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Instrumentation

= Instrumentation is a very broad topic,
which is everywhere in daily life

= Oscilloscope, signal generator, digital

multimeter ...
= Smartphone — Pocket Geiger for iPhone . .
after Fukushima nuclear disaster 0.16 2 0.03  Svh

= Commercial, scientific, military ...

= Wikipedia: Instrumentation is defined as
the art and science of measurement and
control of process variables within a
production or manufacturing area

= This lecture will focus on the
instrumentation of particle physics
experiments

= Detector & Electronics




Organization of Lectures

= Lecture 1
= Calorimetry and Development of Noble Liquid Calorimeter

= Lecture 2
= Readout Electronics of ATLAS LAr Calorimeters

= Lecture 3
= ATLAS LAr Readout Electronics Upgrade

= Lecture 4

= Accelerator Based Neutrino Experiments and Cold Electronics
Development



Lecture 1 — Calorimetry

= Overview of Calorimetry
= Electromagnetic Calorimeter
= Hadronic Calorimeter

= New Calorimeter Development

= Noble Liquid Calorimeter

Invention of LAr Calorimeter

R806 @ CERN ISR

HELIOS @ CERN SPS

NA48 @ CERN SPS

Accordion — From RD3 to GEM @ SSC and ATLAS @ LHC



Calorimetry

= A typical particle physics
detector

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

= Particles characteristics are

measured through photons
different type of detectors ot
and identified from —
specific behaviors due to  muons
their interaction with .
matter _TP
. n
» Calorimeters are used to —
detect Innerrost Layer... P» ...Outermost Layer
| ] ‘Y, e

" Jets (q g)
= Missing energy (e.g. v)



Calorimetry

= Calorimeter is the detector for energy measurement via
total absorption of particles

= Most calorimeters are position sensitive to measure energy
depositions depending on their location

= Calorimeter is a “destructive” method. Energy and particle get

absorbed

= Principle of operation

= Incoming particle initiates particle shower

= Energy deposited in form of: heat, ionization, excitation of atoms,

Cherenkov light ...

= Signal ~ total deposited energy

= Signal collection

e +
Energy .

- Signal




Calorimetry

* Energy vs. momentum measurement

- o, 1
= Calorimeter =" TE
= Gas Detector o,

= ATLAS: p

o, 0. 1 O o ) o
~1%@100GeV Zr ~5.10. g, _
E _JE E ¢ 5107 p,, p 5%@100GeV

p
= At very high energies one has to switch to calorimeters because

their resolution improves while those of a magnetic spectrometer
decreases with E

= Shower depth

= Calorimeter

= Shower depth nearly energy independent, compact calorimeter is
possible

= Magnetic spectrometer
= Detector size has to grow quadratically to maintain resolution



Calorimetry

= Calorimeter features

= Calorimeters can be built as 47t detectors, i.e. they can detect
particles over almost the full solid angle

= Compactness: dimension necessary to containment is proportional to
InE

= Calorimeters can provide fast timing signals (1 to 10 ns); can be
used for triggering

= Calorimeters can measure the energy of both, charged and neutral
particles, if they interact via electromagnetic or strong forces, e.g.
0 KO
v, T, KY, ...

= Segmentation in depth allows separation of hadrons (p, n, 1),
from particles which only interact electromagnetically (v, e)

= Measure of position, direction & particle id on topological basis



Rules of Thumbs — EM Shower

Y - 180A ¢

= Radiation length 0T T 2

= Critical energy E = 550;/16‘/

» Shower maximum ; -jp £ _) 10 ¢ inducedshower
max E. 05 v induced shower

= Longitudinal energy containment

L(95%)=t,., +0.08Z+9.6 [X,]
= Transverse energy containment

R(90%)=R,,

R(95%)=2R,,



EM Calorimeter - Homogeneous

= Homogeneous calorimeters: all the energy is deposited in the
active medium.

= Absorber is active medium as well

Signal Material
Scintillation light BGO, BaF», CeFs, ...
Cherenkov light Lead Glass
lonization signal Liquid nobel gases (Ar, Kr, Xe)

= Pros
= Excellent energy resolution

= Cons
= Expensive
= No information on longitudinal shower shaper



EM Calorimeter - Homogeneous

= CMS crystal calorimeter
= Scintillator: PboWO,
= Photosensor: APDs
= Number of crystals: ~70,000
= Light output: 4.5 photons/MeV

BN Labo 27 - EP/CMA
09/07/2002 - 3 =
|

[T

ECAL (EE)
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EM Calorimeter — Sampling

= Sampling calorimeters: shower is sampled by layers of
active medium (low Z) alternated with dense absorber
(high Z) material

= Absorber is shower generator, active layers negligible in the
shower development

= Absorber materials
= Iron (Fe), Lead (I’b), Uranium (U)

= Active materials

Plastic scintillator

Silicon detectors

Liquid ionization chamber

Gas detector

12



EM Calorimeter — Sampling

= Cloud chamber photograph of EM shower developing in
lead plates

= Thickness from top down 1.1, 1.1, 0.13X,,

= Exposed to cosmic radiation

13



EM Calorimeter — Sampling

= Pros

= By separating passive and active l?fers the different layer
materials can be optimally adapted to the corresponding
requirements

= By freely choosing high-density material for the absorbers one can
build very compact calorimeters

= Sampling calorimeters are simpler with more passive material and
thus cheaper than homogeneous calorimeters

* Detailed shower shaper information is available

= Cons

= Only part of the deposited particle energy is actually detected in
the active layers; typically a few percent E]for gas detectors even
only ~10-]

= Due to this sampling-fluctuations typically result in a reduced
energy resolution for sampling calorimeters

14



Sampling Calorimeters — Possible Setup

Scintillators as active layer;
signal readout via photo multipliers

Absorber Scintillator Scintillator

, , Scintillators as active (blue light)
Light guid ;
O guice layer; wave length shifter "

to convert light
Photo detector

Charge amplifier

Absorber as o
~ electrodes lonization chambers

between absorber
HV plates

~_Analogue

Active medium: LAr; absorber signal

embedded in liquid serve as electrods
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EM Calorimeter — Sampling

= ATLAS Liquid Argon Calorimeter

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel . (

LAr forward (FCal) |

16



EM Calorimeter — Sampling

Fibre

= H1 SpaCal: Spaghetti Calorimeter Gundles

Lead-Fibre Matrix

Lead FiberMatrix

4 SpaCal Supermodules

Light
Mixers

Bundling
Frame

17



Homogeneous vs. Sampling Calorimeter

= Resolution of typical EM calorimeter [E is in GeV]

Technology (Experiment) Depth  Energy resolution Date
Nal(T1) (Crystal Ball) 20X,  2.7%/E!/4 1083 |
BisGe3012 (BGO) (L3) 22Xo  2%/VE & 0.7% 1993 T
Csl (KTeV) 27Xo  2%/VE ®0.45% 1996 %
CsI(T1) (BaBar) 16-18Xo 2.3%/E'/* & 1.4% 1999 | 8
CsI(T1) (BELLE) 16Xg  1.7% for E, > 3.5 GeV 1998 o
PbWO4 (PWO) (CMS) 25X,  3%/VE ®05%&0.2/E 1997 8
Lead glass (OPAL) 205Xy 5%/VE 1990 %
Liquid Kr (NA48) 27Xy 3.2%/VE® 0.42% ¢ 0.09/E 1998 |
Scintillator/depleted U~ 20-30Xo 18%/VE 1988 |
(ZEUS)
Scintillator/Pb (CDF) 18X, 13.5%/VE 1988
Scintillator fiber/Pb 15Xy  5.7%/VE & 0.6% 1995
spaghetti (KLOE) g))
Liquid Ar/Pb (NA31) 27Xo  7.5%/VE ©05% & 0.1/E 1988 .é
Liquid Ar/Pb (SLD) 21X 8%/VE 1993 5
Liquid Ar/Pb (H1) 20-30Xp 12%/VE & 1% 1908 | ©
Liquid Ar/depl. U (D®) 20.5Xo 16%/VE ¢ 0.3% 0.3/E 1993
Liquid Ar/Pb accordion 25X, 10%/vVE ©0.4% & 0.3/E 1996

(ATLAS) _




Homogeneous vs. Sampling Calorimeter

= Resolution of typical EM calorimeter [E is in GeV]

Technology (Experiment) Depth  Energy resolution Date
Nal(Tl) (Crystal Ball) 20X,  2.7%/EY/4 1983
BisGe3z012 (BGO) (L3) 22Xo  2%/VE & 0.7% 1993
CsI (KTeV) 27Xy  2%/VE ®0.45% 1996
CsI(T1) (BaBar) 16-18Xo 2.3%/EYV* &1.4% 1999
CsI(T1) (BELLE) 16Xo  1.7% for E, > 3.5 GeV 1998
PbWO,4 (PWO) (CMS) 25X,  3%/VE ®05%®0.2/E 1997
Lead glass (OPAL) 205Xy 5%/VE 1990
Liquid Kr (NA48) 27Xy 3.2%/VE® 0.42% & 0.09/E 1998
Scintillator/depleted U~ 20-30Xo 18%/VE 1988
(ZEUS)
Scintillator/Pb (CDF) 18X,  13.5%/VE 1988
Scintillator fiber/Pb 15Xy  5.7%/VE @& 0.6% 1995
spaghetti (KLOE)
Liquid Ar/Pb (NA31) 27X  7.5%/VE ®05% @ 0.1/E 1988
Liquid Ar/Pb (SLD) 21Xy 8%/VE 1993
Liquid Ar/Pb (H1) 20-30Xo 12%/VE @& 1% 1998
Liquid Ar/depl. U (D@®) 20.5Xg 16%/VE ¢ 0.3% & 0.3/E 1993
Liquid Ar/Pb accordion 25X,  10%/VE ¢ 0.4% & 0.3/E 1996

(ATLAS)

SNoBuUsboWwoH

Buldwes

N\, sampling calorimeters
0.1 -
y N :
LIJ ' -
° C N :
S Belleh _
o elle X
GJ :
> [ homogeneous | 1oy =
) = calorimeters —— ]
T CMS ; ]
L
O'M1 ek FENTTY » 2l
0.01 0.1 1 10 100 2000
Energy (GeV)
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Energy Resolution

Energy resolution of a calorimeter can be parameterized as
= Note the quadratic sum

o, a b
= ®—@
E JE E ‘

a: the stochastic term accounts for any kind of Poisson-like fluctuations
= Natural merit of homogeneous calorimeters
= Several contributions add to the “intrinsic one”

b: the noise term responsible for degradation of low energy resolution
= Mainly the energy equivalent of the electronic noise

= Contribution from pileu]’?: the fluctuation of energy entering the measurement area
from sources otherthan the primary particle

c: the constant term dominates at high energy
= Its relevance is strictly connected to the small value of a
= It is mostly dominated by the stability of calibration

= Contributions from energy leakage, non-uniformity of signal generation and/or
collection, loss of energy in dead materials

20



When do we have to worry about C

S
%10 — o/E total
a 2.8%
— b 125 MeV
N —a 10%
- ——C 0.5%
11—
10-1 | | IIIIIII | | | 1] | | | | | II | | |
1 10 102 3



I ABSORBER
EM.
COMPONENT

HADRONIC
COMPONENT

Hadronic Shower

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

= Hadronic interaction A
= Elastic: p + Nucleus = p + Nucleus

= Inelastic: p + Nucleus = " + 7+ n®+ Nucleus*

= Shower development
* p+ Nucleus 2 Pions + N* + ...

= Secondary particles undergo further elastic

collisions until they fall below pion production
threshold, E ~2m_=0.28 GeV

= Sequential decays

= 1 > vy yields electromagnetic shower
= Fission fragments = [3-decay, y-decay
= Neutron capture - fission

= Spallation ...

22



Hadronic Shower

= Hadronic interaction length
1 A

- 23
O, 'n o,A"" N,p cm

= Interaction length characterizes both, .
longitudinal and transverse profile of hadronic
showers

A=

nt

2

A

S
A,- _ A1/3 XO

- Tygig_\al longitudinal size [95% containment]: 6

e o0 int

= EM: 15-20 X,

= Typical transverse size [95% containment]: 1 A,
= EM: 2 R,,;, compact

= Hadronic calorimeter needs more depth than
electromagnetic calorimeter

~ AP <358 .1 N(x)=NOexp(—i

)Lim ) Some numerical values for materials

typical used in hadron calorimeters

Aint [cm] | Xo [cm]
Szint. 79.4 42.2
LAr 83.7 14.0
Fe 16.8 1.76
Pb 17.1 0.56
U 10.5 0.32
C 38.1 18.8
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Hadronic Shower

= Hadronic interaction length
1 A A 358 .41 N(x)=NOeXp(—i

= 23 2 . .
(o) wor 1 (o) ppA N A ,O cm ) ) Some numerical values for materials

int
. . ical used in hadron calorimeters
= Interaction length characterizes both, . v
longitudinal and transverse profile of hadronic

A=

nt

showers Art [om] | Xo [om]
A ,
X, ~ R @ 4 0, A, and X, in cm
A o~ AV X ] “\,"o\
int 4
. . .7 . o . 1 . ] ?“a
- Tyglcal longitudinal size [95% contair X :
oo Ail’lt 10 : 2 M
= EM: 1520 X, 3
= Typical transverse size [95% containm, | i Xo
= EM: 2 Ry, compact :
= Hadronic calorimeter needs more der
electromagnetic calorimeter 0.1 +rrrrh




WA78 : 5.4\ of 10mm U / 5mm Scint + 8\ of 25mm Fe / 5mm Scint

Hadronic Shower

50-00IIIII|||I|I|I|I|I|I|I|I[1:
0210 GeV
S Ee %0, m 135 GeV -
: : 10.00 g X308y
= Longitudinal <% 500Ewee,, TEase v20Gey
8_c<_ v Vv 'V”O "y %o : SGeeV ]
. Te) ©0 4 ® =] - o o
* Sharp peak from 7" from the first 3 100Biaeolvvle0  "a s, 3
. . o~ 0. e Y . m e, 3
interaction 3 = v e a° ]
“€ 10 e ",.’ Ly
. . . . . - 'S E
= Gradual extinction with typical scale 005 i iies. R
m ° v * J1:
* Need to sample N JNL LB A L2
Calorimeter depth (A1)
- Lateral 103 150 GeV Pion Shower Profile
FT T T T[T T T T [T T T T[T T TT[TT717g
= Average p, secondaries ~ 300 MeV A -
102 L -
= Typical transverse scale A, for 95% E = ]
containment g 101 -
= Dense core due to ° S ol \ ]
(%) 2 3
. A, =14.3cm \‘;
10-1 = ,=3.66cm 3
- B,=269cm 3 .
. B,=16.8cm 43
102 L by v v b b 1

0 10 20 30 40 50
Radius [cm]
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Hadronic Calorimeter

= Most common realization
— Sampling

= ATLAS Tile Calorimeter

= Iron/plastic scintillator
sampling calorimeter

= CMS HCAL

= Barrel and Endcap are HCAL
brass/scintillator sampling ‘ | 4
calorimeter e - :- e

= Forward is steel/quartz T e " ="
fibers sampling calorimeter L ———

| HCAL Barrel HB |

26



Hadronic Calorimeter

= Most common realization
— Sampling

= ATLAS Tile Calorimeter

= Iron/plastic scintillator
sampling calorimeter

= CMS HCAL

= Barrel and Endcap are brass/
scintillator sampling
calorimeter

= Forward is steel/quartz
fibers sampling calorimeter

27



Energy Resolution

o A@BGBC .

A prulnn\'

O plons
® clectrons

—— measured resolution

E JE E

= A -typical 0.5 -1.0 [record: 0.35] 50

. . — A --- sampling fluctuations
= Leakage fluctuations, sam]Elmg O N
fluctuation, fluctuation of EM ° A\D\A\D
fraction, nuclear excitations, s | S = N
fission, binding energy 5=
fluctuations, heavily 1onizing 5 1ol "
particles S f T
o N ‘\\\N\‘~-
d:q =

= B - typical few% |
= Sampling fraction variations, i \\‘_‘

electronic noise

= C—typical 0.03-0.05

= Inhomogeneous shower 0 s 10
leakage Available energy (GeV)



Hadronic Calorimeter

= Typical calorimeter has two components

Electromagnetic (EM)
Hadronic (Had)

= Hadronic energy measured in both parts of
calorimeter

Needs careful consideration of different response

A priori e and h in a calorimeter give a different
response, e.g. e/h>1

The fluctuations in the fraction of energy deposited
by e and h limits resolution

Moreover in average this fraction is energy
dependent

0.7

0.6 . 4'/ 7
0.5 PR { P e

04 ~ / — — Cu (k=0.82,E=0.7GeV)
v —— Pb (k=0.82,Eq=1.3GeV)
L e SPACAL|Aco92b] _

// & QFCAL|AKeY7|

Electromagnetic shower fraction

0.3 ‘ '
10 100
Pion energy (GeV)

Electrons
Photons

Taus
Hadrons

Jets

Schematic of a
typical HEP calorimeter

EM

A

Had

Had
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Hadronic Calorimeter

= e/h ratio

= Response of calorimeters very different
to EM and Had energy deposits

= Usually higher weight for EM
component, e.g. e/h >1

= e/h#1 leads to

= Non-uniform energy response due to
fluctuations in f, ,

= Non-linear behavior
= Worsening of resolution

= Deviation from 1/VE resolution
dependence

o/E = VE

1.40

1.20

1.00

0.80

0.60

0.40

0.20

0

T 1T T 17
- (a)

P

e/h (10 GeV)J

LI SN BRI L N

/:m

L N 3

S

| T B I

i1

L1

|

20 40 60 80 100 120 140 160 18

Ey (GeV)



Hadronic Calorimeter

o/E

= Compensation is important to gete/h =1
0.1

= Software compensation

= Segmentation of calorimeter into cells/layers
0.05

= Identification of cells/layers with particularly
large energy

= Give small weight to layers with larger 0
energy density

= Hardware compensation

= Choose suitable hardware parameters to
either increase h/mip or decrease e/mip

= Suppress EM component with high Z
absorber

= Enhance h production through fission and
spallation

= Enhance response to n using active materials
hydrogen rich

Energy resolution of LAr calorimeter

with and without weighting ...

T -— v —

No weighting
Weignting |
Weignting I

a Sampling Contribution

[ 70%/VE
-WN

o/ E (%)

\
\\

40% \_\

50% \\\ [Aco 91c¢] |
N 1

« ZEUS (U/scint)

[Beh 90] |
« SPACAL (Pb/scint)

3 02 01 0

/VE (GeV) .



New Calorimeter Development

= PFA - Particle Flow Approach

= Imaging calorimeter for Linear Collider

= Highly granular calorimeter can identify the
energy deposit of every visible particle {107 to 1012
readout channels)

= The energy of charged hadrons will be measured

| e e =

by the tracking detectors - —

= The energy of photons will be measured by the
electromagnetic calorimeter

= The hadronic calorimeter is then used only to
measure the energy of neutral hadrons

= The reduced dependence on the hadronic

calorimeter will' lead to an unprecedented jet
energy resolution (~25%)

Component Detector Fraction Part. resolution
Charged (X¥) Tracker 60% 102 E
Photons (y) ECAL 30% 0.1/{Ey
Neutral Hadrons (h) E/HCAL 10% 0.5//Enaa

negligible
.06/JEjet

16/,/Ejet

Jet Energy Res.




New Calorimeter Development

= Dual Readout Calorimetry
= Cherenkov assisted Hadron

; . -
Calorimetry e
. . Cherenkov
= EM: clear fibers for Cherenkov light ®
to sample EM part of the shower
[ECherenkov] .
" Char%ed: scintillation fibers to —
sample all components [E;_ .. .ion] Scintillator
Eem — ECherenkov
L fot L lonization

= RD52 - DREAM (Dual-REAdout
Method)

= Measure f, , event by event to
improve hadronic energy resolution

Fibers
- -
® @
;. -

!

2.5 mm-
4 mm
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Endcap Calorimeter for HL-LHC: High
Granularity Cal

Integrated samplmg SlllCOIl ECAL+HCAL and Backing Calorimeters

£ ,. & o HGCAL

ne.oc &  |esaeedeenesn|

convertor =] N l

‘E SESISERISESi=StSazisati=aa(=:als:| \

= - eI e N R \ EE
; Sjepar BH N E
S = ===

e B o B e B e

HGCal
i gk e
=
ﬁraF :
______ ] E%E

7

Back thermal screen

30

| 1 ,‘
EE Cu-W/Si  26X,(1.5A)
FH Brass/Si 3.5 A

BH Brass/scint. tiles 5\

I0jelapowa

uoInau
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Endcap Calorimeter for HL-LHC: HGCal

Operate at -30 °C
CO, cooling

| divlats sisfaii sis

|\\ 3

\ .

1B I |_”||!l!\|-‘~‘\,t\'.-.;

win(ain winjan |3 \\
i ‘ R
ulis
o
3 o
o~
ainle ol B
g e RN b
o
S
o
o
o b
iy g oo
N 2
3 =
0] (S e b
b
S o
8 =
N o
elp(aly alp|aty =it o
-+ 4 R
1 T
s (A1 ]1) e

Si/W-ECAL Section (Z g,4,>25X, 1.5M)

10 x 0.65X,,
10 x 0.88X,
8 x 1.26X,

Si/Brass Front HCAL (FH) Section (Z 4> 3.5M)

12 x 0.3A

Scint/Brass Backing HCAL(BH) Section(Z . ,4,> 5M)

12 x 0.45\
Total Depth >10A

Table 3.2: Parameters of the EE and FH.

EE

FH

Total

Area of silicon (m?)

380

209

589

Channels

4.3M

1.8M

6.1M

Detector modules

13.9k

7.6k

21.5k

Weight (one endcap) (tonnes)

16.2

36.5

52.7

Number of Si planes

28

12

40
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Endcap Calonme’rer for HL-LHC: HGCAl

Wirebond protector Readout Chip Shielding Airgap

\
— O
[ [ 7

Printed
Circuit Board Cooling pipe (Cu/W) Baseplate

Readout chips ___
Printed circuit board ~_

Adhesive layer

Sensor

Adhesive layer
Kapton w/ Au layer for bias
Adhesive layer

2-sensor baseplate

Cassette thermal tests

W absorber

CALICE Prototype

 etmlic Inseei C-fibre structure with
ey embedded W plates

Composite part
(15 mm thick)
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Net effect: extends tracking into calorimeter!

Imagmg Showers with the HGC

MIP tracks and clusters

N / clearly identifiable by eye

throughout most of detector.

3 the longitudinal shower footprint

s _
23 e
R : B -
>
high pr jet — ’ R
O(500 GeV)  “\um i
-
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Endcap Calorimeter: Backing Hadronic

o Improvement of current HE tiles for = 5 Mrad tolerance
— Doubly-doped plastic scintillator x 2 light after irradiation
— Finger tile design - shorter light path

Current

Tube of
radioactive
source

WLS fiber 3

> .l I q‘
Clear fibers —————"ﬂ {
' %

Clear fiber-WLS fiber
SPLICE

WLS fibers

Quarts fibers

Tile (Scintillator SCSN-81)

Tile 27

(8 fingers tiles option)

— And also increased granularity =x2in® &x 1.3 inn

Synergy with Barrel
HCAL upgrade —-
same scintilltor,
different geometry
depending on
location (i.e. expected
radiation doses)
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The Invention of Liquid Argon Calorimeter
= By Bill Willis and Veljko Radeka in 1974

NUCLEAR INSTRUMENTS AND METHODS 120 (1974) 221-236; © NORTH-HOLLAND PUBLISHING CO.

LIQUID-ARGON IONIZATION CHAMBERS AS TOTAL-ABSORPTION DETECTORS*

W, J. WILLIS*

Department of Physics, Yale University, New Haven, Connecticut 06520, U.S.A.

and

V. RADEKA

Instrumentarion Division, Brookkaven National Laboratory, Upton, New York 11973, U.S.A,

Received 14 May 1974

A new detector for the measurement of energy by total absorption,
based on the use of multiple-plate ion chambers, & described. The
use of liguid argon as the working medium and optimized
readout results in an electronic noise contribution to the resolution
of less than 0.1 GeV, in a large detector. The usc of thin plates,

1. Principles and limitations of calorimetric detectors

If a high-energy particle enters a sufficiently large
block of matter, all of its energy will be transformed
into ionization and eventually into heat, with certain
imnortant excentions. Thus detectars relvine an total

0.1 radiation length, ensures that sampling Auctuations are small
The technique allows absolute calibration and very good gain
stability. Tests on a detector large enough to absorb a high-
energy clectromagnetic shower are described, where the energy
resolution is limited by the residual sampling fluctuations.

for incident clectrons or photons. Thus, the first effect
above can be appreciable for incident hadrons of low
energy (£2GeV), but is always rather small for
electrons. Effect (ii) comes mainly from positive pions
which come to rest, which then convert about 135 MeV
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The Invention of LAr Calorimeter

= By Bill Willis and Veljko Radeka in 1974

NUCLEAR INSTRUMENTS AND METHODS 120 (1974) 221-236; © NORTH-HOLLAND PUBLISHING CO.

LIQUID-ARGON IONIZATION CHAMBERS AS TOTAL-ABSORPTION DETECTORS*

W, J, WILLIST ()' E
Department of Physics, Yale University, New Haven, Connecticut 06520, U.S.A. —

and E

V. RADEKA

Instrumentarion Division, Brookkaven National Laboratory, Upton, New York 11973, U.S.A,

Received 14 May 1974

A new detector for the measurement of energy by total absorption,
based on the use of multiple-plate ion chambers, & described. The
use of liguid argon as the working medium and optimized
readout results in an electronic noise contribution to the resolution
of less than 0.1 GeV, in a large detector. The usc of thin plates,

1. Principles and limitations of calorimetric detectors

If a high-energy particle enters a sufficiently large
block of matter, all of its energy will be transformed
into ionization and eventually into heat, with certain
imnortant excentions. Thus detectars relvine an total

0.1 radiation length, ensures that gampling Auctuations are small

The technigue allows absolute calibration and very good gain

stability. Tests on a detector large enough to absorb a high-
encrgy clectromagnetic shower are described, where the energy
resolution is limited by the residual sampling fluctuations,

for incident clectrons or photons. Thus, the first effect
above can be appreciable for incident hadrons of low
energy (£2GeV), but is always rather small for
electrons. Effect (ii) comes mainly from positive pions
which come to rest, which then convert about 135 MeV

a b
@
vE FE

®c
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How LAr Calorimeter was Invented

= Bill Willis, a professor at Yale University,
was in sabbatical at BNL 1972-1973

= Bill met Veljko Radeka, a scientist/
electronics engineer at Instrumentation
Division of BNL, in October 1972

= Impactometer

= A circle representing a sphere
with two openings at the poles,
through which beams of particles from
opposite directions would collide in
the center of the sphere

= Measure the energy of almost all
the debris that comes from such collisions

= The idea was motivated by the high
luminosity challenge of the future colliders. It
was to be demonstrated at the CERN ISR
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How fo realize an “Impactometer”

= Bill Willis “After working with a calorimeter made with steel
and scintillator plates, I knew one could make a calorimeter
covering all solid angle, but what about very good energy
resolution and fine spatial resolution? I built a Im long, LA(r)
device and measured light, but it did not seem attractive.
Detecting charge would be better, if charge gain isn’t needed.

= What: “Just a simple ionization chamber?”

= Detecting charge from ionization with high precision was
not a strong trait of “counter detectors”, aka “electronic
detectors” in particle physics at that time ...
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Electronic detectors in particle physics
then...

= Example: Coincidence and
timing circuits to measure ‘Zur Vereinfachung von Koinzidenzzahlungen’
22%%%2{ig§;rlbujtlons and (‘On the simplification of coincidence counting’)
W. Bothe, November 1929

= 1960-1es: nanosecond
O T, - ,
(“millimicrosecond”) resolution
was achieved using tunnel ’ 003408
diodes and new transistors Gy |5000

= Scintillators and
}éhotomultipliers had replaced
eiger-Miller tubes

= Spark chambers were producing
obel prizes

= Radeka looked elsewhere how
to read LAr ionization
chambers...
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Detectors in nuclear physics

= Germanium vs. Sodium
Iodide for gamma-ray
spectrometry

= High precision ionization
charge measurements,
high precision calibration
and low noise electronics
were developed for

germanium detectors in
~1965-1970

= For gamma ray energy
resolution of ~0.1% in the ~0.1
to 10 MeV range

= This provided the basis for
later use of such techniques in
particle physics

From: G. Knoll

Key __ 18myg

“_v_;a?_r.y_'-,-'\-.\_&

i KEV — TOmyg
N Nal, 1stin1948
foms\ (Hofstadter)
/ -\\ //\\
0 Nal |ms \ jmo \
»s 064 \\
WS gy wis® - - \\/’\
@1 o N
! L1 \_
: Ge (LI)\J./ I 8ns s \ -‘“
S ‘“.; 147;5.4
W H
e,
0’ 7

v~ Ge det. — an ionization

chamber
1stin 1964 (Tavendale)

L 1821.2 keV =

keV : . ..-;'
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Dec 1972 - Jan 1973: Charge Collection
and Drift Velocity Studies in LAr

CURRENT CHARGE

/\ poloval & Q
C 3 4 ol vevald :
|
N o
v

Qs(‘)‘N'e
G [ Ne X (1- L) Qs [
e |
G D) d tq 4 N-e/2
2] ¢
‘E I e f\_lg TN |
2
d : o Qi=N-e |
e |
C D) ! |

1
t * £ LR
I \ tq -t t4 i

' B-source

Only electrons induce a
signal in the time of interest

<1 LS, mOblhtY Melectron” Mion
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Dec 1972 - Jan 1973: Small test cells to

study charge collection

CALIBRATION

I-ZDf
— H.V. 0-10KV

SIGNAL <——<>—<l__‘

CHARGE 0—] 500pf /—1<—ARGON GAS

AMPLIFIER

—

DEWAR— T~
Charee (glass!) é -
O

calibration 1o~ cHameer
10- 1/10" GAPS

NO.l% PLATES 1/16"

-

&\

I\\\
[NNM

14 Gev T
OR —3
| GeV p/T

T~

SCINTlLLATION/
COUNTER

TEFLON SPACERS

Cu TUBING WITH

L —LN, REFRIGERANT

~ LIQUID ARGON

SURFACE

~ 2 liters
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Measured charge vs electric field tor 5.5
MeV a and MIPs

[e/mm]

D-‘L-‘m

-

L s_l:l “"A

High purity LAr

Welding grade Ar
with oxygen at
=50 ppm
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Jan-Apr 1973: Design and build the first LAr
sampling electromagnetic calorimeter

= 20 rad1at10n len ths long, 200
steel 1.6 mm plates with Q mm
LAr gaps; A Ax (11.6 + 2.1)
MeV/cm, or 0

= Charge from ion chamber
with ~100 nF electrode
capacitance brought out on
low impedance strip
transmission lines

= Interleaved readout from

alternate %1 ps for studies of |
sampling tluctuations

——w——ﬂ%
A oy

Ll 2




April 1973: Ready for cooling and beam
tests at AGS
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May-June 1973: The 15 LAr EM Cal. -

H T 7GeV e’s Pulser Fig. 15. Difference signals from two interleaved chambers for
7 GeV electrons (see text).

—C

S2

Fig. 12. Charge spectrum with large test chamber for 7 GeV/c

negative beam. (a) peaks from left to right: muons, 7z’s, electrons,

calibration pulser; (b) electrons enhanced with a Cherenkov
detector.

Fig. 16. Distribution of difference signals from two interleaved
chambers with 7 GeV electrons. The three-decade logarithmic
display shows a Gaussian distribution.
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R806

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

|
MeHe BLEVETT :
|

.-

ISRC/73/33

- e

STUDY OF LARGE TRANSVERSE MOMENTUM PHENOMENA

——

Brookhaven, CERN, Saclay, Syracuse, Yale Collaboration

INTRODUCTION

. ——

Three of the most exciting questions in high-energy physics are:
{i) the existence of nassive particles‘) (i) the production of massive
virtual photcnsz)and (iii)the properties of "jets" at high transverse
momentumz) These questions are all related from an experimental point of

view, as well as theoreticaily. For instance, we have in mind the detec-
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LAr Calorimeter

10cm

LIQUID ARGON
CALORIMETER

SCINT. COUNTERS

SCINT. COUNTERS
CYLINDRICAL PWC's

—— ISR CENTER
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Understanding the physics limitation of
Hadron Calorimetry

= Distinguish instrumental effects, such as sampling
fluctuations from intrinsic effects

= It’s not the sampling which limits performance

= What matters is the response difference to electron and
hadrons

= Uranium is the answer
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PHYSICS LIMITATIONS ON CALORIMETRY

(Summary of a Contribution presented to the FNAL Workshop
on Calorimeters, May 9/10, 1975)

C.W. Fabjan and W.J. Willis

CERN, Geneva, Switzerland

e

T
b Fe/ LAr

B D O e

i
o U-238/LAr

Collected charge[arbitrary units]

Kin. eneray [ GeV]
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1974-1976 LAr “Impactometer”

= Depleted Uranium as
absorber in the center
hexagon, surrounded by six
hexagons with steel plates

= Studies of hadron showers

= Opening of the e/h response
compensation issue
= The contribution of fission to

the hadron signal was not as
high as expected

‘7;‘.‘\? |
‘+
4

) 5 '

WL

S0

| Wie

B
L]

() :
I
£
E

N W' ]

A

= There was more to the
compensation mechanism

2F Saa

= Uranium was later used in
HELIOS, ZEUS and DO
calorimeters
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‘ CERN/SPSC 83-8
SPSC/L 144

L]
20 January 1981

NA34 — HELIOS

= 1983 — The new horizon e
was to convert the SPS into
an lon accelerator to study
nuclear matter under
extreme conditions

C.W. Fabjan D. Ligssver - W.J. Will:s

l. Introduction

Origin of Leptons, Neutrinos and Neutrimo-like Objects

3. Deeply Inelastic Beactions of Hadrons vith Buclei

Interaction of Nuclear Beams with Heavy Nuclel

The New Spectrometer and its Performance.
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CERN-SPSC/84-43
SPSC/P203

21 May 1984

PROPOSAL

STUDY OF HIGH ENERGY DENSITIES OVER EXTENDED NUCLEAR VOLUMES
— VIA RUCLEUS-NUCLEUS COLLISIONS AT THE SPS

HNA34 Collabaration

= HELIOS - High Energy Lepton H. Gordom, T. Ludlam, V. Polychronakos, D.C. Rahn, I, Stumer, C. Voody

d I S Brockhaven National Laboratory
an On peCtrometer T. :’!kez.sr.vn, H. Atherton, H. Breuker, C.W, Fabjan, U, Goerlach
§. Katsanevas, U. Mjormmark, J. Schukraft, W.J. Willis
CERN

m AISO an experiment ln Sociology: P. Glissel, A. Pfoiffer, J. Soltani, H.J. Speche ’

Heidelberg Universicy

partiC].e thSiCiStS meeting the N.J, DiGiscomo, P.L. McCaughey, W.E. Sondheim, J,W, Sunier

o o Physics Div., Los Alamos National Laboratory
nuclear physicists 5. Alnehad, G. Jarlskos, B. Liratad

Lund University

L.A. Hamel, C. Leroy, Y. Sirois

= BNL-CERN-Heidelberg-Lund- o Wil Dniveseiey, Woscrent |
MCGill_Montreal_Lebe eV_ G, Beaudoin, J.M. l!c.mlum;m:;r?;;’u:«:r':?::;”lil;y.!crc:n:.c. L. Lessard, A. Lounis
Novosibirsk-Pittsburgh-Saclay- Lebede Tostituca, Hoscos
Syracuse_Tel Aviv v, Chcrniac'iln. B. Dolgoshein, Yu. Golubkov, A. Kalinovsky,

V. Kantgerov, P, Nevsky, A. Sumarakov
Physical Engincering Institute, Moscow

v

| 1983_1988: at the CERN SPS’ Xovosibirsk lna;ilitiaz?riuclcar Physics
HELIOS single-lepton detector N itcabgh Teivoverty
with a uranium-LAr em+hadron A Geldot, F. Gibrat, C.M. Loodan, J.7. Pansart
Calorimeter 1n _p reactions and D, Bettoni, M. Goldberg, ¥. Horwitz, G.C. Honr_jti. L. Olsen

Syracuse Universicy

4’TC Showers 1n eavy 101 0. Benary, 5. Dagan, D. Lissauer, ¥. Oren
. Tel Aviv University
experiment
We propose to examine in detsil the characteristics of ultra-relativistic

= Radeka introduced cryogenic nucious-ouclevs interaceions using 160 besms of 200 CaV/A from the S¢S, The
. ' experinent conbines tm calorinetey coverasge with measurenments of inclugive
electronlcs. particle spectra, two-particle correlations, low= and high-mass lepton pairs
and photons. A multi-wire active target allows meximum interaction rates with
a minimum of secondary interactions.

ABSTRACT
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HELIOS Uranium-LAr: Hadronic Module

= 576 x and y strips with interleaved readout and
preamplifiers operated in LAr

& i

il

-’ e

~
””””
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HELIOS Uranium-LAr EM+Hadron
Calorimeter ready for cooling

SR C— .
SE IR O W B AR IR 3= W W v e
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HELIOS Uranium-LAr: Sum response to 200
GeV protons (576 signal channels)

= Difference signal
from alternate LAr
gaps — sampling
fluctuations

200 GeV hadrons
Ex +E-x" "\' E\‘-“ E\l'

(576 thannels , 1.8 w’)

e .
Rate : ~ 4x10° sec™

= Energy resolution
(single particles):
~21%/NE

«— Ey ( 5§ divistou s peo.k
owsplitide )

Xagmb +s20md L | 200ms|
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HELIOS Uranium-LAr: Electrons and Pions (e/
mT=1.15)
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HELIOS Uranium-LAr: Sulphur ions 200
GeV/nucleon 6.4 TeV total

AT/

1 2,@( V Y~

Q0 V)S/D

)
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NA48

= NA48 is an experiment launched in
the early 1990s to study direct CP
violation in the neutral kaon deca
S E‘Sit{eﬁl at the North Area of the SPS at

= Homogeneous calorimeter
= NAG62 is the successor and still running

= Liquid K?ﬁpton calorimeter with
silicon JF reamplifiers operated in
LKTr, total 13,212 channels

= Continuation of cryogenic electronics
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Accordion

= 1990 — RD3 proposal

= R&D proposal - Llcf—l uid Argon
Calorimetry with L
performance spec1f1cat10ns

= LAr technology for collider

= Pros
= Reasonable cost
= Good energy resolution
= Good stability
= Accurate inter-calibration
= Intrinsically radiation resistant

= Cons

= Relatively slow: 400 ns for 2 mm gap
= Long connections to electronics =

large C - large noise

= Large dead space due to readout
electronics

CERN LIBRARIES, GENEVA

CERN/DRDC/90-31
LT Do
SC00000151

13th August, 1990

R&D PROPOSAL

0-3 L.IQUID ARGON CALORIMETRY WITH

LHC-PERFORMANCE SPECIFICATIONS

B. Aubert, B. Beaugiraud, F. Cavanna, J. Colas, A. Daba, M. Maire, J.P. Vialle
LAPP, Annecy, France

H.A. Gordon, V. Polychronakos, V. Radeka, D. Rahm, S. Rescia, I. Stumer
Brookhaven National Laboratory, Upton, USA

C.W. Fabjan2), O. Gildemeister, P. Jenni, M. Lefebvre, M. Nessi,
F. Nessi-Tedaldi, M. Pepe, G. Polesello, G.R. Stevenson, W.J. Willis
CERN, Geneva, Switzerland

C. Bartistoni*, C. Birattari, D. Camin, D. Cavalli, G. Costa, A. Ferrari,
F. Gianotd, L. Mandelli, M. Mazzand, L. Perini
Dipartimento di Fisica dell'Universid ¢ Sezione INFN, Milano, Italy

E. Augé, J.C. Chollet, C. de la Taille, L. Fayard, D. Fournier!), J.M. Gaillard,
G. Guilhem, A. Hrisoho, L. Iconomidou-Fayard, B. Merkel, J.M. Noppe,
G. Parrour, P. Pétroff, J.P. Repellin, A. Schaffer, N. Seguin
LAL, Orsay, France

C. Fuglesang
Manne Siegbahn Institute, Stockholm, Sweden

Spokesperson
Contactperson
Present address: L.N.F., Frascati, [taly



Accordion

— Daniel Fournier

= 1990/RD3

introduced accordion geometry
= From RD3 to GEM/SSC and

ATLAS/LHC: LKr and LAr

40 GeV Photon




GEM - Gammas, Electrons and Muons

SN
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cem  EY

Technical Design
Report

M-TN-93-262
SSCL-SR-1219

April 30, 1993
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Consider Liguid Krypton for GEM

detector

LAr LKr LXe
X, [em] 14.0 4.72 2.77
R,, [cm] 10.1 48 4.1
W, [eV / pair] at 10 kV/cm 25.1 19.1
dE/ dx [MeV | cm] 211 3.45
v, [em/ us] -u— 4.4 3.83
£ for 28x, [wm} 3.5 X

Peak induced current in a sampling calorimeter:

(dE/ dx) Ve oo

I, /E o< . e/ u")
(dE/ dx)abW/ dx) W,
e L‘/

- —
-

N
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Tests of a new design with LKr and LAr at
AGS In 1992 and at CERN SPS in 1994

EM Accordion Electrodes
Tst Section (4X,), An Strips

Kapton
"Jumper Strips"

® Preamps L L | ' Pb Absorber
& Calibration
.

"M | "
T] Absorber assless Gap

Connections
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LKr Accordion EM tests: Waveforms
(shower sums)
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LAr and LKr Accordion EM: Results

° Energy Resolution:

CERN RD3 LAr

BNL 1992 LAr
" LKr
n LAr
CERN 1994

(by BNL et al.)

° Timing Resolution:
(single tower)

° Pointing Resolution:

° Peak Current LKr/ LAr:

(for equal length cal.)

o
Pb absorber [mm] fE‘/E [%]

1.8 9.6
1.3 .7
1.3 6.7
2x0.8 6.3

1.16 ns

@ 73 ps
% mrad
=2
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EM electrode design with fine granularity
InNfended for GEM and |later adapted for ATLAS

= Used in ATLAS ~— A<
with a different ?7\ C
longitudinal 1o T
subdivision < 74 // \(///\\5/
j N

AN
) 2:3:;:’;“;; ¢{/}QJ/A\\«%
@“‘QS T //g//:\//\/\i//\/ﬁ//\/\\//\\z/\{/:/%/

~—

L

. Ag =
~~——_
AN = 0,026

¢ \‘”‘\
n Strip towers

in Section 1

S
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ATLAS LAr Calorimeter

= Two remaining problems

* Problem #1: LAr maybe
too slow for LHC?

= 400 ns (2 mm gap) €=
collision rate =25 ns @ LHC

* Induced current rises quickly
- take only the front part
using bipolar shaping time of
T <50 ns

(a)

= How to handle negative tails? ¢
- pileup may compensate.
This is an advantage to
restore baseline in high rate
operation with high pileup

—

0
A A
( : »—Voutft) t4>> e
| !
: |
l |
| |
S 7
| -
Yy el

ity -
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ATLAS LAr Calorimeter

= Problem #2: Preamplifiers
be in the calorimeter?

= With preamplifiers directly
mounted, no additional
cables are needed and the
most favorable configuration
for high speed, low noise and /]
small cross-talk is reached

= The ATLAS barrel calorimeter
will have a problem which is
not permitting convective
cooling of the preamps
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Cooling Tests at BNL

Cooh tubes
located at the top
of the p ream]é)
were unable to
stop the boiling

Sienal variation
with respect to
temperature 1s at

least 2% per
degree

The temperature
variations over
different regions

of the calorimeter|

would lead to
large _
correspondin
variations in the
signal outputs
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ATLAS LAr Calorimeter

= Problem #2: Preamplifiers
be in the calorimeter?

= [t was found that cables do
not contribute to noise for fast
shaping with accurately
matched line-termination

= ATLAS decided to place all
preamps outside the cryostats
for EM calorimeter, because
of maintenance, pile-up
effects ...

Noise (MeV)

NUCLEAR

INSTRUMENTS
Nuclear Instruments and Methods in Physics Research A330 (1993) 223-242 & METHODS
North-Holland IN PHYSICS
RESEARCH
Secnon &

Transmission line connections between detector and front end
electronics in liquid argon calorimetry *

R.L. Chase *, C. de La Taille ®, S. Rescia ” and N. Seguin *

¢ Laboratowe de ' Accdiéeatewr Lindaire, 91405 Orsay, France
" Brookhaven National Laboratory, Upton, NY 11973, USA

Received 9 August 1992 and in revised form 8 January 1993
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Design of ATLAS LAr EM Calorimeter

= Acceptance: In[<2.4 (full),
2.4~3.2 (coarse)

= Fine segmentations
= Depth: 1+3 layers

= Transverse: 0.025x0.1
(presampler)

0.003125x0.1 (front)
0.025x0.025 (middle)
0.025 x 0.05 (back)

= Thickness
= 26 X, for barrel
= 28 X, for endcap

readout electrode
st g

¥ absorber

outer copper layer /
inner copper layer - |7%
kapton ——f

outer copper layer ~~

stainless steel —
glue
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Design of ATLAS LAr EM Calorimeter

* Dynamic range

= 35 MeV ~ 3 TeV - readout
electronics 16-bit accuracy

v candidate

= Total readout channels: 182,468 |

= Energy resolution (E in [GeV])
o, 10%

-0 00.7%
E \/E E 7, candidate

= Angle resolution: 40 mrad/VE
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ATLAS LAr Calorimeter — From
onstruction
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Events / 2 GeV

Events - Fitted bkg

ATLAS LAr Calorimeter — To Higgs
Discovery
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