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Momentum measurement

L

02

error o(X): -

- ]
(7‘ /)T :'IN('(L\. o (s) '\/;Tl Y)
/)r 5 )

for N equidistant measurements, one obtains
(R.L. Gluckstern, NIM 24 (1963)

X +Xy

Jo -3

0.3- BI?

381)
( (| meas. K
o\pr) _ aglx) pr m

Pr 0.3-BL*
ex: pr=1 GeV/c, L=1m, B=1T, ¢(x)=200um, N=10

(for N==10)

{ (| meas
a\pr)

Pr
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0.5%

(s =3.75 cm)

p ‘12 ")7. :1!/{,#
@8 s 3 | pr(GeVic)=03B8p (T-m)
X i} L:\um/: 0/2 — 0 0.3L-B
T 2p rr
Apr = prsmb =0 3L-B

03 1°B

P \:pll—cn_\()/ll p—=——
8 8 pr
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Yovs

the sagitta s is determined by 3 measurements with

ATLASDE{ELEL T,

Pt =500 GeV/c
L =Im

B =21

0 x=60 U m

N =350

— 20 %
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Scattering S |
An incoming particle with charge z interacts with ?;I -U- 7.|- - F g&ﬁlﬁ I*ﬁ uﬁ *ﬁ

a target of nuclear charge Z. The cross-section

e e 2 BHELIC L S RERAOHT

do , / e 2 | Rutherford formula
=4z7r -

=4z, . . 13.6 MeV
dQ A B \||1JH/_‘ Approximation 6, = — 2 ll+(Hl~\|n[— ]
de/dQ PBep \(, |
+ Average scattering anc;le X, is radiation length of the medium (discuss later)
# Cross-section for 8 — ( mfnlte ! (accuracy < 1% for 10 < X < 100)

Multiple Scattering

Sufficiently thick material layer Back to momentum measurements:

— the particle will undergo multiple scattering
e
ASTHIF
.
< A
—_—

contribution from multiple scattering

0.0136 —L

\p Ms _ psing, = p-0.01] 36 _\[:

MS 0.01 “{(.‘/I XO
= .t af =0.045

o m)—” =03 s— = independent
s b GRS T ATLASOIEEL T,
o(e)p L | m
0y =6, = (0,00 ) = B =2T
- 3 total error G(p)p™™ ™ . .
200504 " —— <multiple-seattering
ZEEDHEL~ E—RIL s
_>ﬁ gﬁﬁgﬁgé{ﬁ—F é _ti_ 5 202);:(32(:(“:11@“) L=1m, B=1T T 0.5 (

2019/10/30 Kohno lab Meeting 4



EE) £ 7 BRH

& (A5 B RE

solenoid magnet:

Momentum measurement in experiments with

/LZ (G}

6 resolution

£

@

B ¥p

y

Pr= /i\lll()

polar angle has to be determined from a straight line

@

total momentum er

In practical cases

+ multiple sc atterlnq contribution....

ol /)I (7!/)7- )

fit x=x(2). o(p) 2 _ o(pr) 2 2 ~
N equidistant points with error ¢(z) ( D ) o ( T ) + cot (0)00 B
alo)"" = AL IJI AN=D/N(N+1))

} normally small

In summary: olp)

.‘”

2005.04.23
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Detection of charged particles

How do they loose energy in matter ?

¢ Discrete collisions with the atomic electrons of the
absorber material.

Vo

i [ .\'I:'(/—(Tv’: dm
dx = dE

N electron ll\‘l]\ll}

ho, hk

Collisions with nuclei not important (m_<<m,).

¢ |If hw.nk are big enough = ionization.

Instead of ionizing an atom, under certain conditions the
photon can also escape from the medium.

Emissi f Ch k dT it —>9"Il/\/:|7jlf,
= mission o erenkov and Transition . 28 S
radiation. (See later). %g*gﬁiﬁq('f&ﬂ—‘)

2005.04.23
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. . u'{ /I ;- \
Average differential energy loss "u.(T/\-J’
lonisation only — Bethe - Bloch formula s

K ) ) 2 2232 . ]
<i>=—4;r\ ‘,r‘,'m‘,v':'i" l, l,lnw/'"“\ = ‘
b Tk 72 |

| >

dx

*

dE/dx in [MeV g cnv)
dE/dx depends only on 3, independent of m

L R 4

Formula takes into account energy transfers
I<dE<T™  ]:mean excitation potential

I =1,7Z with [,=10¢V  (roughapproximation, /
fitted for each element)

*

Bethe-Bloch formula only valid for “heavy” particles (mzm,)

Electrons and positrons need special treatment
(Mproj=Marger) . i @ddition Bremsstrahlung!

10 ey
SF LN j

W A 1
i\ H,liguid =3 Z/A does not
\ b i ,‘ilmm much for
\~/’/ o
i the various

Hegas

—3 elements

*

= except for

dE/dx (MeV g'em?)
@
S ARY M|

2} “= Hydrogen!
'
! '
S M IR H IR Y
01 10 10 100 1000 10000
Py = p/Me
2005.04.23

—Ix)LF¥—I8

¥ ) 3 3 2 4‘:‘: 2 ; 5
<‘/i>=—4fr\ ,,r‘,'ln(,c‘:‘i;hlnul e
dx : IVEE 12

¢ dE/dxfirst falls 1/32 (more precise °3), kinematic
factor

0

(dE/dx =1 -2 MeV g cné)

attributed to relativistic expansion of transverse E-field —
contributions from more distant collisions

¢ relativistic rise cancelled at high y by “density effect”,
polarization of medium screens more distant atoms.
Parameterized by & (material dependent) — Fermi plateau

Tmax . —EDEFHET
BHEFICEZ5NS
BERKOESH TR F—

2019/10/30

. many other small corrections
17f B
a) Argon ==
6cms -~ ——
4 1atm Pid
15)
<
$
g
#
:
g 1
Measured and ¢
calculated dE/dx & 12+ solid line: Allison and Cobb, 1980 1
2 doshed line: Sternheimer (1954)
|l data from 1978 (Lehraus et al)
10l
1 10 100 1000 000
By
2005.04.23

:I—I— (N 13 i ~ =
| HETEHAIRIF—
¢ then again rising due to Iny? term, relativistic rise,

HFDEARS By |
¢ then minimum at 3y = 4 (minimum ionizing particle .MJP' lLE — Y

Kohno lab Meeting



1AL

H

Fast charged particles ionize the atoms of a gas.

/: ition Total ionization

total ionization
=primary+secor

idary(ionization)

E‘Z éjuﬂifl e%%ﬁ%.@wy&enough

dE

\E _/\ v total number of created
- =t
Notal = W —T electron-1on pairs
i i AE = total energy loss
Neotal = 3.4 1 primary V, = effective <energy loss=/pair
60
Number of ®
primary 50 gel
electron/ion pairs
in frequently _ 40 W, (eV)
used (detector) £ BF,
\ ®
gases 30 \
. “ &
, CiHOH
p 1 - Ly
20 ol 0 o
(Lohse and Witzeling, :I CaH,
Instrumentation In High selNe Air
Energy Physics, World 10 - S 02
Scientific,1992) e CH,
0 ~WHe! . "
0 10 20 30 40 50

-1 -1
Nyin (€M™ atm™ )

2005.04.23

100 electron-ion pairs are not easy to detect!
Noise of amplifier ~1000 e (ENC) ! —_
We need to increase the number of e-ion palrs

Gas amplification

Consider cylindrical field geometry (simplest case):

IEEF N \

cathode
gas

—F T N—ADE

AR L7E

'~ capacitance / unit length

AE: ABRIBRIFMNEK D=
$HI*N$—

W:BF A F X ERICRE

Electrons drift towards the anode wire (- stop and ¢
More details in next lecture!).

Close to the anode wire the field is sufficiently hu]h
(some kV/cm), so that e gain enough energy for fur
ionization — exponential increase of number of e-i
pairs.

2005.04.23

EHTRIVF—
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— FDiEL TIE
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Choice of gas: >< 'e Z . tEmoo | — l % T ‘___ E 3z E
Dense noble gases. Energy dissipation mainly by iii : 1§I; N~ ‘“" I\)l/ }] == <
L e - _

ionization! High specific ionization. II_EE,LI%-ﬁ{/Fm L_ ’&jj‘m g 6 (. & 7:)\ C % 6

ARGON (1997)
AL A kA Lk kAl

3 Solution: Add poly-atomic gases as quenchers.
e S Absorption of photons in a large energy range (many
. \ — s vibrational and rotational energy levels). % . - 4
v OLEVEL EXC o ) > A
z o E Energy dissipation ﬁjﬁ%j] Z é j‘]u z" (Y
G by collisions or jlf, ? 1 HYU? *EE §j( x [\
= ‘ ‘ dissociation into & * E Eb < L
> (MAGBOLTZ)
: ™ smaller molecules.

ENERGV EV,

De-excitation of noble gases only possible via

emission of photons, e.g. 11.6 eV for Argon. Methane: absorption band 7.9 - 14.5 eV

gl;i;pizra?zv:\?nization threshold of metals, e.g. )( ]& y M“.HANE oo | jJu z_ 'g: %¢6 &0. .
- BIEN TS
- ZEHRELSE U RTL

eustfic

= VIBRATION
VIBRATION
EXCITATION
EXCITATION
EXCITATION
EXCITATION

e 4

— new avalanches —
permanent discharges !

* 10*-16 CM*

ONISATION

(MAGBOLTZ)

X SECTION

2005.04.23

+41gainE B B HiIC | BN
75& 7:’\ QE L/ —C L/ 35 2 2005.04.23 e e u
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(F. Sauli, CERN 77-09)

Signal
formation

Avalanche formation within a few wire radii and within
t<1ns!

Signal induction both on anode and cathode due to
moving charges (both electrons and ions).

FERDOEBEIRE

[ dVv ) = =
dv=rrar SBESN=ES

Electrons collected by anode wire, i.e. dris
small (few um). Electrons contribute only very
little to detected signal (few %).

00 200 ‘YOO 400 00 T '
— .- T

T+100Msee

limited by total ion
drift time !

T 0

l""" (F. Sauli, CERN 77-00)

Need electronic signal differentiation to limit dead time.
2005.04.23

/m / lons have to drift 'EE'?O) F U 7 I\H#

I,\IJ/:E-g-ék—
TEEWN
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» ionization mode: full charge collection, but no
charge multiplication.

= Proportional mode: above threshold voltage
multiplication starts. Detected signal proportional
to original ionization — energy measurement
(dE/dx). Secondary avalanches have to be
quenched. Gain 104 - 10°.

m Limited Proportional — Saturated — Streamer
mode: Strong photo-emission. Secondary
avalanches, merging with original avalanche.
Reqwrps strong quen(,hers or pulsed HV. High
gain (1019), large
signals — simple
electronics. 10

" Geiger mode:
Massive photo
emission. Full
length of anode
wire affected. Stop “w’
discharge by
cutting down HV.
Strong quenchers 4|,
needed as well.

8
+

2005.04.23

BWEEDELE
BRYIDA F ¥ = INET SHIIC
BESLTLES
OE B FELE,
BRYIDA X XFIPNETE S
@J:I:WJ Aigk
1 REBEICIEBILI=hhZET S
O %0
B THE U SENFEICES
A F MEDERTELZND
@Geigersais
REB(CRARELS —EHA
=95

16
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(First studies: T. Bressani, G. Charpak, D. Rahm, C. Zupancic, 1969

First operation drift chamber: AH. Walenta, J. Heintze, B. Scharlkin, NIM 92 (1971) 373)

[ v DELAY

scintillator Stop

_V_ I— Start

TDC

—"_b
low field region high field region
— ] 1 £ —p zas amplification
I

2005.04.23

Measure arrival time of

|
+* | A A P e _
[ . | ViEdo C V< - >
* drift anode electrons at sense wire
4 slative ta a Hime
..J

relative to a time t;,.

=, ()t

ASH R B AL
DEFE
—>AF X DER

- RkUZ b
—BFEFARICL Y IEIE
—>BREE L L THKRE

EFRIEHRE

> F L —4 TEBI(start)
sense wire(stop)

- RUT MEEZM>TNS
VENGHD
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Cherenkov radiation

Cherenkov radiation is emitted when a charged particle
passes a dielectric medium with velocity

| S
Bz By, = n :refractive index

RIENDIREH T,
MEAFPEERLY D

Eb\i”u_n\ F b3

e S

17

with n=n(A) =1

0

|
ﬂm,:; — O¢ threshold

1N -

‘saturated’ angle (3=1)

Number of emitted photons per unit
length and unit wavelength interval

: Ultl

3\- -
d — = _,”rl- ,I s _Z sin? ¢ dN/E
dxdA A” l Bn A”
&/:\ | ¢ he (I: N
—oc— With A=—=— — = const
dvdA A+ o E dvdE D
2005.04.23

cosf =c/n

BiLRER., BuRks:
ML EN BT

47=0
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#i
BB BHE, KFEHE

TR predicted by Ginzburg and Franck in 1946

Electromagnetic radiation is emitted when a charged particle
traverses a medium with a discontinuous refractive index, e.g ) Number of emitted photon

J. umber of emitted photons / boundary is small i — — \]es 7
the boundaries between vacuum and a dielectric layer W | Rﬁ & l\_TRO) 7I|__, I d

ph <

P T B HESER
medium |vacuum . . . PEAN
Need many transitions — build a stack of many thin L

foils with gas gaps

A (too) simple picture

MY

) X-rays are emitted with a sharp maximum at small angle
~electron

0= Ify ﬂﬁ =] .g_ — § (S
A correct relativistic treatment shows that. .. — TR stay close to track iﬁ' é iE “b — t 7? M\E
(G. Garibian, Sov. Phys. JETP63 (1058) 1070) X%?a) b‘ﬁ E{J‘ﬁ }E 0) E — a

) Emission spectrum of TR

) Radiated energy per medium/vacuum boundary Typical energy ho %/,mi,;'
. i — photons in the keV range
W= ]—(/Im) y i Only high energy e* will photons ang
A M
3

emit TR. Identification of e*

N &* plasma , *r
o, = |—— ) hw, = 20eV (plastic radiators) “r
! em, requency v el
V& wor
+ Simulated emission 3 a}
== — 3
2005.04.23 %? 0) *}1_? 5}] %& spectrum of a CH, foil ~ &}
stack o
2
2 . G‘ I‘ V‘B 12 4 % 8 0 2
E.Kev
2005.04.23 20
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