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Gas Proportional Counters

e |on drift in an electric field:

E




Gas Proportional Counters

* The electric field in the presence of sources is
solution to Poisson’s equation:

E=-Vd
V2d = —4mp
* When the only charges present are on the

plates of the capacitor, the electric field is
uniform

* When ions are present, we can use “image
charges” to determine the electric field.



Gas Proportional Counters

Positive
charge

Remember that the electric field at the surface of a conductor
determines the surface charge density. Changing the surface
charge requires that a current must flow.



Gas Proportional Counters

In practice, positive and negative charges are
created simultaneously so initially there are
no image charges.

But the ions drift in opposite directions in the
electric field.

V, = —,ue_>E
v = Wk
A current flows onto each plate in response to
the changing surface charge density.

This current can (in principle) be measured.



Gas Proportional Counters

* Clicker question:
When is the current observed?

a) When the electrons or ions arrive at the plate
b) As soon as they start to move



Gas Proportional Counters
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Avalanche Multiplication

* The electric field surrounding a tiny wire can
be large enough to cause avalanche
multiplication near the wire.

Creation of discrete avalanches in a proportional counter

Original ionisation events
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Avalanche Multiplication

The positive ions created in the avalanche move
away from the positive wire and induce a much
larger current than the motion of the primary
lonization.

The pulse height is still proportional to the energy
deposited in the gas.

If the electric field is very large, then the avalanche
saturates and is no longer proportional — all pulses
are the same size.

If the electric field gets even larger, then a
continuous discharge can occur.



Gas Filled Detectors

Number of 1ons collected
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Straw Tubes

* Individual chambers can be constructed with
very low mass.

(Mu2e straw tracker — under construction)

The straw is formed from
aluminum coated Mylar with
a thickness of only 15 um.




Multi-wire Proportional Counters

 Many wires can occupy the same gas volume
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Far from the wires, the electric
field is uniform.

The signals induced on the wires
determine the location at which
ionization was deposited.

The time at which the pulse is
observed depends on the drift
distance. Remember that we
mostly see the pulse due to the
motion of the charges created in
the avalanche.



Multi-Wire Proportional Counters

* The cathode can also be segmented to provide
(almost) 2d coordinates:

When more than one track
passes through the chamber
there are ambiguous “ghost”

pairings:
X-Cathode Strips ’
—_— . Avalanch




Sampling Calorimeters

* Multi-wire proportional counters can be embedded between
sheets of lead to sample energy in electromagnetic showers

* The CDF-Il electromagnetic calorimeter used a presampler in
front and an embedded gas proportional chamber at a depth

of £, 4x

Electron s




Drift Chambers




Drift Chambers
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Momentum Measurement

* In asolenoidal magnetic field, charged particles move
on helical trajectories.
— Circular paths in the transverse plane
p [MeV/c] =(0.3)-q|e]- B|KkG] - R [cm]
 The accuracy of the momentum measurement is
determined by the accuracy with which R is
measured.




Momentum Resolution

e Gluckstern formula:

Opr  Ox ' Pr 720
Dt O.3-BL2\1N+4
— N equally spaced measurements
— Single-hit resolution, o,
* Momentum resolution:

— Decreases as py increases
— Improves as B and L increase
— Improves with more measurements

— Improves when g, gets smaller



Solid State Detectors



Silicon




Silicon
Mobility, u: 3, = —u,E
Up = Uk
At 300 K:
Ue ~ 145 pm?/V - ns
Uy ~ 45 um?/V - ns
Example:
d=320umandV =100V
Electric field: E = 0.313 V/um
Carrier speed:
v, = 45 um/ns
vy, = 14 um/ns
Drift time:

T, =d/v, =7ns
FAST T, =d/v, =23ns




Doped Silicon

Conductivity of intrinsic silicon, n, = n; = n;:

J =eni(up + up)E = oiE
Intrinsic conductivity is very low:

0;~101% cm™3 at 300 K

Number density of Si atoms: ng; = =N, = 5 x 1022 cm™3

m
Doped silicon:

A small number of donor or acceptor atoms will completely
determine the conductivity:

— Ngi > Np > n;
— Phosphorus (donates electron — n-type Si): 0,, = enpl,
— Boron (makes a hole — p-type Si): g, = enpuy



P-N Junction
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P-N Junction
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P-N Junction
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* Thermal excitation
* |onizing radiation



Silicon Strip Sensors
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Figure 31.8: Straggling functions in silicon for 500 MeV pions, normalized to unity Figure 31.9: Most probable energy loss in silicon, scaled to the mean loss of a
at the most probable value d,/x. The width w is the full width at half maximum. minimum ionizing particle, 388 ¢V/um (1.66 MeV g~ lem?).

Mean energy loss of a MIP in 320 um thick sensor:
(A) = (377 eV/um) - (320 um) = 120 keV
Energy needed to produce electron-hole pair: 3.6 eV

A MIP produces about 33,000 e-h pairs



Energy Resolution

* Electron-hole pairs cannot be created in isolation.

* Energy is also transferred to the crystal lattice.
— Quantized vibrations are called “phonons”
— Each electron-hole pair produces n,, phonons

— The Fano-factor

 The energy resolution can be much better than VE
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HPGe Counters

e Large crystals of Germanium have excellent
energy resolution for low-energy photons
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HPGe Counters




Silicon Strip Detectors

Thin (300 um) thick silicon wafers patterned with finely spaced readout
strips, each with its own readout electronics.

Readout chips

Pitch adapter

Silicon strip sensor
639 strips (60 um pitch)




General Features of Readout

Electronics

Readout chips are often required to provide:
— Low thresholds
— Low noise
— Fast response
— Charge measurement
— Continuous or triggered readout
— Data buffering
— Configuration of internal voltages
— Ability to kill hot channels
— Calibration/trimming of thresholds



Readout electronics at
the ends of the sensors



ilicon Strip Detectors

S




Pixel Detectors

* Silicon strip detectors can have very good position resolution
but only in one dimension.

* A pixel detector is segmented in both x and y.

— Similar to a photographic image sensor

ATLAS insertable B-layer 50 x 250 pum?
CMS pixel detector 100 x 150 um?
CMS HL-LHC upgrade 50 x 50 um? (maybe 25 x 100)

* Connecting the readout electronics to ~20,000 channels per
sensor is a challenge



Hybrid Pixel Detectors

* Each pixel is connected to its own readout
electronics channel using vertical interconnects

Charged
" particle

Aluminum contact

gkside aluminum (ohmic contact)

° Electrons
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Generic pixel detector Cross-sectional cut




CMS pixel detecto
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Particle Detection in CMS
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Key:

Muon

Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
""" Photon

Silicon
Tracker

, Electromagnetic
);l l' Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers
through CMS
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