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Why Track?

 Basically, everything interesting happens within the first ~10-12
seconds after the beams collide

— we can only see “final-state” particles

— our physics knowledge is based on “working backwards in time” to
infer what actually happened in the initial collision

— the more precisely the final-state particles are measured, the more
accurately we can determine the parameters of their parents

 Tracking provides precise measurements of

— particle production positions
« can reveal the presence of long-lived particles

— particle momenta
« complimentary to calorimeter at low energy

— particle trajectories to the outer detectors
« association with calorimeter energy deposits, muon hits

— allows “global pattern recognition” of physics objects

UNIVERSITY OF
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Tracking Provides: Production posi
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Run Number: 159086, Event Number: 64558586
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Tracking Provides: Prod/decay position
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Tracking Provides: Prod/decay position

LHCb Event Display
| \ .

54,2010 130009
Run 69618 Event 12484 bld 1786

[mm]
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Tracking Provides: momentum

Resolution complementary to calorimeters at low energies:
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Tracking Provides: momentum

Determination of particle four-vectors — resonances

CDF: WZ and ZZ analysis LHCDb: exclusive charm reconstruction
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Tracking provides: Global objects

“>ATI AC W->pv candidate in 7 TeV collisions

/

o Run Number: 152221, Event Number: 383185
% ruynEnIERT Date: 2010-04-01 00:31:22 CEST

PT(p+) = 29 GeV, n = 0.66

ETmis = 24 GeV

http://atlas.ch MT = 53Gev

- muon track

o
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Visualizing particle trajectories

 Start with the basics: (more detail later)

Lorentz force: charged
particles follow a curved
trajectory in a magnetic field

* radius of curvature
inversely proportional to
momentum

* need to measure:
* magnitude of B field
 radius of curvature

Radius measurement
implies knowing where the
particle is at several
points along its trajectory

* the particle must
interact with a
detection medium to
leave a trace

= lonization

UNIVERSITY OF
]
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lonization Loss: Bethe-Bloch Equation

» Relativistic Formula: Bethe (1932), others added more corrections later

» Gives “stopping power” (energy loss = dE/dx) for charged particles
passing through material:

i 2m._¢ Bgfyngam . /62 . 5(2’)’)}

where
A, Z: atomic mass and atomic number of absorber
z: charge of incident particle
S,y relativistic velocity, relativistic factor of incident particle
d(By): density correction due to relativistic compression of absorber
I ionization potential

2 22 2
T e Maximum energy loss in a single collision; 1,,,,. = Imec? B2y

14+2yme /M+(m. /M)?
% = 47 Nar?mec® /A = 0.307075 MeV g~ tem?, for A = 1g mol™*

dE/dx has units of MeV cm?/g
X is pS, where pis the material density, S is the pathlength

source for this and following: PDG
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lonization LosSs: minimum ionization

16

* Position of minimum is a
function of By = p/Mc

« occurs around p/Mc = 3-3.5
~ independent of material

« Characteristic shape of 1/p2
fall-off followed by relativistic
rise

* “Rule of thumb”:
dE/dx ~ 2 MeV/cm xp (g/cm3)

 Typical values:
— liquids/solids:
~ few MeV/cm
— (@gases:
~ few keV/cm
= valid over range of most

common momenta in
collider experiments

August 20-23, 2010
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First complication: Multiple Scattering

« Often called Multiple Coulomb Scattering: momentum transfer
between particle and medium diverts particles from straight path

— usually electromagnetic; hadronic interactions contribute, too
— scattering angles well-described by Moliere theory:

e | 1
= ,,tms - prms _
: /2 ’x o W plane — 3 0 plane — \/§ fo
e 1 _— 1
i —— rms rms
HHHHHH A Yplane — 5 ¥ 0 slane — 5 L o
_‘__‘H‘-i.‘. ‘Pplane 'y*lane plan \/§ plarn \/3
4y la‘ﬁé“'--..y =2, 3 \ rms 1 rms 1 0
= S lame = — =0 10 = ——= a6
$ Oplane plan 4 \/§ plan 4 \/§
A
Here @, is a (mostly) gaussian distribution defined as 0y = 0 ;5. = NG O phce
with a width of )

13.6 MeV
= 2SO e/ X |1+ 0.038 In(x/ Xo)
Bep

where X, = radiation length of material

0
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Second Complication: Energy LosSs

« Energy loss in material can be significant (c.f. ATLAS or CMS
trackers): radius of curvature increases along path as p falls

 Fluctuations in Energy Loss in thin/thick samples of material:

- some with large energy transfer  os-
5-electron - large fluctuations in energy loss oo

= Landau distribution oal
- e.g.: 300um thick Si sensor: o)

Ax (MeV g’l sz)
0.50 1.00 1.50 2.00 2.50
.. [T . T ]
= FeW COl | ISIONS Lo 7 X 500 MeV pion in silicon 7]
F \ -
I / i —— 640 um (149 mg/cm 8‘]
\

Sy
A\
N\
N Toss rate
N N oss rate
)
N
N
1y [N A A B

————— 320 um (74.7 mp,s’rmg) ]
160 um (37.4 mp,fcm?) 1
=+ 80 um (18.7 mgx‘rmgl ]

AE, =82keV, <AE>~115keV o ..

100

- Many collisions

- wide spectrum of energies

- distribution tends toward gaussian
- AE,, = <AE>
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Third Complication: Bremsstrahlung

« Large (can be catastrophically so) discrete energy loss
 acceleration due to interaction with coulomb field of nuclei
« Dominant energy loss mechanism for electrons and positrons:

i |\\||||||| T | ||||£020 d(‘I: A (i_i_.qu,UQ)

| . Positrons Lead (Z=82) - ' dk JYOI?\'TA/:J 3 3 ‘
_ llolflectrons __0 . oc 7203
T: / 1Y I 'f_l'—-x
5 Bremsstrahlung - Nio where
S 1 E
Jm F do10= k = photon energy

| [onization -
0.5 . y =k/E
To.05 E = lepton energy
Positr i .
; ~annihilation e Overall probability of

1 10 100 1000 photon emission oc m-

E (MeV)
e becomes important for
high energy muons

UNIVERSITY OF
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Third Complication: Bremsstrahlung

o, OJ

« Single 100 GeV electron in CMS tracker:

o —
T —

UNIVERSITY OF
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lonization Loss: full spectrum L

. s\
20y, L

 Full dE/dx description includes many different effects

B | \ \ |
- -
® U on Cu
o\ _ _
EIOO:— Ty - . .
- the adiative ]
> B ¢ . .
%3 -/ Anderson- ] mUItl TeV
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e | — ‘-0:
s [E58 are NOT
S .
2 10lLE3 minimum
o0 E ] Radiative ~nizinAl
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2 ionization reach 1% S -
S | Nuclear - i
2 | losses N | |_---===_ —— T — ]
¢ Without 0
1 \ | | \
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Py
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0.1 1 10 100, 1 10 100, 1 10 100 |
MeV/d] [GeV/(] [TeV/d]

Muon momentum
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Tracking Basics

« Assuming we can make hits now, what do we do with them?
« Charged particles curve in an axial magnetic field:
— transverse momentum p; (Gev/c) =0.3BR
e R is the radius of curvature (m), B is field strength (T)
 What matters is how well we can measure the radius R
— we actually measure the sagitta S

— Alittle algebra Xy X
L/2 . 6 6 _ L 0.3BL S
——=sin—~— for small angles; f~—=
R 2 2 R pT Xl X3
2 2 2
S = R(l—cosQJ ~ R 1—(1—‘9—) =R 0 ~ 0-3BL
2 8 8 8p; R
For three points, S = X, — %2 (X;+X3)
— ds = dx, — dX,/2 — dX4/2
assuming c(X) = dx (uncorrelated errors) _ . , o8
o2(S) = o2(x) + 2(c?(x)/4) = 3/2 53(X) L
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Tracking Basics

 Putting all of this together (for a three-hit tracker):

meqas. 0 .
o (Pr) __s _0, J3/2 = 0. P L V96
D, s s 0.3-BI-

where ¢, is the single-hit resolution.

— Note that this quantity o(p;)/p+
 degrades linearly with o, and p+
 improves linearly with B
 improves quadratically with L

« For N (N >10) equally-spaced points, Gluckstern, NIM 24 (1963) 381
M — L‘UT,,\/UO/(N +4) So, o FZT) is a measure of
Pr 0.3-BL* P; performance for a

given tracker

UNIVERSITY OF
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Effects of Complications

. . . . X
* multiple coulomb scattering in material < >
— scattering in a thin layer of material \ >
introduces random angular errors %

— this adds an additional error to the p; measurement:
o(p,)| 28 MeV ST b

X, = radiation length of

D, ~ 03-BL Bcp material
lonization Energy Loss
10 ey |
B hEe —3
- i g I
curvature decreases with pathlength — 1 |\ 4E/dx E
. . L 6 £ I'I".'l:'nc::-, Ill\ H, liquid [IDE
- fluctuations in energy loss can be £55 "\ o i
large if there is a lot of material: et W ) i
= 3k W = i
Eloss = Hnl:';'*:\?_\:\ jotiiil —c+H
G(p I ) _ X/ X 4,0 I"';’;:{%\.._f’ﬂ,;fil E;f el _T_ 2
T \\\ NPt Y=gl
Pr p : NN et
_ - NS izl -
= Both effects decrease with p; el

py= p/Mc

UNIVERSITY OF
85
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Detector Techniques

* Now that we have a bit of theory, let’s take a look at how one can use
ionization loss to provide the hits used in track fitting.
» Three basic groups of tracking detectors:
— gaseous
— solid state
— scintillating
« Each converts the ionization left by the passing of a charged particle
Into an electrical signal
— charge collection
— light collection/conversion with photo-cathode
« |deally, we would build a fast electronic bubble chamber with sub-
micron hit resolution and infinite three-dimensional granularity

— unfortunately, reality intervenes and we have to actually be able to pay
for it, never mind actually build it

— many compromises and optimizations are required

UNIVERSITY OF
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Some Detector Physics Basics

* Reminder:
lonization Energy loss: on average ~ 2 MeV/cm p/(g cm™3)
— liquids/solids: ~ few MeV/cm
— gases: ~ few keV/cm

* |onization potential for materials:

— primary ionization potential (~10-15 eV) plus some additional
energy to separate electron and ion: total of ~30eV per atom

— 3o, for 1 cm of gas, 3000 eV lost = 100 primary electron/ion pairs
— these ionize further, so add another factor 2-3 = 200-300 e-/cm
— (Note: not a very big signal!)
» detectors based on ionized gas need Multiplication
 solid-state detectors are ok in this regard
— can'’t be too thick, though
» problems with multiple scattering

UNIVERSITY OF
]
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Charge Multiplication

« Small radius wires with large voltage; ionized electrons drift in:

cathode

» because E«1/r, fields near wire become very large
(>10V/um = 10kV/cm)

« electrons reach energies sufficient to ionize gas

» secondary electrons also accelerated

 For sufficiently large fields, an avalanche forms = large amount
of charge deposited on anode (sense) wire

@ + ﬁ.+ (F. Sauli, CERN 77-09)

1 = — gas must contain
guenching agents
to absorb photons

. . generated in
avalanche

time ——

UNIVERSITY OF
85
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SWPC Operational Modes \::if::f:fn

%o, o

ionization mode

12

10 | -
S — full charge collection
I counter |
— no multiplication, gain ~ 1
- | .
10" - g;%ggﬁg;gmﬁed , —  « proportional mode
(TN RO 3 LIV — multiplication of ionization
before collection | i . _ _
E | T — : ! | — signal proportional to dE/dx
O 10 [T chamber,  counter . ' o — secondary avalanches must be
5 : : Dfschargej quenched
O L I region :
2 [ I — gain ~ 104 - 10°
o] — .. .
= 07 l « limited proportional mode
(@) 1 1
= ! : . — (saturated, streamer)
£ o ! ! | — strong photoemission
I : m i
~ : : — secondary avalanches require
: ! strong quenching or HV pulsing
o : i B — gain ~ 1010
| ° H
" ! : h Geiger mode
: ! 2 — massive photoemission over full
N L | | 3 length of anode wire
\ .
0 Togg 500 750 1000 — discharge stopped by HV cut

UNIVERSITY OF
]
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Gaseous Tracking Detectors: Geiger

« Simplest possible device

» Central (anode) sense wire

» Large voltage difference causes electrons to drift

« Charge avalanche occurs due to large fields near wire surface

« Binary (hit or not) — no attempt to measure timing, pulse height, etc.
* huge signals (given correct gas and voltage) = simple electronics

\
AN AN
SAVARRWVE =

\

— charged track

UNIVERSITY OF
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GTDs: Straw Tube

« Next step up from Geiger counter

— operates in “proportional mode” where total charge detected is
proportional to the number of incident electrons

— timing information gives radial position information
« Construction:

— each tube has small central wire (15-50 um radius), typically small
radius (5mm-1cm) outer cylinder of stiff, thin material (100-200 um)

— built into arrays of tubes to provide multiple hits along trajectory

Zeus Tracker

UNIVERSITY OF
85

30 August 20-23, 2010 Mike Hildreth — Charged Particle Tracking NOTRE DAME



GTDs: Atlas Straw Tubes (TRT)

Fodiotor

4mm straws, 31um wires
fast charge collection: ~45ns

gain of 25,000
particle ID (e/n separation) using transition radiation

31 August 20-Z



GTDs: Atlas — Why Straws?

Choice of optimization point:

« decided a large number of hits/track is desirable
— driven to some sort of gas-based detector for fabrication cost reasons
— more hits with worse resolution/hit
 individual element volume is a compromise between
— maximum signal collection time (occupancy/multi-hit issue)
« smaller volume is better (Atlas arrived at ~40-50ns)
— channel count
« smaller volumes = more channels = more cost

Straws vs. Open Drift Cell structure

* mostly a question of robustness
— physical structure of straws more robust than free wires
— damage from wire breakage limited to individual straw tube
— cross-talk minimized: cathode acts as ground shield

« However: any gas detector in this environment faces serious ageing issues
— 10 Mrad expected dose in 10 years (10 C/cm total charge!)

. . . . UNIVERSITY OF
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GTDs: Multi-Wire Proportional Chambers

* Replicate single wire geometry in large arrays

I}II I} l |IIII||I| ‘
4 1 i I | T i 1

| I = | |

[ |
\! [ %

I

1mm cell width gives
3mm single hit resolution
of ~ 300 um

- T - Hrr
|

St H R A R R
IH HI! ! \’ I}II\I I I T T \4

¢ Can have 2'D information: Cathode: strips or wires (x)

|

UM Ancdewreswy  Many different ways to use
Y e L this basic concept:

Ly

e.g. Cathode Strip
Chambers, Resitive Plate
Chambers, Small Gap
Chamber, Monitored Drift
Tubes, Streamer tubes,
(insert favorite muon
detection technology here)

-

e

—

-

4

from G. Herten £ y _ . . UNIVERSITY OF
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GTDs: Drift Chamber \,gf:!

“or DJ

* “Open” MWPC
— arrays of cathode “field” wires used to create uniform electric field

_____________ ’______________O
o field wires
350 _ll|I||l|l[l||ll|l|l|llll|lIFII
S (@] s 1994 Data =
— 100 F -
(@) — C Global Resolution -
g 250 — . Local Resolutien -;-'
o g 6 8vd(em) oz
— i 200 = -
- \ - — — ] L
o o C ol
= % 1sef | . 7
- e o E\? F ."0!* .
il e — ‘:: ll][l'_-- s WHJ—""
_-__‘__—__? _________ (@] 50:_/‘"%/
. D:||||||ww||-|||||\1|||11|l;|||
guard Wires 0 5 10 15 20 25 30

Drift Distanca (mm)

— uniform electric field creates uniform drift velocity, so position can
be determined by time measurement

* modulo edge and near-wire corrections (detailed field map)
« with appropriate gas, drift distances can be very long

— detector is inherently “thin”: many measurements and large
volumes possible without adding a huge amount of material
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GTDs: CDF COT

 optimized for “high”-luminosity tracking

| * narrow drift cells
fo1d sheet S insure short collection
SR times: trigger input
7 " e tilted cells insure well-
AR ot separated hits for
e e T . radial tracks, limit
ot o et multiple tracks/wire,
T L | limit left-right ghosts
s R « Note: stereo wires
@ ® ’ . @ ’ & ) g :"—-_'I‘
e  05mSSwin ' Mo -
2° - _ ! Field Sheet Auc:l':ﬁ.‘.’deyhr r | [ J’\"a\\\
= Renar Wires L 4% \ \ —
s . 'I‘ﬁu} 40,6 um Au plated W | | o ¥ N —

typical resolutions: c,, ~100pum|

o,~<1mm
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GTDs: BaBar Drift Chamber

36

» Optimized for high-rate and low-mass e
— helium-based gas mixture (80% He, 20% isobutane) .
— gas + wires only gives 0.3% X, at 90
— small cells (short drift times) allow use in trigger
— also used for dE/dx measurement

+

1-2001
8583A16




GTDs: Time Projection Chamber (TPC)

37

- Set up a situation where E || B
— electrons drift along the z axis
 looong drift distances
— measure time and arrival position

* True 3-D detectors
« Many measurements/track

— allows good particle ID with dE/dx
* Only gas in active volume

— very little material
— Large track densities possible

Tm

%
v E —>
/ \%
; > \ R. Settles
charged
track

Very long drift ( typically >2 m)
implies/requires:

 slow detector (~40 nus)
* no impurities in gas

* uniform E-field
 strong & uniform B-field

UNIVERSITY OF
BES
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GTDs: TPCs

« wires on end plane only
measure one coordinate

/
/
/
= special cathode geometry /
/
/

— cathode pads used to
measure orthogonal coord.

. . . /
— granularity key for single hit ]
resolution / projected track R. Settles
— jon Clearllng/gatlng.. ' driting ,
* special precautions to get electrons Ly

rid of avalanche remnants L '
__b_avalanche

AV VA VAR V

typical resolutions: o,, ~200um, ,~<1mm

UNIVERSITY OF
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GTDs: TPCs

« wires on end plane only
measure one coordinate

/
/
/
= special cathode geometry //
/
/

— cathode pads used to
measure orthogonal coord.

— granularity key for single hit //
resolution /

— ion clearing/gating:

 special precautions to get
rid of avalanche remnants

projected track R. Settles

UNIVERSITY OF
85
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GTDs: TPCs

“or DJ

» Large track densities are possible!

. . . . UNIVERSITY OF
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Issues for GTDs

» cover large volumes relatively cheaply
* nearly 100% sensitive volume

» (Gas composition/stability/contamination
— basically a black art
— need gases that give good multiplication, but not too much
— need gases with low electron diffusion for good resolution
— need components to quench the avalanches
— need to avoid contaminants that ruin the performance
— sometime contaminants can be beneficial (c.f. CDF and H,0)
— all of this must be monitored constantly

« electric field mapping (with data)
— distortion corrections important for ultimate resolution
* limited single hit resolution

— unavoidable given drift/diffusion/avalanche considerations
 Dbest resolution achieved was ~30-40 um/hit (Mark 1l DCVD)

UNIVERSITY OF
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Solid Detectors: Scintillating Fibers

« Small, multi-clad fibers doped with scintillating dye & waveshifter
can function as a tracking device

4 |MIWI.iII\IIII]|I\II[IJII‘IIIl}llll'

« DU Central Fiber Tracker: ~77k fibers

- 8 Barrels: each barrel layer has axial and
3" stereo ribbons (XU, XV, XU...)

« Light collection: visible light photon
counters (VLPCs)

« solid state photodetectors
* high-gain (~40,000)
 high quantum efficiency

» fast — use in trigger

UNIVERSITY OF

NOTRE DAME




Solid State Tracking Detectors

« Why Silicon?
— crystalline silicon band gap is 1.1 eV (c.f. ~20eV for typical gases)
« yields 80 electron-hole pairs/um for minimume-ionizing track
— (1 e-h pair per 3.6 eV of deposited energy )
« 99.9% of ejected electrons have less than 1um path length
— fine-granularity devices can easily be made
— detector performance could be as good as emulsion/bubble chamber

— Integrated Circuit manufacturing techniques make just about anything
possible, and at industrial prices

* no real need to “home-grow” these detectors
* just buy what you need...

UNIVERSITY OF
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Silicon Basics

» Detection still based on collecting electrons from dE/dx in material
« semiconductor structure:

electrons excited (thermally or
otherwise) into Conduction band

volsnee Band [EREEIRE sHdm]  become mobile

Centupton band

Liberated electrons will drift under the
influence of an applied voltage

» the problem: recombination

— many, many more free charge carriers in a semiconductor than what
is liberated through ionization = electrons re-combine with holes

UNIVERSITY OF
85
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Silicon Basics: Doping and PN \:;:F,::?

“or DJ

* The solution(s): 1. modify material structure

Extra

P-type silicon has hole Conduction Conduction N-type silicon has
electron acceptor i Ty < Ferm electron donor
level
(hole donor) atoms (B) Fermi —» .2..2..2.2..9..9..0..9..0. Eitrea atoms (P) ggjded 0
added to create level electron create additional
additional hole states Valence Valence oeray electron states
P Type N Type

2. Modify charge structure: put P and N together (PN Junction)

— in thermal equilibrium, Fermi levels become equal due to drift of
electrons/holes across junction

Near junction, electrons
: . . 000P®d®
_ bind to hole sites, creating 0O0DDD
Conduction o :
negative ions, leaving ) DD D
i _,\\ positive ions behind. Bulk S S P
9.0.9.2.9.Q i m—— E-field stops motion of e PDD
T | «— cai more particles = s
Valence - Depletion region: no free 00O0DDD
charge carriers! —
Bulk E

P Type N Type
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Silicon Basics: PN Junction, Bias

3. Apply a voltage to suppress bulk E field, increase size of
depletion layer to encompass entire volume: “Reverse Bias”

At the depletion voltage, no more free charge
— __+  carriers exist in the semiconductor; any additional
e-h pairs generated can drift to the edges

In reality, use bulk silicon of one type, make “electrodes” out of the

other type: Al SiO, insulator
detectors
necessarily
more i
- n* layer (more dopin
F complicated e P) ~,
]
R. Wallny

UNIVERSITY OF
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SSTDs: Silicon Microstrips

48

* The easiest thing to do is put down sensor lines, read out at end

« Charge sharing improves position resolution:

 Typical pitch width: 50um — 200um
D% « one strip: width/v12
2.4 + two stips: width/4

« more than two: width/2
Mike Hildreth — Charged Particle Tracking &g%ﬁﬁsﬁiﬁﬁ
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SSTDs: Silicon Microstrips

« Exquisitely complicated micro-mechanical construction

Sensor

adout Hybrid
hips

, graphite frame

' . . UNIVERSITY OF
49 HV Ka NOTRE DAME &



SSTDs: Silicon Microstrips

* inherently 2-D: go to double-sided (or glue sensors at an angle
for stereo) for r-z, but still 2-D devices

* “shingle” geometry common
— full azimuthal coverage

Vertex Drift Chamber
(Inner Wall)

=7
Mark I silicon Strip_ 3
18.4k ch

-
q
2 S
= 3
o o
] @
A) E
+
/d
fas) I
Il
IS
l/ Dﬂ' ;‘
<«— 52 mm —> !
|«—— 88 mm ———>»|

L LIT)77 7
f
L =
I P T =
——— [I [I II I| |I [I II JI_ § —
s e

2aa 4aa Al anm 1a0a 1200 1400 1600 13aa aq 2209 2400 pLol] 230




SSTDs: Pixels

« CCDs (charge-coupled devices) (what's in your digital camera)
N

— how do they work?

/

n layer ———— Thin depletion layer;
Depletion I active p-type epitaxial
edge ~20um layer of ~20um;

active - generated charge
reflected off of p*

plpt(edge)bmmmm 2l N substrate and

eventually collected

/ C. Dammerell

Particle trajectory

SLD VXDa3:
« 3x108 pixels

» world-record for
collider detector hit
resolution: ~4um

51 August 20-23, 2010

| ¢ gates Buried n ~ | Fre
channel

|
\\\‘ [ -
N . _i | 1 pixel
um B B = B B B (20)(20)(20
] r—!l'[ — 11— Iume"}
Ll 1= :;{:t ) = = | p+channel
T BEEEE o
o B Y L O % B B polysilicon
> ,Ll 'ﬁ,‘ L‘._h.'..,LJ Y |' ‘ gates
ICHLP_I_LI_LI_I—I_I—IT IR ¢ gates

e

Remote
preamp

A 4

Complicated pixel structure built on
surface; Readout is serial — | shifts
move each row down, R-¢ shifts
read out the columns. Can take
100ms to read out a large detector

technology still advancing...

UNIVERSITY OF
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SSTDs: Hybrid Pixels

» Use fast, intelligent, rad-hard devices for high-occupancy

environments

— sensors separate from readout electronics — bonded together

under-bump metal

front end
electronics

-+— bump connection

sensor



Pixel Modules and systems

Signal Cable
* layer assembly — 9

: — LV& HV Cable

ATLAS Pixels:

50x400 pum
1x108 channels

CMS Pixels:
100x150 pum




SSTDs: Issues

» Support infrastructure
— even with miniature electronics, lots of power dissipated
« cooling necessary in active volume
— detectors tend to be "thick™ — lots of material from supports, sensors

; ATLAS
;c 2_5:|'| T T | T I.l T TT T TTT T 1T T TTT1 | T IﬁlElx-tl T | |I T | T T
ema
=t - (CMS 1S B Supportsiother |
5 - similar or B Cables =
j - — . 1
® L [ Cooling _
= - worse) [ Electronics .
0o - ] Active ’
& 1.5+ [ Beam-pipe —
5 B ]
[0 - ]
o B ]
1~ ]
0.5 y
e _ LEP,
% 05 1 15 2 25 3 35 4 45 5 BaBar

« $$%/um?

— even with miniaturization, channels cost money

UNIVERSITY OF
85
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