


Primary lonization Track (Gases)

Incoming particle

ionization track Minimum-ionizing particles (sauli. IEEE+NSS 2002)
- lon/e" pairs GAS (STP) Helium | Argon | Xenon | CH, | DME
dE/dx (keV/cm) 0.32 2.4 6.7 1.5 3.9
n (ion pairs/cm ) 6 o5 44 16 55

Statistical ionization process: Poisson statistics

h Detection efficiency ¢ depends on average
- number <n> of ion pairs
2
5 GAS (STP) thickness &(%)
7 e<1- e_<m>
- Helium 1 mm 45
2 mm 70
Argon 1 mm 91.8
2 mm 99.3

. Higher ¢for slower particles
W. Udo Schroder



Free Charge Transport in Gases

P(x) 1D Diffusion equation > P(x)=(1/N,)dN/dx
6 AN N o]
dx /4Dt 4D -t
I > . J
” £ >t —_— D diffusion coefficient,
[ 0 %
o | D=—-<V>-/1 <v> mean speed
S X 3 A mean free path
S
P(x) Thermal velocities :

L, >4 8kT 8 >\ Maxwell+ Boltzmann
=[BT - [B [iyz) Maxwells Boltzm:
m 3 velocity distribution

Small ion mobility

W. Udo Schroder



Driven Charge Transport in Gases

P(x) Electric field E = AU/ Ax separates +/- charges
_ I
_ o
t, —.°!"' dN _ NO_ -exp{—(x w-t) }
- — dx /4Dt 4D -t
' ”X —4___lls X e . .
P(x) —E=> w =——E .7 drift velocity
. r = 2/(v) mean collision time
t, >t A _
B} ptooe 5=y 5T oY mobility
S | s e E
S | X
S P
A Cycle: acceleration — scattering
t, >t, Drift and diffusion depend on field
/ZL strength and gas pressure p (or p).
x w =w(E/p); D =D(E/p)

W. Udo Schroder
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lon Mobility

lon mobility ¥ = w*/ E

GAS ION Ut (cm2V-1s*tl) @STP
Ar Art 1.51

CH, CH,* 2.26

Ar+CH, 80+20 CH,* 1.61

Independent of field,
for given gas at p,T=const.

T |

—li]jlllll

F]Il

40

20—

Drift velocity in cm/sec X 1079

T T

_j Typical ion drift velocities
1 (Ar+CH, counters):

w* ~ (102 = 10°) cm/ us

- ]
: 1 sl
2 1  slow!
o -
al—
Helium Argon T
r’ ® 1675 o 0.668 n
,3’ A 352 A 410 A 0823
2 O 860 © 0724 @ 297 —]
A 1272 0 6.29
o 222
" . 1 | A N e | N B
5 8 10 20 40 60 100 200 400 600 1000

E/p,{V/cm—Torr)

. Udo Schroder

E. McDaniel and E. Mason
The mobility and diffusion of
ions in gases (Wiley 1973)
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Electron Transport

Multiple scattering/acceleration produces effective spectrum P(g)
- calculate effective 4 and .

:§—Ejg- o | P(2) de ﬁzéj/l(g)-v(g)-P(g)de

12 T

10

(]

Drift Yelocity cmips
()

IIIIIIIIIIIIIIIIIIMEHq v(g):\/Zg/m

e

2 - 20/80

3 - 30/70

4 - 40760

5 - 50450

& - 60740

7-70:30 W — 103 W+

g8 - 80/20
9 - 90/10

Electron Transport:
. Frost et al., PR 127(1962)1621
1 V. Palladino et al., NIM 128(1975)323

. Udo Schroder

- - - - - G. Shultz et al., NIM 151(1978)413
4 B 12 16 20 S. Biagi, NIM A283(1989)716

http://consult.cern.ch/writeup/garfield/examples/gas/trans2000.html#elec



http://consult.cern.ch/writeup/garfield/examples/gas/trans2000.html#elec

Stability and Resolution

* Anisotropic diffusion in electric field (D,gp, > Dpgp)-

e Electron capture by electro+negative gases,
reduces energy resolution

o e Tdependence of drift: aAw/w ~ AT/T ~ 10-3
e p dependence of drift: Aw/w ~ Ap/p ~ 103-102

. .
.H.!"-,_.,:I_JF‘-—-':_,-_|H1D

Increasing E fields

" - charge multiplication/secondary+ ionization
- loss of resolution and linearity

] - Townsend avalanches

Lo/ psec]
o

v

Oct 2001
LIriks velogity

— k3 ] = LT R =
—-

DO~ MR N NG R
K - O D8 vy 4= O @ k= O O 42 A 0O ka2

W. Udo Schroder



Electronics: Charge Transport in Capacitors

Ot
v_
y
conducting
plates
@
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W. Udo Schroder

Electronics

>1

Charges g* moving
between parallel
conducting plates of a
capacitor influence t-
dependent negative images
g* on each plate.

If connected to
circuitry, current of
e- would emerge
from plate, in total
proportionally to
charge q*.



Signal Generation in lonization Counters

Primary ionization: Gases | ~ 20-30 eV/IP, Si: | ~ 3.6 eV/IP Ge: | =~ 3.0 eV/IP

Capacitance C

9

AU (1)

Oct 2001

W. Udo Schroder

Energy loss Ae: n= n, =n_= Adl
number of primary ion pairs n at xg, t,

Force: F, = -eU,/d = -F
Energy content of capacitor C:

DW (1) = Z[B - (1) ] = cU AU (1)

2) W(t) = nF[ X (t) = %o |+ mF [ %, (t) =%, |

222 (1) = xe (1)

1) +2) \y "\

U (1) =" = 28w (1) -w (1))t -t




Time-Dependent Signal Shape

Ag _ ' :
AU (t) = g [w () -wo (1)](t -to) ot sianar

|W+ (t )| ~1073 ‘W_ (t )‘ Drift velocities (w*>0, w'<0)

Both components
measure Ae and
depend on position
of primary ion pairs

10

Xo = W (te'to)

Oct 2001

Use electron
component only
for fast counting.

N\

to t,~ uS t,~ms t
W. Udo Schroder




Frisch Grid lon Chambers
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i acedcd e

Suppress position dependence
of signal amplitude by
shielding charge-collecting
electrode from primary
lonization track.

Insert wire mesh (Frisch grid)
at position x.; held constant
potential U...

e- produce signal only when
Inside sensitive anode-FG

volume, ions are not “seen”.
9

A&

AU(t)=z—w" (t)(t ~trg)

not x dependent.

x-dependence used in “drift
chambers”.



Bragg-Curve Sampling Counters

Sampling lon chamber with
divided anodes

dE| SIE."'JI E‘FEE'idLJ._ﬂ Anodes

GDD{U{QF T T T e T O O O o B A I
T"M

7 l Ly vy R }iSObutzine
S Entran:g/ | ot il !
window
5 ME/Ax Cathode
% AA » Sample Bragg

energy-loss curve
at different points |,
along the particle
trajectory

. Jimproves particle
X identification.

W. Udo Schroder



| C Performance

|Cs have
excellent
resolution in E, Z,
A of charged
3001 4 T T el particles but are
am | slow detectors.
Gas IC need very
stable HV and gas
handling systems.

13

N
o
o

AE (channels)
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Energy resolution

o2 :F<nip>:F%

o B
e e G g
e oo . e 1
v 3" - .
: A,
‘ T I

1 100 200 300 398 F<1 Fano factor

E (channels)

residual

W. Udo Schroder



Solid-State IC

Solids have larger density - higher
n-—= < stopping power dE/dx = more ion pairs,
better resolution, smaller detectors (also
more damage, max dose ~ 10’ particles

Semiconductor n-, p-, I- types

AU(H) Si, Ge, GaAs,.. (for e, lcp, 5 HI)

14

Band structure of solids:
Uy

Capacitance Si:

{2 2/\/7 pF/mm

3 7/,/pp pF/mm? Bias voltage U, creates
charge-depleted zone

lonization lifts e-
up to conduction
band - free
charge carriers,
produce AU(t).

Oct 2001

W. Udo Schroder



15

Oct 2001

Particles and Holes in Semi-Conductors

Fermion statistics:
om 2/3
()=

2>
2m V
nh(g):(2”2h3 Jlel -fn (£) ng =n, 1

)2/3
Eg =60 —&g/2 =—¢65/2 for g :=0

v Je -f4(¢) V =volume

Valence Band

-1
E—&
e :fo(e)=|1+exp £+eg)2 1fe(g):{1+exp( kTFﬂ
- ° KT j
. \ et é&g 2
h*: f, (&) :{1+exp[_5 'l:_lg_G/Zﬂ kT ~25meV <e&g ,exp( kT j

Small gaps ¢; (Ge)

5> (n2)=ngn, {(22”; )ZZ;VT <€>9Xp(‘%)

large thermal currents.

Reduce by cooling.

W. Udo Schroder

2KT

(Ne), ~exp( “c j occonductivity at T




Semiconductor Junctions and Barriers

Donor Acceptor

i \ions/
i P N
€ G 0 O 40+ + - -o-o-o-o-o-Jq

o
@]
M 0,09 4040+ + . - 0-.0.0-0-0-0
.U_) 0 0@ P 0404 + - - O -0-0-0-0-0
EA Spmmra ———
—
c
8 0000O0O 0000O0O
(@]

© a

- d
o - — >

Oct 2001

Similar: Homogeneous
n(p)-type Si with reverse
bias U, also creates

Need detector with no free carriers.
Si: I-type (intrinsic),n-type, p-type
by diffusing Li, e donor (P, Sb,
As), or acceptor ions into Si.

Trick: Increase effective gap 2
Junctions diffuse donors and
acceptors into Si bloc from different
ends.

Diffusion at interface - e /h*
annihilation = space charge

—>Contact Potential and zone
depleted of free charge carriers

—>Depletion zone can be increased
by applying “reverse bias” potential

carrier-free space d, dy , ~3.3 1075 /—/On,pUO Lm

up to 1mm possible.

Pn

W. Udo Schroder

p ~20kQcm, U, =500V - d~70 um



Surface Barrier Detectors

Junction

CB'Semi Different Fermi energies adjust to on
« W contact. Thin metal film on Si surface
a

\56\\\7T__

produces space charge, an effective barrier
(contact potential) and depleted zone free of

VBOD depletion depth
Insulation
o Metal film
Insulating
— Silicon wafer
§ depleted
8 Metal case

dead layer

Possible: Connector
Y, depletion depth ~ 100pu
Ground +Bias dead layer d < 1p ORTEC

Front: Au Back: Al \/ — O.5V/]J HI detector

evaporated electrodes :
] Over-bias reduces d,
W. Udo Schroder
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- 183 1 Illlllll 4 L AL

Charge Collection Efficiency

Heavy ions: Eg. st = Eapp = apparent energy due to charge
recombination, trapping. Light ions Eg06i~E,p,

Typical charge collection times: t~(10-30)ns

Epnp = Edeposit - Eapp

T b(Z,A Z, A
Ht > Epp (Edeposit) =10™ )Egc(apos?t

Moulton:et al.
162

a(Z) = 2.230 - 10> 2% + 0.5682

10t
b(Z) = -14.25/ Z + 0.0825

a(A) = 3.486 - 10 %A% 4 0.5728

L R

10"

I l[HIll

b(A) = -28.40/ A + 0.0381
1@‘15—

Affect also collection time

-2 i v 1 Paagl ) T WY ; b 1t iaas - - -
1072 = e <= 2 lower signal rise time.

DEPOSITED ENERGY (MeV)

W. Udo Schroder



Position-Sensitive Semiconductor Detectors

Gerber et al., IEEE TNS-

24,182(1977) Double-sided x/y matrix
. Charge - splitting detector, resistive readout.
L resistor network
N ) Ql:Q.ﬁ QZ:Q.(LX_XH)
Electrode strips Lx Lx

Q-QYn g -q B

» »

o
— Q,
NN Q +Q =Q +Q, =Qoc AE
o X
o
N : .
5 High purity Q,
o germanium -
‘ SR Electrode strips
Q,

~2000 Qcm, 300pu »2U,=160V

W. Udo Schroder



Si-Strip Detectors

Typically (300-500)u thick.
Fully depleted, thin dead
layer.

Annular: 16 6 bins, 4 ¢
(Micron Ltd.)

20

Oct 2001

Rectangular with 7 strips

W. Udo Schroder



Ge y-ray Detectors

Ge detectors for y-rays use p-i-n Ge junctions.
Because of small gap Eg, cool to -77°C (LN,)

Ge Cryostate (Canberra)

Electrical
Feedthroughs

Preamp
Housing

Fill/Vent Tubes

21

Molecular
Sieves

Oct 2001

|

I

)
|

|
|
|

um

Superinsulation —

i'!li

!

lli

Tailstock

LN, Transfer
Collar

Necktube

19— Dewar

W. Udo Schroder

I— Coldfinger

Ge cryostate geometries (Canberra)
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Counts Per Channel

Properties of Ge Detectors: Energy Resolution

!!!!!!!!

T T TTTT1

IIIIIIIII

IIIIIIIIII

3 x 3 Nal(TI)

IR ARAM

C L
N ) ."-..u.-‘
o

102 | %°Co Spectrum

3keV

1keV

Resolution (FWHM)

100 eV

—-,]

]
PRCR
- r
o’ o -

-~
(PO

b I
E  Detector — EG&G ORTEC Coaxial HPGe ™~ - Tt sy
— 10% compared to spectrum of Nal(Tl) 3 x 3 in.

- Amplifier — EG&G ORTEC 572
[~ Resolution at 1.33 MeV — 1.9 keV FWHM, 3.6 keV FWTM
- Peak-to-Compton Ratio — 37:1 1
1 Channel = 138 eV
1111111111111111111111111
500 2000 2500 3000 3500 000
Channel Numbe
/r
Well ___%
=
Coax. //
REGe - - "
~XRa <
Large LEGe__f—="
4/
BEGe
Small LEGe
1
59 10 O0122 1332
Energy (keV)

W. Udo Schroder

Superior energy resolution,
compared to Nal

AE, ~ 0.5keV @ E, =100keV

Size=dependent mall
detection efficiencies of Ge
detectors < 10% —>solution:
bundle in 4x-arrays
GammaSphere, EuroBall,
Tessa,...



Townsend Gas Avalanche Amplification

[ PPAC voltage-cumeant
_— 10 ! :
— — — PPAC
Radiatio > = 10* | 25mm GAP
e "A-CH 83-17 /
E 4
3 10° Non-
Iinear/
U, 10° Region

gion
M /
10

o IC Region //

N lllllllllllllll Idlll 100

- N — /

S n | 10" F

8 Uo~kV/cm g | .
010" 110° 2 10° 310° 4 10° 5 10° 6 10°

¢ U, Voltage (V)
. . N 1 .. .
Amplification M M = o Ji(tydt; n,, =primary IP

ip ip

a = (an)/d 1. Townsend coefficient
W. Udo Schroder



Avalanche Formation

Electron-ion pairs through

o Townsend Coefficient gas ionization
2
E
2 1072 {¥ ‘\‘ ' '
: J \

dn=a-n-dx
10_‘!' ) 1 1 = | L : | _
10 107 103 n(x)=n,-e"* for a =const

E/p [Vicm x mm Hg]

Electrons in out er shells are more readily n(x) -n -exp{ an(x')dX'}
removed, ionization energies are smaller 0

for heavier elements.



Parallel Plate Counters: t-Resolution

sensitive

25
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Charges produced at
different positions along
the particle track are
differently amplified.

= non-linearity n; (AE)

W. Udo Schroder

= 3500
Y 2000
= 2500
A0

C 2000
=

“ 1500

1000
200

|I||IIII|II|||I1I||III||III|'IIIIIIII“

rrmes. = 0.9 ns

-
T

|L|1J||L|||-|i|||||||||

O

200 300 400 500 600
TOC k. (1ckh.=0.1ns)

-

PPACs used where
time resolution
Important, U(p,Hf




Sparking and Spark Counters

Y(Na) —

Different cathode
materials

/ \ y{Pt) —m

26
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| ) | 1 L | 0
100 200 3C0

Prevent spark by reducing A for ions:
collisions wit h large organic molecules
—> quenching

W. Udo Schroder

Hydrogen gas 1.0

| mpact ionization
Probability y

Amplification by

Impact ionization

n ea-d
M j— p—

N, 1-y-[e™-1]
Sparking :y-e*? =1
p~(10"-10")Torr



Avalanche Quenching

A. Sharma and F. Sauli, Nucl. Instr. and Meth. A334(1993)420

'_-“'\ 0.06 LN T
% T,
H L Percentage of
T 0.03F Methane
= I in Argon
- 1-0
o 2-1.96
= 004 3- 16.6
4-32.4
I S - 44.8
0.03} 6 - 55.6
[ 7 - 65.4
3 0. 22
o0 1 10- 93.3
— 11-100
o
o L
N 0.01} ]
3] I
O [
D- PR ST N N N N N T L L L L L1 Lo
5 10 15 20 25 30 35 40 45

Efp (W om  Torr™ )

Organic vapors = “self quenching”

W. Udo Schroder

Reduce A and
energy of ions by
collisions with
complex organic
molecules (CH4, ...).

Excitation of
rotations and

——— Vibrations already

at low ion energies

\
&5

CH,



Effective lonization Energies

Excitation and ionization characteristics of various gases

Excitation potential

Ionization potential

Mean energy for
ion-electron pair creation

[eV] [eV] [eV]

H, 10.8 15.4 37

re L gy 4 Mean energy per
% gi g; g; gf ion pair larger

Ne 16.6 21.6 36 than IP because
S Ar 11.6 15.8 26 of excitations
5 Kr 10.0 14.0 24
O Xe 8.4 12.1 22

Co, 10.0 13.7 33

CH, 13.1 28

C,Hjo 10.8 23

Lar ge organic molecules have low-lying excited rotational states -
excitation wit hout ionization t hrough collisions = quenching additives

W. Udo Schroder



Amplification Counters

1012

1010

108

106

29
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Number of ions collected
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102

W. Udo Schroder

Voltage, volts

b l I Geiger-Muller
| counter
i I
Recombination B ; - o
before collection egion o |
~ limited ]
proportionality | |
onization Proportional | |
chamber counter | | s |
! B T | s
o | i
' |
| |
| | | Discharge -
| | region
| I
' |
N, : |
e | a particle i N
| | |
| | |
| | | )
| | |
IN, B particle i
| |
- A :
0 250 500 750 1000

Single-wire gas
counter
signal

gas

gas



Proportional Counter

Anode wire: small radius
signal R, = 50 pmor less

Voltage U, = (300-500) V
Fidd at r from wire

U, 1
SO nR R T

Avalanche R =2 R,, several
mean free pat hs needed

30
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Pulse height mainly due to
positive ions (4)

W. Udo Schroder



Pulse Shape

event 1 t Pulse shape:timet, wirelength L

— | L _— n

N event2  _ - ——- Arel [
- t,=zel uCU,, mobility u=w,.. /E
AU

—\%ﬂ_ ¢ =dielectric constant

Oct 2001 31
ev
eve

AN
\{ \/ \Zf t long decay time of pulse =

pulse pile up, summary
inf or mat ion

= |- > dif ferentiate electronically, RC

circuitry in shaping amplifier,
| I( individual inf ormation f or each

event (=incoming particle)

W. Udo Schroder >



Multi-Wire Proportional Counters

Magic Gas: Ar(75% ), iso- (Charpak 1968-80) |mportant
butane (24.5%), freon (0.5%) for detection of high-energy

HV:kV/cm //I/ particles, beam profile,..
Y. Equipotential Lines _8,1
= ~— - 11 0.2
= ' 7 - ot
Cathod | d
///////// Wal.reo ° / O.B\A?Vr?roese
Planes - ]
ode eres

gldd at (X,Y) >(O, 0) r

C . o TT o)
V(X,y)=-U,—In| 4] SIN"—x+9nh"—y _
Are S S ) Field strength close
to anode wires:

o d,_>s>d VI(Xy) «1/r
zd,. /s—In(zd/s)

Capacitance C =

W. Udo Schroder
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