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Orsted
Compass
(circa 1820)

(a) Chunk of magnetite

(c) Bar magnet
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(a) Opposite poles attract.
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wire
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The compass needles
are tangent to a circle
around the wire.
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North geographic pole The geomagnetic north pole is actually

(earth’s rotation axis) a magnetic south (S) pole—it attracts
« the N pole of a compass.
,l\\ R S
S\ /,//‘u

,"‘ Magnetic field lines show
‘ ‘ the direction a compass

would point at a given

\ v/ .\‘
S N location.
: The earth’s magnetic
field has a shape
| Q similar to that pro-
duced by a simple
bar magnet (although
actually it is caused by
N electric currents in the

\

®) ﬁ%" ‘4“‘ core).

: I \ ] The earth’s magnetic axis is
\ offset from its geographic axis.
The geomagnetic

south pole is actually a South geographic pole
magnetic north (N) pole.

© 2012 Pearson Education, Inc.

HEK FE Bl — (R



TERESRIMET TR GIHR > BETIERIVE H <P |



Gaussian
surface \

_)
B .
S
4 c
P S
{ ’ \ Ve
/1 A
o nY
: >
\ 2 =
2
//-‘\‘ s
)
\ /

Py = fﬁ . dA = T AT SR — A SR R E

A2 — B AR R S E -

WHSEETE - fﬁ-dho TS E

A 7= A B LS S B s SR TR e 2



_ >
N u

LEfZ 4R - AL B I & B R FE L !
B ~—— E
‘?4—» Q

Fe AR BT AR 75 T P DA S8 S BB s J D SR AT 2



- K- K

[EEBHREI > TS — SRR A, - A TE Y

-
s H> B0
BRI IR - Ay AL o B TR
AR ARG 4B A B e — AR 1 o0 BT iR AT |




WS ANT A\ N VYR SN
B —— ] o m— T oy =P
KNG N Aa LN iT

R — BRG] DATE Rl b — Z 5 I MECE B R S 3 2 T A,
WSS NIHE ISR B FE AR - AEWESE N S & M4 I e (R )
T2 EANEE B FTE B4R BAE R EMIVER - =
JT R R A AR T Y 2548 5 R FE B |

FEREE N 2 e 48 HH r A [ J A A (e o &
W IR —ETPAEES - A FEREER -

‘/\\
RSN T4 e LS R R % - — ="



(EMIEDCT » Bk AT DAZE A2 BRI 4R

Gaussian
surface

—

|
o
/—'

B — (A R R ARSI E -

fﬁwﬂ=o LR T

ks (S ISHISHERCE ST VATl



)

SRIE T

§ By as =0

SRR 7T R E RIS Z54R |

B - ds

S RO A R4 |
TEBIRETEE H R TR |




SEELAN Maxwell Equations

FIBEE IR A —1RHY |



B ] &0 E B fey 5% L ORI W4 TSR e SRR B SR A R PARY 4R -
IR 4R © W4T I8 e eI 4R -



fBWM:O WAGASR 7 4 T TR i e |

Breaking a magnet in two ...
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... yields two magnets,
not two isolated poles.
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Orsted
Compass
(circa 1820)

1820 Orsted BEHF
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When the wire
carries no

E | current, the
compass needle
points north.

(b)
When the wire carries a current, the compass
needle deflects. The direction of deflection

depends on the direction of the current.
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Francois Arago 1786-1853 Ampere 1820

25th Prime Minister of France
In office 9 May 1848 — 24 June 1848
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Francois Arago 1820
W7 B oWk

% . connected to — terminal of battery:
lower potential

.. connected to + terminal of battery:
higher potential

R HEREMERENE AR > soskHl I -
TEF ST T A S R —(E G SR E -
g IR T IR R | ARl



HFE—b1G > VHEEFGEERETTUEER S E - SR ERIRE -
AL -

,




Ampere 1920
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“Like” currents attract.
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1 Forces on a
~— ‘ ‘ ) Current-Carrying Wire
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“Opposite” currents repel.
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Ampére Law 1820
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Faraday 1791-1861
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Moon
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-+ @ Point fingers of right hand
¥ in direction of current.

Jumping Wire {\ i @ Curl Ilngcrs toward

direction of B.
n ‘B
a d M Pl)w
. ‘5/{:'1’

Reverse Demonstration L —

€ Thumb points in direction

of magnetic force.



with magnitude
F_.. = quB.
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perpendicular to wire
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Magnet does exert magnetic
force on wire.
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magnetic g =
force. ‘@_>
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parallel to wire

|

Magnet exerts no magnetic
force on wire.
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F 1s perpendic-

ular to the plane
containing
v and B.
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Fis perpendic-
ular to the plane
containing
v and B.
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Right-hand rule for the direction of magnetic force on a positive charge moving in a magnetic field:
@ Place the v and B vectors tail to tail.

@ Imagine turning v toward B in the v-B
plane (through the smaller angle).

@ The force acts along a line perpen-
dicular to the v-B plane. Curl the
fingers of your right hand around
this line in the same direction you
rotated v. Your thumb now points
in the direction the force acts.

© 2012 Pearson Education, Inc.
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Q > @ i
‘ ‘ Right-hand current rule:
N
i

Curl of fingers gives direction
of B-field of rod 2. I

2o (s
Ty Ty

Q —
“Like” currents attract.
{”t
— I S
e
/ .
—A )
‘ B ‘ B (b) 3 N
F F Right-hand force rule: Thumb

gives direction of force exerted

“Opposite” currents repel.
P Ecaion, v, g s P Ao e on rod 1 by B-field of rod 2.
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LHC (Large Hadron Collider) K515 54
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The Large Hadron Collider (LHC)

The LHC
27 km in circumference
Jura mountains 8.6 km across

W CERN main site
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The LHC tunnel — with bending magnets as far as the eye can see
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E = mc?
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Colliders are New Particle factories.
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FAST FACTS

PROTON VELOCITY:
99.9999991% of light speed

PROTONS PER BUNCH:
up to 100 billion

NUMBER OF BUNCHES:
up to 2,808

BUNCH CROSSINGS
PER SECOND:
up to 31 million, at 4 locations

COLLISIONS PER BUNCH
CROSSING:
up to 20

DATA PER COLLISION:
about 1.5 megabytes

NUMBER OF HIGGS PARTICLES:
1 every 2.5 seconds (at full
beam luminosity and under
certain assumptions about
the Higgs)
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7x10" eV Beam Energy
10%* cm2s?'  Luminosity

2835 Bunches/Beam
10" Protons/Bunch
. TN
\
: 7 TeV Proton Prot
i s g
("’) @ : Bunch Crossing 4 107 Hz colliding beams
G Proton Collisions 10°Hz
© PamonCollisions [Ty R
I b8
New Particle signals 10%5 Hz Pyrp — L2y Ffet
(Higgs, SUSY, ....) Pz . <:
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Selection of 1 event in 10,000,000,000,000
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Q-

E— Liquid Helium

| Sl

RADIO FREQUENCY Quadrupole Dipoles PARTICLE DETECTOR

CAVITIES SUPERCONDUCTING MAGNETS

Floor it. RF cavities accelerate particles, and magnets guide them around the ring. The beam can be used to generate collisions within particle detectors.
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Electromagnetic wave is traveling, pushing particles along writh it )

. .4_)_) Electromagnetic Wave

as seen from above

(red is +, blue -) RADIO FREQUENCY

CAVITIES

Moving electric wave P

+A QL \{

1 | Positive particles just sitting there
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r E— Liquid Helium
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Quadrupole Dipoles

SUPERCONDUCTING MAGNETS

Dipole to curve particles
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=— Liquid Helium

N

Quadrupole

_ Quadrapole to focus particle beam
Dipoles

SUPERCONDUCTING MAGNETS

A asr vy asaviasy s aa

there, and what are their de-
tailed properties?
Nevertheless, we know
with virtually mathematical
certainty that whatever mech-
anism is responsible, it must
produce new phenomena in
the LHC’s energy range, such
as observable Higgs particles
(which would be a manifesta-
tion of ripples in the underly-
ing field) or techniparticles.
The principal design goal of
the LHC is therefore to dis-

cover these phenomena and

— aawawes  wia w

ACCELERATOR MAGNET is
shown in cross section. The su-
perconducting coils carry 12,000
amps of current and must be
kept cooled to below two kel-
vins. Each beam pipe carries one
of the two countermoving pro-
ton beams. Other magnets fo-
cus the beams and bend them
to cross at collision points with-
in the detectors.

20 CENTIMETERS,
T |

VACUUM HEAT EXCHANGER PIPE

VESSEL

SUPERCONDUCTING
BUS BARS
SUPERCONDUCTING
COILS
THERMAL
SHIELD
(55TO75
KELVINS)
IRON YOKE
BEAM (COLD MASS
PIPE 1.9 KELVINS)
BEAM
- SCREEN
SHRINKING
CYLINDER
NONMAGNETIC
COLLARS
RADIATIVE
INSULATION HELIUM
(50 KELVINS)
COOLING
TUBE /3
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CALORIMETER

Total Weight
Overall diameter
Overall length
Magnetic field

VERY FORWARD

Compact Muon Solenoid

Compact Muon Solenoid (CMS)

(ViGN CHAVBERS |

-\

| INNER TRACKER | [ cavsTaL EcAL

(AL |

(

— "“—-1.:“‘_
[swerconovomccon] /W P -
14,500 t. [ Reruan voe | = R i
14.60 m T
: 21.60m Epte
1 4 Tesla
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CMS Overall diameter : 15.0 m
Overall length 215 m
Magnetic field : 4 Tesla
PRESHOWER
RETURN YOKE
SUPERCONDUCTING
MAGNET
-~ FORWARD
~ CALORIMETER

HCAL

MUON CHAMBERS

iz e (BN
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Compact Muon Solenoid
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m 2
Key: "
~————— Muon

Electron

=== Charged Hadron (e.g. Pion)

- = = = Neutral Hadron (e.g. Neutron)
= = === Photon

Silicon
Tracker

Electromagnetic
}:l ] ' Calorimeter

2

-

Hadron Superconducting bl =

Calorimeter Solenoid .~

Iron return yoke interspersed JULLL 3

Transverse slice with Muon chambers | | 5
through CMS —

TRACKER

CMS fjamm 7 g

: 4 Tesla
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RETURN YOKE
SUPERCONDUCTING
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15 E; (GeV)

Run Number: 154817, Event Number: 968871 E, (e")= 45GeV E. (e*) = 40GeV

\ AT LAS Date: 2010-05-09 09:41:40 CEST 01 e
M_=89 GeV

-—- 2 EXPERIMENT Z>ee candidate in 7 TeV collisions
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ATLAS (A Toroidal LHC Apparatus)

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

Muon Detectors Electromagnetic Calorimeters

ATLAS

End Cap Toroid
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CMS Experiment at the LHC, CERN &
Data recorded: 2012-May-27 23:35:47.2 &
Run/Event: 195099 / 137440354

For one event, we record the tracks of charged partciles, the energy deposited in a
certain direction at two layers and the tracks of muons!

Event recorded with the CMS detector in 2012 at a proton-proton centre-of-mass energy of 8 TeV.
The event shows characteristics expected from the decay of the SM Higgs boson to a pair of Z
bosons, one of which subsequently decays to a pair of electrons (green lines and green towers)
and the other Z decays to a pair of muons (red lines). 85



@ The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

. -
»

Photo: Pnicolet via Photo: G-M reuel via

Wikimedia Commons Wikimedia Commons
Francois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at

CERN's Large Hadron Collider"
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Charged particles Protons trapped
from sun enter earth’s in inner radiation
magnetic field ~—_
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Shortly after launch on Aug. 30, 2012, particle
detection instruments aboard NASA’s twin Van
Allen Probes revealed to scientists the

existence of a new, transient, third radiation Jupiter's variable radiation belts
belt around Earth, shown in this image.
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NASA’s Solar Dynamics Observatory captured these images of
the solar flares, as seen in the bright flashes in the upper right, on
May 5 and May 6. The image shows a subset of extreme
ultraviolet light that highlights the extremely hot material in
flares, colorized in teal.CreditCredit...NASA/SDO



NASA’s Solar Dynamics Observatory captured these images of the solar
flares, as seen in the bright flashes in the left image (a May 8 flare) and
the right image (a May 7 flare). The image shows a subset of extreme
ultraviolet light that highlights the extremely hot material in flares,
colorized in orange.CreditCredit...NASA/SDO



Magnetotail

Deflected solar wind particles

Incomjng solar wind particles

AI'/ Plasma sheet
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Van Allen radiation belt ‘

Solar wind
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Earth's atmosphere
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Converging
( magnetic
field lines
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(a)

The Cause of the Aurora

Excited nitrogen @

cmits radiation

Red Light
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The northern lights glowed in the night sky in the
Oder-Spree district of Brandenburg, Germany 2024
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