by 1st dynode

A Secondary emission (SE) from N dynodes:
Adynode gain| x o v t(function of incoming

electron energy);

Atotal gain 0 :
roon (Froe 57
-1t E] |
AExample: =
Ap tdynodes with i?ggt?og;y .

A‘] 1 / ........... )
AD O O

| T p T . .
Window with _
photocathode High voltage

+
|||I
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Incident light

Insulation layer
Positive electrode

anode

Short N
wavelength

Long H
wavelerGth\/

PIN Diodes

0

Depletion layer

wavelength  wavelength

Negative electrode Carrier multiplication Carrier multiplication

Silicon Photodetectors

Avalanche Photodiodes (APDs)

Geiger APDs (GAPDs)

cathode anode

n-epi:layer N

region

Avalanche layer

n+

|
Nd-
oG ao @l
OO®
é)l P
© P

b

= substrate

T

Gain =1
Linear output

Gain = ~ 50-500

Vbias < Vbreakdown
Linear output

C.Woody, GRIDS Summer School, 6-17-19

Gain = ~ 50-500

Vbias > Vbreakdown

ANnQuant owpud O
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Silicon PhotomultiplierS(PM$

Silicon Photomultipliers are arrays of Single Photon Avalanche Diiodes (SPADs) that are biased
slightly above the breakdown voltage such that even a single particle (including a photon) can

Rquench trigger an avalanche _
Al electrode . Standard output signal
{Vout .-;-. Q - 105‘1068
Al electrpde Q. =2Q a3
g E /N
R "5' Ny S| m L
% % {| ‘,I‘Q |+'|.Q :';1' Q
GM-APD \ \
. . f | |
p-epi layer >10;#31:N, T | \ I \ | >
n/p junctions substrate Time (a.u.)
AProvides high gain (similar to PMT) Vo> Vag - T

2500

A Excellent single photon resolution
ANon-linear output at high incident flux (saturation of pixels)
AHigh noise due to thermal carriers (~ 100 kHz/mm?2)

2000

50 mV
umber of events)

1500

1000

TJbUUUMvau

ALarge temperature dependence (DG/G ~ 2%/°C)

Alnsensitive to magnetic fields 10| e
Avery Susceptlble to neUtron damage C.Woody, GRIDS Summer School, 6-17-19 35
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Microchannel Plates (MCP)

A MCP is a thin glass plate with an array of holes \’
forming a continuous dynode structure. Y

Since the avalanche process is highly contained and

window with photocathode

the transit time spread is very small, these devices e”

dual MCP -
Chevron config.

provide very fast timing and excellent time resolution.

Timing Resolution: _ _ _
Time resolution determined by: \

- Decay time of detector material — [
- Time response of photodetector

Output pulse - Light yield of detector material

- Cherenkov materials give fastest time response

Photodetector

Scintillato

Photoelectron arrival time is a statistical proce

If light yield is low, individual photoelectron ar
| ‘ | ‘ | | times will be seen

Best timing achieved by detecting first photoe

C.Woody, GRIDS Summer School, 6-17-19
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Coupling to Photodetector

_ ~Window of photodetector can be limiting
Coupling material in terms of transmission

/?\‘n2 < Photocathode
Scintilator ¥ Photodetector/window
nl -t P’/
L1
_— ]\ N,

Fresnel Reflections No air gap

Normal incidenceCOUp"ng materials (n~ 1.4):

- Optical grease/glue

% \ 2
R= g2 M? -Silicon fAcookiesbd

40 Range of total n + n § v
J"_mtcmal reflection | e 2 1 u Y n 2 -~ n3
5 n=1. 1.
0 10 20 30 Z): 50 60 70 80 90 1 5 ’ QF O H Oweve r’ fo r h e avy C rySEai% n
Angle of incidence 0; (°) R —_ 4%

Wikipedia
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Matching the Photodetector to the Scintillator

Emission Weighted Quantum Efficigricy: RQE,; (/) 0,,(/)d/

PMT Quantum Efficiency

¢ Hamamatsu PMT R2059 -1
02 - BGO:QE=80%04% i
LSOILYSO: QE =136+ 0.7 % ]
Csl(TI):QE=5.0+0.2%
= Hamamatsu APD S8664 i
BGO:QE=82+4% 4 0.75 >
0.15 LSO/LYSO: QE =75+ 4 % e
' Csl(TI) QE =84 +4 % ] [}
. O
=
} L
1 . §
0.1 1%° €
LSO 3
1 &)
LYSO | A
Csl(TI) %
0.05 |- -0.25
- BGO
ol =T F°7 = E— — g
300 400 500 600 700 800

Wavelength (nm)

C.Woody, GRIDS Summer School, 6-17-19

Review of Particle Physics
Journal of Physics G, Vol 37, No 7A (2010)
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Photoelectrons and Noise

PD PA > 7 /7

e S — Q*%
Q
Noe= N'QE Q = Ne&pGop

Photoelectrons are the primary signal and can never be
recovered at a later stage in signal processing

Figure of Merit ;MNleV

Energy Resolution

» O _ EO,,L’S S _ ,,'06 0 ENF = Excess noise factor from photodetector
(O 0 t- o t- tO
ENC = Equivalent Noise Charge in electronic gain stage

Low noise amplification at the early stage of signal
processing is crucial for achieving good signal to noise

C.Woody, GRIDS Summer School, 6-17-19 39



Excess Noise Factor

Multiplication fluctuations are characterized by the Excess Noise Factor - ENF

Af photons are Poisson distributed so are photoelectrons with average €

A After multiplication with average gain and variance 0 h, we get average output

signal€ 0 t& and
— (p —)'f_— 00 'B— %. B—1f—

A Excess noise factor is

—_~~

)

00 0—— p —

AN

Allmpact on photon counting capability and energy resolution

C.Woody, GRIDS Summer Schodl7-49

Sensor

PMT
APD(Si)
HPD, HAPD
SiPM
MCRPMT

0 O'®E

ENF

1-1.5
~3 @ gain=50
~1
1-1.5
1-1.5
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Applications of Scintillation Detectors

¢ Nuclear and Particle Physics
A Calorimetry
A Tracking
A Particle ID (TOF)
¢ Astrophysics
A Dark Matter
¢ Medical Imaging
A PET
A SPECT

¢ Homeland Security
A Nuclear Non-Proliferation
A Nuclear Waste Management

cAnd many mor eée

C.Woody, GRIDS Summer School, 6-17-19
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Calorimetry

The purpose of calorimetry in particle physics is to measure the total
energy of high energy particles

Energy comes in two foetestromagnetindhadronic
Calorimeters come in two tgpegplingndnomogenous

Requirements for good energy resolution:

- Detect as much of the total energy as possible (best for homogenous)

- Equalize response for electromagnet@daodie ner gy ( e /Hgdzngé)
- High light yield (goodohotostatistics

- Good uniformity (both longitudinally and trans N i
°e - 4 AbAc
D E E
[

Electromagnetic

t4

C.Woody, GRIDS Summer School, 6-17-19 42
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CMS at the CERN LHC
Uses both sampling (HCAL) and homogeneous (EMCAL) calorimeters

CMS

A Compact Solenoidal Detector for LHC Endcapl.48 1< 3.0
e o = (e 14648 crystals (2X2X22_ cm 75468 PbV\A(D:rystaIs
\ e - Read out with vacupinototriodes _
! fe——— : — X,=0.89 cm
—~ == Ry=2cm

BarreliH|< 1.48
61200 crystals (2x2x23 cm
Read out with APDs

Light Yield ~ 1601eV
Y ~4.5.MeV
Uniformity ~ 0.3%
[dLYX,| < 0.35%§X

Barrel HCAL
Scintillating Tiles
Read out with
WLS fibers

Dual APDs fogdundency
covering ~ 10% of area

voody, GRIDS Summer School, 6-17-19 43



CMS Lead Tungstate Crystals

Crystals produced in Russia and China

C.Woody, GRIDS Summer School, 6-17-19
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relative response

LHC luminosity
(10®¥ em?s7)

Relative E/p scale

Radiation Damage in PWO and Response Monitoring

WIVID Frenminary Ul -2l

P 15<m <18
0.4 I 1’5 < jn <21 2012
03 Fat1<m<24 !
0.1 F27<n R racovera during “eael
e e & rgcloyelrzylt;lurmg !E.I-IICI(;.ycIefs
i : Iy i T TR
L e L o e Hard Work
N N N % G b 2% 2 2 2%
WA g LY N AT g
FF MNP F SR
date (month/vear)
Ao T T T T T T
| F CMS Preliminary 2012 3
105 ¥s=8Tev L=1961M ' . ; —
1 E: e VT R W T R e i—i
0.95 f_ : I : _E
.8 3
0.9 :;'% ...................... -
0.35 E_ S . - S S B _E
0.8 P _—
= : _ b ﬁ'm e
0.75 — = without laser monitoring comrection s e—]
FE — with |aser monitaring correction I I I ]
0.7 16/11

20/04 20/05 19/06 19/07

C.Biing CALOR 2014

18/08  17/09

17/10
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ThesPHENIXalorimeters

HCAL

Scintillating Tiles Read Steel Absorber Plates
Out with WLS Fibers

OUTER HCAL

INNER HCAL

Fibers Ends Read 4 Towers Read Out WairMs
Out WithsiPMs

Readout end of

Scintillating Fibers WSciFiAbsorber Block Absorber Block

>
EMCAL (SPACAL) | il
Absorber:
Tungsten Powder/Scintillating
Fiber/Epoxy Matrix

C.Woody, GRIDS Summer School, 6-17-19 46



Shashlik (ShisKebab) Calorimeters

EIC Calorimeter R&D
WI/Cu Plate Shashlik

Alternating stack of lead and scintillator plates
Wavelength shifting fibers pass longitudinally through the g
Fibers are bundled in the back and read out with PMTs i

rzenix | PD (1.5 mmpcini(4 mm) 66 layers (18)X

N—
f

WLS
Light Yield ~ 1.5 p.e./MeV

PMT

S _8.1% ;
= A 2.1% s. ~200ps
E JE 0 t P

PhSc EMCal
Quad-Tower Module

L.Aphecetche et.al., Nucl. Inst Meth. A499 (2628) 521

Read out individual WLS fibers
with SiPMs

Photodetector Applications, 2010 NSS/MIC Short Course, 10/31/2010 47



Search for Dark Matter

Possible Candidate: Weakly Interacting Massive Particles (WIMPS)
Interact only through weak interaction (like neutrinos)

WIMP interacts with nucleus, producing nuclear recoll
- Large direct scintillation signal (S1)x® small ionization charge
Gammas (background) interact with electrons
- Small direct scintillation signal, large ionization charge

lonization charge drifts to gas phXsavhere
it is extracted with a large electric field and

amplified in proportional mode giving second

delayed scintillation signal (S2)

Discriminate WIMPs from gammas
by measuring ratio S2/S1

E. Aprile, Rev. Mod. Phys, Vol 82 (2010)

Dual Phase TPC

fr— f— fr— — (— . fo—

Top PMT Array

SOy s S (SR
Gas Xe
proport:onal (52 VAnode

-

Liquid Xe

STy . Srm— fe—— Sr— frr—

Bottom PMT Amy

C.Woody, GRIDS Summer School, 6-17-19

Prompt signal (S1) produced.ie
Delayed signal (S2) produced in gas&®us

S1 S2 ”7
|
Drift Time
WIMP
S1 S2 amma
f v t /

Diift Time | /
Gamma 3

(S2/ST)wime & (SZ/S1)«;amnra
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XENON 1T Dark Matter Experiment
Underground Experiment at Gr&adso

XENON 1T Cryostat and Assembly Hall

C.Woody, GRIDS Summer School, 6-17-19 49



Scintillation Detectors for PET

| (Positron Emission Tomography)
Ring of Photon

Detectors 511 keV photons require high stopping power

. Y Crystals such as BGO, LSO, LYSO
\\\\\\\\\‘ r ~7 g/lcARamt~ 1.2 cm)

Light output: BGO ~ 84MeV
LSO ~ 30,0@MeV

Matrix of BGO
scintillators

Figure courtesy of W.Moses Light sharing (Anger Logic) PMT reatibginlyixellate@iPMeadout

C.Woody, GRIDS Summer School, 6-17-19 50



Time of Flight PET

10ps Challenge

Achieving a Coincidence Time Resolution (GiRR) < 10
A Improve image quality

A Reduce patient exposure
A Reduce scan time

A Enable easier whole body imaging

Annihilation ..

‘ “c =30 cm/ns

500 ps timing resolution
= 7.5 cm localization

3D PET

Figures courtesy of W.Moses

C.Woody, GRIDS Summer School, 6-17-19

Largeandombackground in PET

Use timing information to localize deca
point along line

Requires fast, bright crystal such gs Le

X 58 \
A
RO
eSSt ieet i
ISR
IR
RITRTID
SRS
‘:8‘3‘“‘

Reduces noise in image
Variance reduction ~cRD/
Dt 500psY x5 reduction in variance

LaBr,(Ce)

S;< 10(s
Se< 4% @ 511 keV

Also requires high
speed CFD and TDC
Y ASICs
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PET/TOF/MBcanners

MRI
A 3T Magnet =

A 50 cm radial MRI FOV

PET
PET Detector Module

SiPMreadout

25mm LBS(~ LSO) crystal
< 400ps timing resolution
25cm axial FOV

Too Too T To o

21cpskBgfor count rate capability

GE SIGNA PET/MR Scanner

C.Woody, GRIDS Summer School, 6-17-19 52



Nuclear Waste Management & Riahiferation
Passive Assay Systems Active Assay Systems Detection of Nuclear Materials

@/ PE holder

.— CRM sample

()

N
AmlLi source > PE holder

Assay of nuclear fuel measuring

n-gspectra using liquid and Measure n-gspectra using

crystal organic scintillators neutron activation

C.Woody, GRIDS Summer School, 6-17-19 53



Summary

Scintillation detectors are widely used in many areas of particle
physics, medical imaging, homeland security and many other
applications.

There exists a wide variety of scintillating materials to choose
from ranging from inexpensive plastic scintillators for charged
particle detection to high density crystals for detecting high
energy electrons and gammas.

There are also a wide variety of photodetectors that can be
used in conjunction with many types of scintillators ranging
from conventional photomultiplier tubes to many modern solid
state detectors.

A good overall detector design requires looking at all factors
affecting performance (choosing thEhogldetectagood
light collection and matching, and low noise electronics)

C.Woody, GRIDS Summer School, 6-17-19
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Photon Interactions in Matter

;% l l l l l l l 100 % T "””| T "”“| T ""”'| rT "””| T T 1T rT "””l __'__'._J.J-“HT:.L RLENAL T "?
B (a) Carbon (Z = 6) | - —
lM'b—\? o - experimental Gy — 10 :? ‘?
Photoelectric = ] R o
: i S E
Ey g | § ool g >
é — g;o.om ;F ?;
o 1 2ot . . _ e _ o
R T e
Compton NI 2 T T T N T T
o } 10 ;F,/‘;_?
OCOCZ . 10_6 B | |||||||| | |||||||| | |||||||| [ ||||||| [ ||||||| | |||||||| | |||||||| | |||||||| | |||||||| | ||||||T
- 3:: . ®) ]_md('{le) - 10 eV 100 eV 1 keV 10 keV 100 keVPI 1 MeV ,ID MeV 100 MeV 1 GeV 10 GeV 100 GeV
.. (;;:e- \%’ o - experimental Gy B} 1oton energy
Pair Production ¢ 7 Inverse Attenuation Length = (cnmf) |
%’ 0-R:q,'lei,_o_:h —_— -ITX
Opair * Z°IN2E) 2.l Ix) =de
b E Si Pb
° T 10 keV 93.2 1419
N | 1 MeV 0.15 0.67
10 mb l | | A
10eV 1keV Pho(iii];\;ergy 1 GeV 100 GeV 1 Gev .08 1.34
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History of Crystal Scintillators

1900 1920 1940 1960 1980 2000 2020
I | | | | | |
Lul3, Lu2Si1207:Ce
LaCe3:Ce, LaBr3:Ce
RbGd2Br7:Ce
LuAlO3:Ce
Lu2Si0s:Ce
LuPO4:Ce
105 Years of Z
i (Y,Gd)203:Eu,Pr
In .org_an Ic Gdz2S105:Ce
BaF2 (fast
Scintillator (i fa
Bi14Ge3012
D IS cove ry BaF2 (slow
Csl(Na)
CdS:In, ZnO:Ga
CaFz2:Eu
Silicate glass:Ce
_ Lil:Eu
M. J. Weber J. Lumin. 100 (2002) 35 Csl
CsF
CsI(TI)
CdWO4
Nal(TI)
ZnS(Ag)
CaWOq
1900 1920 1940 1960 1980 2000 2020
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Cross Luminescence

Example : Bghast and Slow Components

BAND STRUCTURE BaFE

Conduction band
s and d states of cations cond, band % 6s,5d Eaz+
E 300 nm (slow)
10.5 ev
Valanca band
p states of anions . — — STE
val. band T 2p F~
7.8 eV Cross 220 nm (fast
luminescence
Mmm_ﬂlus -
p states of cations core band 5p Bal*
" non radiative radiative
E>E E<B
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Cherenkov Radiators

Can be used as threshold detectors or Ring Imaging Detectors

/' ‘ Sensitive to most relativistic particles, so for calorimetry,
< measures electromagnetic component of shower
Air Aerogel = Water Quartz PbGl PbF2
Density (g/cm®) 1.2x10° = 0.2-0.4 1.00 2.2 6.3 7.77
Index of refraction 1.0003 | 1.01-1.10 1.33 1.46 1.8 1.78
Radiation Length (cm) 3.1x10* = 68-136 36 12.3 1.26 0.93
Npe/cm for Ng=100 0.06 9 43 53 69 68

dN 1 .
d—/_ 2p &Bin’ qC/ Y Spectrum peaks in the deep (V)UV

N 2'0 ne( )SianC(E)dE e=¢e ("bdet n=n(Ejor a

col dispersive medium

Figure of Merit N = 370cm 'eV " fie(E)dE
N .= LN,asin“gq,0
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Multianodd’MTs

Metal channel dynode (Hamamatsu):
Amultiplication is confined in a narrow channel

Y multi-anode designs

Y some tolerance to moc
A~ 30 mm x 30 mm AL CHANNEL |
Again up to 107, excellent single photon detection
Again uniformity typ. 1 : 2.5;
Across-talk typ. < 2% (for 2x2 mm? pads)
Alow DCR, few counts/cm?/s

PHOTOCATHODE

¥®Mm (Photo Cathode)

FOCUSING MESH

Flat-panel (Hamamatsu H8500):

s 8 X 8 channels (5.8 x 5.8 mm? each)
s ~ 90 mm x 50 mm

s Excellent active area coverage (89%)
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Radiation Damage $1°PMs

Disp|acement damage Thermal noise ? Conduction Band
A Caused by neutrons or charged particles with ?

energies 1 MeV or higheteracting in silicon InterBandGap | | ---F--- Additional
A K K t a Siat f the latti | . behind energy Ievels__,___ radiation

nocks out a Si atom from the lattice leaving behin caused by Band Gap induced

a vacancy and an interstitial atom, causing a defect defects ---*—-- defects
A Defects create energy levels in the band gap, |

allowing easier thermal excitation of valence band J &

' Valence Band
. Single photoelectron spectrum beforg
electrons to the conduction band and after exposure to neutrons

Y Higher thermal noise and increased dark cug
A Noisy pixels can lead to loss in PDE

100

Before

lonization Damage

A Caused by gammas or charged particles
A Can cause charge buildup in insulating materSeassss
(e.g., SiQ which can distort the electric field in
device
A Can also cause optical damage in the window
leading to transmission loss

Current (pA)
3
1

=y

10° 10' 10° 10

Time (min)

Increase in dark current
after exposure to neutrons
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Nuclear Counter Effect in APDs

- [ )
! TN N 5 pm high gain
-] H- 45 pm low gain
U
N Low riesigivity silicon

,—.__ﬁ‘;_‘_::.:d:l - Elactnc coniact
CMS Avalanche Photodiode (APD)

Hamamatsu S8148

El

Direct ionization hits

produces anomalous

pattern compared with
normal EM shower

D.A.PetyCALOR 2012

A NCE signal produced by direct ionization in silicon
by charged particles or neutrons

A Specially developed APD to reduce this effect

A Thin high gain depletion (@yer 50t~ 5nm)
followed by thicker low gain layer (G~145nm)

A Expect ~ 100 MeV equivalent energy for MIP

A Equivalent neutron energy can be several GeiMlred

Number of Events

10°fF - Data (15=7 Tev)

B E’ Simulation

T T T T T T
I CMS 2010 Preliminary

C.Woody, GRIDS Summer School, 6-17-19

02 04 06

08

1

1.2

1-E4/E1

Distribution of “Swiss-cross” variable for Minimum
Bias data and MC for signals with Er>3 GeV.
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Large Area Picosecond Photodetectors (LAPPDs)

Large Area Pixellated Microchannel Plate detectors
Developed to address the needs of the HEP and NP community

Window

Photocathode ————.l. J

wwr— ] Jomr ]|
spans g;ﬂ\\\ see (NRHNORAT

- =1 === HVycpipattom
MCPs

s~ (WU O |,
smplmennode\ N\ —

Tile base N = = => HVanode

g

P

Signal ground - = ==> Ground
a E
S 1805 10um MCP Orrs ~ 20 ps
0 O 1e0F OMCP-PMT = Jﬂlz = Ofaser — Okle,
- 140~ RMS = 106 ps
£ L System: 0, = 37.2 ps
s 100F e <P
510 sof- Laser jitter: 0, ,c.r = 30 ps
% 60 Electronics: og, = 7 ps
40—
=k 10 um MCP-PMT: @ = 20 ps
20 - " . - J E
2.7 2.9 M‘n 3.3 35 3‘.7 _Bomo 1500 1000 500 ]
me sl = TransitTime [ps]
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Sampling Calorimetry

R.Wigmans, Calorimetry Energy
Measurement in Particle Physics

ABSDRBER SCIMTILLATOR

Passive medium [ ] Active Medium

Alternating layers of passive material (absorber) and active
medium to measure the energy of high energy particlesDirect readout

SCIHTILLATOR
{ (e
|

With scintillator as the active medium, problem is to.cQlleCt’; s «
the light onto the photodetector

{

Most direct collection techniques produce unfavoral
geometry for stacking modules or creating calorimeter

T WAVELENGTH SHIFTER
(llucrescent emission
al ko = kp )

Want good uniformity (longitudinal and transverse) to give
good energy resolution WLS Bar Readout

C.Woody, GRIDS Summer School, 6-17-19
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Fiber Calorimeters

eseeeese | . T T e BN

eeoeleeme [ . LT L

seoeleeee | . .0 T T
@

R.Wigmans, Calorimetry Energy
Measurement in Particle Physics

Fibers form the active medium which are
Interspersed longitudinally with the absorber
material Electromagnetic (front) and
I—{adronlc (back) sections can
e read out separately using
different fibers

Brings light to the front or back of the calorim
wherghotodetectoan be attached

Fibers can be plastic scintillator, wavelength

Allows almost any deqgree of
shifter or Cherenkov material, or a combinati y deg

Ontransverse segmentatlon
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V4

The SPACAL oSpaghetti o

1 mm plastic scintillating fibers placed in
machined grooves in lead plates

R.WigmangCalorimetignergy
Measurement in Particle Physics

First calorimeter based on scintillating fibers as

the active medlumo Convenient Readout
-very compact (80% absorber) Fibers brought to back, bundled
- small sampling fraction (2.3%) and read out with 20
- could be made hermetic with fine segmentation
.. Other ScFi
Photostatisties 300 p.e./GeV Calorimeters
. ~ _ _ _ H1
Y ~ 6%CE contribution to energy resolution s
CHORUS
E864 (BNL)
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