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6. Momentum Measurements

I3 Momentum Measurements
m Forward Spectrometer
m Solenoidal and Toroidal Fields - mostly at Colliders
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Momentum Measurements

6. Momentum Measurements

Deflection of track of charged particle in magnetic spectrometer
Lorentz force — circular orbit of curvature radius p in homogeneous magnetic field
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Momentum Measurements Forward Spectrometer

6.1 Forward Spectrometer

Mainly in fixed target experiments, but also LHCb or ALICE forward muon spectrometer
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magnetic field gives (additional) p | -kick Ap |
typically p > p,, Ap; — Lorentz force always approximately in x-direction and

Apx =03LgB

or for magnetic field not constant over entire path

Apy = O.3q/ BdL
L
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Momentum Measuremen==

ALICE (Di)-Muon Spectrometer

0 =171° —178° —4.0<n< —2.5

Dipole magnet
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Muon absorber and filter
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Momentum Measurements Forward Spectrometer

Example: proton of p = 10 GeV/c ~ p,
[BdL =6 Tm
Ap, = 1.8 GeV/c
Af, = 10°

about the limit for small angle approximation

for p> L
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Momentum Measurements Forward Spectrometer

Momentum resolution

B LB dp df
P=aprBy =9y p  #  accuracy of angular measurement =
dp ]_ p — O-P ox? aCCUFacy Of momentum measurement
@ _ B, - =P 9 _ %8
do T2 T b 6

minimum tracking: two measured points before and two after deflection

in practice always 3 or more measurements, since detectors need to be aligned relative to each
other (best done with straight tracks)
in case all measured points have identical resolution oy:

n/2 points before N _ [8ox
n/2 points after deflection 0=\ hh

lever arm h (see Fig. previous page)

Op _ V 8/nox p _V 8/nox p contribution of space point resolution
p h qLB, h A px to momentum resolution
typical form Zr _ const -p with const =1073...107°> ie. 0.1% - 0.001%
p
Example: 6 measurements each with o, = 200 um, h = 5 m, deflection 1° for p = 10 GeV/c
A
6, = =2 —=0.017
p
2P _— 3.1073=3.10"%p
p
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Zeiu e Sl el
Effect of multiple scattering

(see Chapter 2)

multiple Coulomb scattering along particle trajectory of

length L contributes to p | -broadening perpendicular to A py®
direction of propagation _

] -19.2 MeV/c | L
APTS — pSIn 9rm5 ~ perms — q 6 / XO

where Xj is the radiation length. In the direction of deflection (x) this means:

Apms _ 97192 MeV/e [ L q-136MeV/c | L
P T Bv?2 Xo 3 Xo

for sufficiently large momenta independent of p

contribution to momentum resolution:

<@> ~ Ap™ 13.6 MeV/c\/L/Xo
ms

p A py e [ B,dL

where Apy is the deflection due to magnetic field (see above).
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Momentum Measurements Forward Spectrometer

total momentum resolution

Example: as 2 pages above

e/ BdL = 0.57 Tm Ap, = 0.17 GeV/c

L =15 m
material: air, Xy = 304 m

<@> — 1.8%
p ms

vs. (@> — 0.03% p
P/ defl
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Momentum Measurements Forward Spectrometer

Example:

2
(%) = (1.8%)° + (0.06% - p)?
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Momentum Measurements Forward Spectrometer

Multiple scattering particularly relevant if magnetized iron is used, as frequently done for
measurements of muon momentum

m advantage: high B-field, stops m, K before they decay into u

m disadvantage: worsens momentum resolution by multiple scattering

X4 =1.76 cm, B=138T, L =3m, Apx = 1.6 GeV/c

- <Q> — 11%
p ms

depending on desired momentum range, accuracy of deflection measurement can be chosen
accordingly
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

6.2 Solenoidal and Toroidal Fields - mostly at Colliders

Normally 47 coverage desired, leading to special
spectrometer configuration

dipole disfavored
- deflects beam which must be compensated

- not nice symmetry for 4w experiment

Solenoid

long cylindrical coil

B along beam direction,
no deflection

measure momentum component p| perpendicular to beam

Detectorphysics
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

beam and B-field along z-axis
particle produced with momentum p

completely characterized by px, py, pz, where px and p, can be
written in terms of (|p |, ¥):

px = |p.L|cosep
py = |pLlsing

>
X

need to measure at least 3 points of track
circular in xy-plane

= p (radius of curvature) or p A
and ¢
P P
measurement of 0: =
Pl tan@ &l
p = 2 1 e >
sin 6 D ya

complete measurement of particle momentum
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Sagitta Method

X
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

Measurement of at least 3 points with coordinates x;, x2, X3

S = x — X1 + X3
2
/3
05 = \/ 59
% _ 95 _ \/3/20x8p
p S qBL?

Measurement of N equally spaced points:

Op . O x 720
p  qBL2\ (N+4)

p NIM 24 (1963) 381

m example: (remember factor 0.3 as soon as you put dimensioned quantities)

B = 05T

L = 2m Op _, —3
ox = 400 pum ? ~1.4-10""p
N = 150

similar to ALICE TPC, usage of former L3 Magnet
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

L3

Outer Cooling Circuit

Inner Cooling Circuit

os = 90 um L = 25% at 45 GeV (typical Z° decay product)
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

Construction site ALICE 2004 - the solenoid and the iron return yoke

ol & | Largest warm magnet, about 7000 t iron
g current in magnet 30 kA < average lightning
@SS cnergy stored in magnetic field 150 MJ

=, dissipated power 4.2 MW

gy

June 20, 2018 17 / 337

J. Stachel (Physics University Heidelberg) Detectorphysics



Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

ALICE first 13 TeV pp collisions

-800 -400 800
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-800 -400 800

Run:225000

Timestamp:2015-06-03 09:21:39(UTC)
Colliding system:p-p

Energy: 13 TeV
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

Toroid

m on axis vanishing B-field

m no deflection of beam

m fill with iron-core e.g. for muon
measurement in end caps

Example: H1 forward muon spectrometer
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

H1 experiment at HERA

Central solenoid plus forward muon
toroid to measure high energy muons
between 3° and 17°

drift chamber planes before and after
toroid

Toroidal magnet: 12 segments with
15 turns each (Cu), 150 A
— B =1.6T filled with Fe core
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

r 61¢1 62 TOROID 03 ¢264

deflection in polar angle —+ momentum

Op

— = 24 -36%
P
forp = 5—200 GeV/c
dominated by multiple scattering
(o}
2 =02431.3-103p
P
g e fee- -f=0.65m
12m
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

ATLAS - A Toroidal LHC Apparatu$S
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

‘air core toroid’ central barrel
L =26m, D; =94 m, Dy = 19.5 m

A\

4520 \
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8 flat coils, super-conducting, 70 km super-conducting cable
20 kA, [BdL=3 -9 Tm
energy stored in magnetic field 1490 MJ
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

ATLAS cavern
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B-field monitored by 5000 Hall probes attached
to muon chambers




Momentum Measurements Solenoidal and Toroicia ﬁﬁléq p@s@fa"{@lﬁﬁ@ﬂtum

n=14 n=1.05 measurement of muon tracks with
~ . .
~ N MDT chambers »mn Monitored drift-tube array:
™~ AN
N # Resistive plate chambers | o
] o 3 layers, each consisting of
n=2.0 — | hl Barrel toroid coil 2 mUItIIayerS
T~ | | I8
( total 1200 muon chambers of
n=24 _ i
- eramners (LM | 0 O\ O m e 2 x 3.5 m?
e O
=30 — [ - “Encicap 4 total 300000 channels
— —_ t\oroid ~ _
e S & ~ 7 for1TeV muon sagitta S = 500 um
m—] chambers =~ , requirements: ox = 50pum

alignment known to 30 um
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

ATLAS monitored drift tube arrays

two 3-layer multilayers of drift tubes

hard Al-Mn alloy (ALUMAN 100)
@ 3 cm 4+0/-20 um

400 £ 20 pum wall thickness
operation at 3 bar

1.4 — 6.3 m long 50 um wire
centered in tube to 20 um

drift time < 600 ns

gas gain < 50000
(only 'streamers’
to avoid <> 'aging’)

gas: AF/C2H6/C02/N2
86:5:4:5

Cross plate

Multilayer
In-plane alignment
Longitudinal beam
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

120 £+ ) position resolution ATLAS monitored drift tube array
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Distance along tube [m ] single tube position resolution 80 um
difficulty: gravitational sag of long tubes and — 0p, /Pt = 10% at 1000 GeV
wires
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Momentum Measurements Solenoidal and Toroidal Fields - mostly at Colliders

Need to know exactly where tubes and wires are!

llq\I

| | n
fﬁf! Y Cll[]

CODED MASK LENS

Rasnick System
" Projective
- “alignment

13000 CCD cameras
— align each muon chamber to 0.05 mm precision

Bl _
__ - - Axial

alignment

Alignment system for 3 layers of MDT's
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