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Lecture 1

Introduc3on to Acclerator Physics

Goal of this lecture course
Introduction to accelerator physics

-2- Theory:
Beam optics;
Beam dynamics;
Simulations (exercises).

-1- Experimental aspects:
Accelerator components;
Beam properties;
Beam handling.
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Organisation
• Prerequisites:

Knowledge: Electrodynamics, Special Rela8vity, Quantum Mechanics 
Lectures: Experimental Physics I-V 

• Addressing: Master Students (Bachelor Students) 

• Accompanying Tutorials:
Wednesdays 16:15-18:00 (Tutor: Tamasi Rameshchandra Kar) 

• “hands on” computer exercises (Python) 
First date: 19th of October (today!) 

• More Informa@on on the Web: 
h"ps://uebungen.physik.uni-heidelberg.de/vorlesung/20222/1611
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Literature
No dedicated script! Content depends also on your wishes! 

Frank Hinterberger 

Physik der Teilchenbeschleuniger und Ionenoptik 

Series in High Energy Physics, Cosmology, and Gravitation 
Series in High Energy Physics, Cosmology, and Gravitation 

Series Editors: Brian Foster and Edward W. Kolb

IP127

w w w . c r c p r e s s . c o m

The !eld of beam physics touches many areas of physics, engineering and the 
sciences. In general terms, beams describe ensembles of particles with initial 
conditions similar enough to be treated together as a group so that the motion 
is a weakly nonlinear perturbation of a chosen reference particle. Particle beams 
are used in a variety of areas, ranging from electron microscopes, particle spec-
trometers, medical radiation facilities, powerful light sources and astrophysics to 
large synchrotrons and storage rings such as the LHC at CERN. 

An Introduction to Beam Physics is based on lectures given at Michigan State 
University’s Department of Physics and Astronomy, the online VUBeam program, 
the U.S. Particle Accelerator School, the CERN Academic Training Programme 
and various other venues. It is accessible to beginning graduate and upper-
division undergraduate students in physics, mathematics and engineering. The 
book begins with a historical overview of methods for generating and accelerat-
ing beams, highlighting important advances through the eyes of their developers 
using their original drawings. The book then presents concepts of linear beam 
optics, transfer matrices, the general equations of motion and the main tech-
niques used for single- and multi-pass systems. Some advanced nonlinear top-
ics, including the computation of aberrations and a study of resonances, round 
out the presentation. 

Features
• Provides an introduction to the physics of beams from a historical 

perspective
• Describes the production, acceleration and optics of beams
• Discusses transfer matrices and maps for particle accelerators and other 

weakly nonlinear dynamical systems 
• Covers various important devices used for imaging and repetitive systems, 

including electron microscopes, spectrometers and storage rings
• Incorporates some advanced material such as aberration integrals  

and the treatment of resonances

An Introduction to 
Beam Physics

Martin Berz, Kyoko Makino 
and Weishi Wan

Berz
Makino

Wan

Physics
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An Introduction to Beam Physics
Martin Berz, Kyoko Makino and Weishi Wan

0105
2015

M. Berz, K. Makino and W. S. Wan

An Introduction to Beam Physics
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More Literature
Klaus Wille: Physik der Teilchenbeschleuniger und Synchrotronstrahlungsquellen. 

Eine Einführung (Broschiert) Teubner Verlag 2001, also in English, Oxford 
University Press; book is difficult to get! 

E. Wilson: An Introduc=on to Par=cle Accelerators, Oxford University Press 2001 

Helmut Wiedemann: Par=cle Accelerator Physics, 3. Auflage, Springer 2007, 
ISBN 3540490434 

CERN Yellow Reports: 
CERN Accelerator School Proceedings
CERN Document Server
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Lecture Dates
hIps://uebungen.physik.uni-heidelberg.de/vorlesung/20222/1611/lecture

Date Topic
19.10.2022 IntroducTon and basic definiTons
26.10.2022 Accelerating structures
02.11.2022 Accelerator Components
09.11.2022 Optics with magnets (1)
16.11.2022 Optics with magnets (2)
23.11.2022 Equations of motion
30.11.2022 Phase ellipses and magneto-optical system / Transverse beam dynamics
07.12.2022 Transverse beam dynamics, beam stability / Longitudinal beam dynamics
14.12.2023 Phase space and beam cooling (Invitation)
11.01.2023 Space charge and beam-beam dynamics
18.01.2023 Physics at Storage Rings
25.01.2023 Physics at Colliders
01.02.2023 New accelerator technologies
08.02.2023 Student seminar
15.02.2023 reserve
22.02.2023 reserve

Wednesdays, 14:15-16:00
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„Leistungskontrolle“
Tutorials

Tamasi Rameshchandra Kar
(Kai Schweda)

Introduction and details
Today at 16:15 in this lecture room 

successful accomplishment → certificate (Master)
- number of credit points = 4

- no grades given (only “pass”)
- lecture qualifies for master examination (MVMOD) 

sign up here:
https://uebungen.physik.uni-heidelberg.de/vorlesung/20222/1611
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Excursions (!) (?)

We can organise excursions to 
GSI Helmholtz Center in Darmstadt
MPI-Kernphysik, Heidelberg

Depends on your interest!!!
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QUESTIONS?
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1. INTRODUCTION

• History of Accelerator Physics 
• Relativistic Kinematics 
• Electromagnetic Forces 



1862 Theory of Electromagnetism

James Clerk Maxwell 
(1831-1879)

1887 Electromagnetic Waves

Heinrich Rudolf Hertz
(1857-1894)

<latexit sha1_base64="qZyhgKw5Z6IJe4ljeDG+CwVREK8=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqiRFbbsQim66rGAf0JaSSTNtaOZBkhHqMIIbf8WNC0Xc+hHu/BszbQUVPXDhcM693HuPEwquNEIfVmZpeWV1Lbue29jc2t6xd/daKogkZU0aiEB2HKKY4D5raq4F64SSEc8RrO1MLlK/fc2k4oF/pach63tk5HOXU6KNNLDz+DbuSQ/Wb5Iz3HMloTFOZopKBnYBFRFCGGOYElw+RYZUq5USrkCcWgYFsEBjYL/3hgGNPOZrKohSXYxC3Y+J1JwKluR6kWIhoRMyYl1DfeIx1Y9nTyTw0ChD6AbSlK/hTP0+ERNPqannmE6P6LH67aXiX1430m6lH3M/jDTz6XyRGwmoA5gmAodcMqrF1BBCJTe3QjomJgltcsuZEL4+hf+TVqmIT4ro8rhQO1/EkQV5cACOAAZlUAN10ABNQMEdeABP4Nm6tx6tF+t13pqxFjP74Aest0+JEpgM</latexit>

1 Hz = 1
1

s

<latexit sha1_base64="xObf4sPssCCY6dnCkvT5RJCpysc="></latexit>

1 Mx ⌘ 10 nWb = 10�8 kg m2

A s2

1886 Anode rays

Gotthilf-Eugen Goldstein
(1850-1930)

Figures: Wikipedia

History of Particle Accelerators (1)

Beam of positively-charged particles



1894 First Electron Beam

Philipp Lenard
(1862-1947)

Figures: Wikipedia

History of Particle Accelerators (2)

Cathode rays

Wilhelm Conrad 
Röntgen

(1845-1923)

1895 X-rays

1901 

1905 



First Electron Accelerator
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First electron accelerator

Wilhelm Conrad Röntgen (1895)
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First electron accelerator

Wilhelm Conrad Röntgen (1895)
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First electron accelerator

Wilhelm Conrad Röntgen (1895)

1895 Wilhelm Conrad Röntgen



Units



1911 First Reaction

Ernest Rutherford
(1871-1937)

History of Particle Accelerators (3)

Radioactivity

197Au(a,a)197Au

a7,7 from Radium-C
(214Po decay)

1908

Rela>vis>c Kinema>cs (1)



1911 First Reaction

Ernest Rutherford
(1871-1937)

History of Particle Accelerators (3)

Radioactivity

197Au(a,a)197Au

a7,7 from Radium-C
(214Po decay)

14N(a,p)17O

1919 First Nuclear ReacFon

1928-1932 Linear, Circular, Electrostatic Accelerators

1908



Figures: Wikipedia

History of Particle Accelerators (4)

Sir John 
Douglas Cockcroft

(1897-1967)

Ernest Thomas 
Sinton Walton

(1903-1995)

Par8cle accelera8on

Protons @ 400 keV
<latexit sha1_base64="xjeNp7bOroNJ9DMES0xTZWu4rr0=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQCiWRSl0W3XThooJ9QJOWyXTSDp1kwsxEKaE/4MZfceNCEbfu3fk3TtostPXAvRzOuZeZe7yIUaks69vIrayurW/kNwtb2zu7e+b+QUvyWGDSxJxx0fGQJIyGpKmoYqQTCYICj5G2N75O/fY9EZLy8E5NIuIGaBhSn2KktNQ3TxJHBDCCJdir3lDoCDocKSQEf4C9Sp2U0jbtm0WrbM0Al4mdkSLI0OibX86A4zggocIMSdm1rUi5CRKKYkamBSeWJEJ4jIakq2mIAiLdZHbNFJ5qZQB9LnSFCs7U3xsJCqScBJ6eDJAayUUvFf/zurHyL92EhlGsSIjnD/kxg4rDNBo4oIJgxSaaICyo/ivEIyQQVjrAgg7BXjx5mbTOy/ZF2bqtFGtXWRx5cASOwRmwQRXUQB00QBNg8AiewSt4M56MF+Pd+JiP5oxs5xD8gfH5A8aVmh0=</latexit>

p +
7
Li !4

He +
4
He

<latexit sha1_base64="fCcPKhcgmPwqqOybLa3Egtv7Wow=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQBCHMiBKPIV48RjALZMbQ0+lJmvQydPcoYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiql6UMKqN5307uaXlldW1/HphY3Nre8fd3WtomSpM6lgyqVoR0oRRQeqGGkZaiSKIR4w0o8HV2G/eE6WpFLdmmJCQo56gMcXIWKnjHmSB4jBQtNc3SCn5AO/KVXIqRh236JW8CeAi8WekCGaoddyvoCtxyokwmCGt276XmDBDylDMyKgQpJokCA9Qj7QtFYgTHWaTD0bw2CpdGEtlSxg4UX9PZIhrPeSR7eTI9PW8Nxb/89qpiS/DjIokNUTg6aI4ZdBIOI4Ddqki2LChJQgram+FuI8UwsaGVrAh+PMvL5LGWcm/KHk358VKdRZHHhyCI3ACfFAGFXANaqAOMHgEz+AVvDlPzovz7nxMW3PObGYf/IHz+QPvMZaM</latexit>

!7 Be + n

1932 Cockroft and Walton Accelerator

1951

1 MV



Figures: Wikipedia

History of Particle Accelerators (5)

Milton Stanley 
Livingston

(1905-1986)

Cyclotron

1932 Livingston Cyclotron

Ernest Orlando 
Lawrence

(1901-1958)

Protons @ 1.2 MeV a;er 150 revolu?ons 

1939



History of Particle Accelerators (6)
>>> 1939 Various-Size Cyclotrons

Protons @ 9 MeV
Deuterons @ 20 MeV
Helium-Nuclei @ 40 MeV

>>> >>> >>> >>>

Lawrence

Relativistic Kinematics (2)



Figures: Wikipedia

History of Particle Accelerators (6)
>>> 1939 Various-Size Cyclotrons

Protons @ 9 MeV
Deuterons @ 20 MeV
Helium-Nuclei @ 40 MeV

>>> 1950s Bevatron
>>> >>> >>> >>>

p @ 6.3 GeV + Cu target
1955 discovery of antiproton

Lawrence

Emilio Gino 
Segrè

(1905-1989)

Owen 
Chamberlain
(1920-2006)

1956 discovery of anTneutron
Bruce Cork et al.

1959

(1st synchroton)



History of Particle Accelerators (7)

>>> 1980s Super Proton Synchrotron
>>> >>> >>> >>>

p @ 100-1000 GeV
1983 discovery of Z and W bosons

W+-W- pair ~ 160.7 GeV
Z0 ~ 90 GeV

Carlo
Rubbia
(1934-)

Simon 
van der Meer
(1925-2011)

Bubble chamber

1984

Figures: CERN, Wikipedia



History of Particle Accelerators (8)
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Milestones in Accelerator Physics
1920  first cascade generator  (H.Greinacker)
1922  patent for betatron idea  (J.Slepian)
1924  linear accelerator invented  (G.Ising)
1928  first linear accelerator in Aachen  (R.Wideröe)
1929  cyclotron main principle  (E.Lawrence, N. Edlefsen)
1931  first Van-de-Graaf Generator  (van des Graaf)
1931  first cyclotron  (E.O.Lawrence, M.S Livingston)
1932  Cockcroft-Walton-Generator, first nulcear reaction  (J.Cockcroft, E Walton)
1939  invention of klystron  (W.W. Hansen, K.Varian, S.Varian)
1941  first Betatron  (D.W.Kerst, R.Serber)
1943  principle of storage ring patented  (R.Wideröe)
1944  principle of microtron  (V.I.Veksler)
1945  principle of synchrotron  (E.M. Mc Millan, V.I.Veksler)
1946  first electron synchrotron  (F.K.Goward, D.E.Barnes)
1947  first electron linear accelerator   (E.L. Ginzton et al.)
1947  study about proton linear accelerator  (L.Alvarez, W.K.H.Panofsky)
1947  study about proton synchrotron  (M.L.Oliphant)
1949  320-MeV electron synchrotron in Berkeley  (E.M.McMillan)
1950  “Strong focussing” principle  (N.Christophilos)
1952  first proton synchrotron in Brookhaven  (G.K.Green et al.)
1961  first electron positron storage ring AdA in Frascati  (B.Touschek)
...
2006  1GeV electrons with Laser-Plasma acceleration  (W.Leemans)



Particle Acceleration in Universe

1912 Cosmic rays
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Cosmic Rays

Particle Acceleration in Universe

Victor Hess, 1912
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Cosmic Rays

Particle Acceleration in Universe

Victor Hess, 1912

Victor Franz Hess
(1883-1964)

Figures: Wikipedia



Particle Acceleration in Universe
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The Cosmic Accelerator(s)

LHC

H.E.S.S. in Namibia

Ice Cube in Antarctica



A.Schöning                                                            14                                        Accelerator Physics WS 2015/16

Supernova
gigantic plasma accelerator

Hubble Gallery
NASA, ESA, 
J. Hester, A. Loll



Applications of Accelerators
Inves8ga8on of small structures 
(sca=ering experiments, microscopy)

Excitatios of molecules, atoms, nuclei, 
baryons ..  (spectroscopy)

Exotic states of matter (quark-gluon plasma, neutron matter, …) 
Synchrotron radia8on 
(diffrac8on, spectroscopy, microscopy, lithography, metrology, …)

Production of new particles (Higgs, SHE,…)

Radiation therapy (gammas, protons, heavy-ions…)
Production of isotopes for medicine ….

Space travel, radiation resistant materials, 
new materials, energy research …
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Applications of Accelerators
Investigation of small structures
(scattering experiments)

Excitation of atoms, nuclei, baryons
(spectroscopy)

production of new particles (Higgs Boson)

Exotic states of matter (heavy ions)
(Quark-Gluon Plasma)

Synchrotron light / Free electron llight
sources for experiments:
diffraction, spectroscopy, microscopy,
lithography, metrology, etc.

Radiation Therapy

Technical Applications
(e.g. production of isotopes)



Livingston Plot
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Livingston Plot

Up to 1960s From 1960s

SNOWMASS 2013



The Large Hadron Collider at CERN

Figures: CERN

Started operation in 2009
Circumference 26.7 km
Proton-proton collisions at center-of-mass energy 14 TeV (13 TeV achieved)
Lead-lead collisiions. Energy of each beam is 2.76 TeV/A. 
Center-of-mass energy is 1148 TeV. 



Post-LHC Future Accelerators



Resolution

<latexit sha1_base64="ROWXAQ/Gi4paXn4Lp60YzuA+eio="></latexit>
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<latexit sha1_base64="eh8hFuaZTAPrAyp6I0c43cIzL0Y="></latexit>

0.1 fm ! p ) 10
GeV

c
) E > 10 GeV

If you like to study the structure of a nucleon

The wavelength of a probe should be comparable with the size of the object



Quality of a Beam

Momentum spread

Energy spread

Geometrical size

<latexit sha1_base64="8/FanncDhM4KNr17WG7BF/zEDEc=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiQxtnVX1IXLCvYBTSiT6aQdOnkwMxFLyK+4caGIW3/EnX/jpK2gogcuHM65l3vv8RNGhTTND620srq2vlHerGxt7+zu6fvVrohTjkkHxyzmfR8JwmhEOpJKRvoJJyj0Gen508vC790RLmgc3cpZQrwQjSMaUIykkoZ61Q04wpl7RZhEMMmzJB/qNdM4b9Ztpw5NwzQblm0VxG44pw60lFKgBpZoD/V3dxTjNCSRxAwJMbDMRHoZ4pJiRvKKmwqSIDxFYzJQNEIhEV42vz2Hx0oZwSDmqiIJ5+r3iQyFQsxCX3WGSE7Eb68Q//IGqQyaXkajJJUkwotFQcqgjGERBBxRTrBkM0UQ5lTdCvEEqTCkiquiQvj6FP5PurZhnRnmjVNrXSzjKINDcAROgAUaoAWuQRt0AAb34AE8gWct1x61F+110VrSljMH4Ae0t0+cBZTT</latexit>
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1

2detectors

target
projectile

reacIon 
product



Important Parameters
Beam Intensity - number of particles per time unit

Luminosity 

Particle type

Target thickness
Intensity
Luminosity

r = 1010 particles/cm2

I = 1010 particles/s
L=rI=1020 cm-2s-1

p …… U
Electrons, positrons, muons, neutrinos, pions, kaons …
Radionuclides  
….. Chicken 

Polarisa?on
<latexit sha1_base64="zmM/ZlD+Cc0XLtCVmZd+hz5hnA8="></latexit>

P =
(N+ �N�)

(N+ +N�)
Electrons, protons, 3He

WordPress.com

Secondary beams

Synchrotron radiation
Produc?on of Radionuclides
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Acceleration of electrically charged particles in 
electromagnetic fields (1)

- Lorentz force

<latexit sha1_base64="5VH+tWPKBNwYu+0+VPZYyD2n7T4=">AAACEHicbVDLSgMxFM3UV62vUZdugkWsCGVGFN0IpaK4rGAf0BlKJk3b0ExmTDKFMswnuPFX3LhQxK1Ld/6N6XQW2nog5OSce7m5xwsZlcqyvo3cwuLS8kp+tbC2vrG5ZW7vNGQQCUzqOGCBaHlIEkY5qSuqGGmFgiDfY6TpDa8mfnNEhKQBv1fjkLg+6nPaoxgpLXXMQ2dEcHyTXD6UUnadHKf3KHEU9YlMH9XkqGMWrbKVAs4TOyNFkKHWMb+cboAjn3CFGZKybVuhcmMkFMWMJAUnkiREeIj6pK0pR3qYG6cLJfBAK13YC4Q+XMFU/d0RI1/Kse/pSh+pgZz1JuJ/XjtSvQs3pjyMFOF4OqgXMagCOEkHdqkgWLGxJggLqv8K8QAJhJXOsKBDsGdXnieNk7J9VrbuTouVahZHHuyBfVACNjgHFXALaqAOMHgEz+AVvBlPxovxbnxMS3NG1rML/sD4/AFWB51o</latexit>

~F = q( ~E + ~v ⇥ ~B)

charge

electric field 
strength

magnetic field 
strength

velocity

<latexit sha1_base64="J37SmaavN/MK9SuggNdHkK87a9A=">AAACI3icbVBdS8MwFE3n15xfVR99CQ5hgoxWFEUQxkTwcYL7gLWMNMu2sDQtSToYpf/FF/+KLz4owxcf/C+mXR9080C4J+fcS3KPFzIqlWV9GYWV1bX1jeJmaWt7Z3fP3D9oySASmDRxwALR8ZAkjHLSVFQx0gkFQb7HSNsb36V+e0KEpAF/UtOQuD4acjqgGCkt9cwbZ0JwfJ/c5rWSVZGcqVPHKWWXem7WF8yeWbaqVga4TOyclEGORs+cOf0ARz7hCjMkZde2QuXGSCiKGUlKTiRJiPAYDUlXU458It042zGBJ1rpw0Eg9OEKZurviRj5Uk59T3f6SI3kopeK/3ndSA2u3ZjyMFKE4/lDg4hBFcA0MNingmDFppogLKj+K8QjJBBWOtY0BHtx5WXSOq/al1Xr8aJcq+dxFMEROAYVYIMrUAMPoAGaAINn8ArewYfxYrwZM+Nz3low8plD8AfG9w+UVKQx</latexit>

~E = ~E(~r, t)

~B = ~B(~r, t)
- Time and posi?on dependent fields

<latexit sha1_base64="cyZeWpXseY9xAWvljBmqRE8luq4=">AAAB/XicbZDLSsNAFIYn9VbjLV52bgaL4KokouhGKLpxJRXsBZpQJtOTduhMEmcmQg3FV3HjQhG3voc738akzUJbfxj4+M85nDO/H3OmtG1/G6WFxaXllfKquba+sbllbe80VZRICg0a8Ui2faKAsxAammkO7VgCET6Hlj+8yuutB5CKReGdHsXgCdIPWcAo0ZnVtfbuL9xYYAdc15ziDZhdq2JX7YnwPDgFVFChetf6cnsRTQSEmnKiVMexY+2lRGpGOYxNN1EQEzokfehkGBIByksn14/xYeb0cBDJ7IUaT9zfEykRSo2En3UKogdqtpab/9U6iQ7OvZSFcaIhpNNFQcKxjnAeBe4xCVTzUQaESpbdiumASEJ1FlgegjP75XloHled06p9e1KpXRZxlNE+OkBHyEFnqIauUR01EEWP6Bm9ojfjyXgx3o2PaWvJKGZ20R8Znz/zqJOa</latexit>

q = ±1e

q = ±Ne

- For most of elementary particles
- For highly-charged ions
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Acceleration of electrically charged particles in 
electromagnetic fields (2)

- Acceleration (longitudinal)

Only E|| counts in the acceleration process

<latexit sha1_base64="WD04qH26FlCAANsB21An8LoD5ek=">AAACLHicbVDLSgMxFM34tr6qLt0Ei6ALy0xRdCOIirhUsFro1CGT3mpoJjMkdwplmA9y468I4kIRt36HaR3wUQ8knJx7Ljf3hIkUBl331Rkbn5icmp6ZLc3NLywulZdXrkycag51HstYN0JmQAoFdRQooZFoYFEo4TrsHg/q1z3QRsTqEvsJtCJ2q0RHcIZWCsrH/glIZNTvAc+S/MAXCoMMAy+/sXctH+qneRsPCsemVbe2vx/eVikoV9yqOwQdJV5BKqTAeVB+8tsxTyNQyCUzpum5CbYyplFwCXnJTw0kjHfZLTQtVSwC08qGy+Z0wypt2om1PQrpUP3ZkbHImH4UWmfE8M78rQ3E/2rNFDv7rUyoJEVQ/GtQJ5UUYzpIjraFBo6ybwnjWti/Un7HNONo8x2E4P1deZRc1arebtW92KkcHhVxzJA1sk42iUf2yCE5I+ekTji5J4/khbw6D86z8+a8f1nHnKJnlfyC8/EJO0OoIg==</latexit>

�~p =

Z t2

t1

~Fdt = ~p(t2)� ~p(t1)Change of momentum

Change of energy
<latexit sha1_base64="EbLUwzEgppM+xEfeZoUHaRLQ2KA=">AAACJ3icbVBNSwMxEM36bf1a9eglWARFKLtF0YsiasGjgrWFbl2y2bQNzWbXZLZQlv4bL/4VL4KK6NF/YlqrqHUg4fHeG2bmBYngGhznzRobn5icmp6Zzc3NLywu2csrVzpOFWVlGotYVQOimeCSlYGDYNVEMRIFglWC9klfr3SY0jyWl9BNWD0iTckbnBIwlG8feqdMAMGlA49L8DPlu71r8xd7N5ul7Y4HPGIaH2+F6svwrZdClfPtvFNwBoVHgTsEeTSsc99+9MKYphGTQAXRuuY6CdQzooBTwXo5L9UsIbRNmqxmoCRmfD0b3NnDG4YJcSNW5knAA/ZnR0YirbtRYJwRgZb+q/XJ/7RaCo39esZlkgKT9HNQIxUYYtwPDYdcMQqiawChiptdMW0RRSiYaPshuH9PHgVXxYK7W3AudvJHx8M4ZtAaWkebyEV76AidoXNURhTdonv0hJ6tO+vBerFeP61j1rBnFf0q6/0DMXalhw==</latexit>

�E =

Z r2

r1

q(E + v ⇥B)dr =

Z r2

r1
qEdr

(since                              ) 
<latexit sha1_base64="rgGgxQpQ+hLYzouhTecqDpTLmOA=">AAACC3icbVDLSsNAFJ34rPUVdekmtAiuSiKKLkvduKxgH9CEMpnctkMnkzAzKZSQvRt/xY0LRdz6A+78GydpFtp6YODcc+7lzj1+zKhUtv1trK1vbG5tV3aqu3v7B4fm0XFXRokg0CERi0TfxxIY5dBRVDHoxwJw6DPo+dPb3O/NQEga8Qc1j8EL8ZjTESVYaWlo1gJ3BiQVmRuDiAs+y1xFQ5BF0cqqQ7NuN+wC1ipxSlJHJdpD88sNIpKEwBVhWMqBY8fKS7FQlDDIqm4iIcZkiscw0JRjvcxLi1sy60wrgTWKhH5cWYX6eyLFoZTz0NedIVYTuezl4n/eIFGjGy+lPE4UcLJYNEqYpSIrD8YKqACi2FwTTATVf7XIBAtMlI4vD8FZPnmVdC8azlXDvr+sN1tlHBV0imroHDnoGjXRHWqjDiLoET2jV/RmPBkvxrvxsWhdM8qZE/QHxucPZIib4g==</latexit>

d~r ? ~v ⇥ ~B

<latexit sha1_base64="4KAjJzTK5m3q5qcbnCWkeNhX6+o=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Ae0oWy2k3bpZrPuboQS+ie8eFDEq3/Hm//GpO1BWx8MPN6bYWZeoAQ31nW/ncLK6tr6RnGztLW9s7tX3j9omjjRDBssFrFuB9Sg4BIblluBbaWRRoHAVjC6yf3WE2rDY/lgxwr9iA4kDzmjNpPat72uQq1KvXLFrbpTkGXizUkF5qj3yl/dfsySCKVlghrT8Vxl/ZRqy5nASambGFSUjegAOxmVNELjp9N7J+QkU/okjHVW0pKp+nsipZEx4yjIOiNqh2bRy8X/vE5iwys/5VIlFiWbLQoTQWxM8udJn2tkVowzQpnm2a2EDammzGYR5SF4iy8vk+ZZ1buouvfnldr1PI4iHMExnIIHl1CDO6hDAxgIeIZXeHMenRfn3fmYtRac+cwh/IHz+QNrDI+P</latexit>

E? acts (                 as well) to change the direction 
<latexit sha1_base64="URWzvOqnOxQFXWvwNLz5Sj2adn0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIostSNy4r2FpoQplMb9qhk0mYmRRqKP6KGxeKuPU/3Pk3TtMstPXAwLnn3Mu9c4KEM6Ud59sqrayurW+UNytb2zu7e/b+QVvFqaTQojGPZScgCjgT0NJMc+gkEkgUcHgIRjcz/2EMUrFY3OtJAn5EBoKFjBJtpJ595I2BZuOpp1kEKi8a055ddWpODrxM3IJUUYFmz/7y+jFNIxCacqJU13US7WdEakY5TCteqiAhdEQG0DVUELPLz/Lrp/jUKH0cxtI8oXGu/p7ISKTUJApMZ0T0UC16M/E/r5vq8NrPmEhSDYLOF4UpxzrGsyhwn0mgmk8MIVQycyumQyIJ1SawignBXfzyMmmf19zLmnN3Ua03ijjK6BidoDPkoitUR7eoiVqIokf0jF7Rm/VkvVjv1se8tWQVM4foD6zPH2GPldE=</latexit>

~v ⇥ ~B



Lecture 1

Acceleration of electrically charged particles in 
electromagnetic fields (3)

- Useful relations
<latexit sha1_base64="pGQXhl0yEbj3QgTLEXyiAwZtzy4="></latexit>

q ~E|| =
d ~p||
dt

=
d�

dt
m~v + �m

d ~v||
dt

=

1

1

<latexit sha1_base64="53faY1HKb8bE94HQBMGUSZKW60A="></latexit>

= q ~E|| = �m

 
d ~v||
dt

+
~v||
c
�2�

d|~v|
dt

!
= �m(1 +

v

c
�2�)

d ~v||
dt

If 
<latexit sha1_base64="5CffhJVaakKPKsm9RLQQjBr5Sa0=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjii6LblxWsA9ohyGTZtrQTBKSTLFO+yVuXCji1k9x59+YtrPQ1gMXDufcy733RJJRbTzv2ymsrW9sbhW3Szu7e/tl9+CwqUWqMGlgwYRqR0gTRjlpGGoYaUtFUBIx0oqGtzO/NSJKU8EfzFiSIEF9TmOKkbFS6JZHYTaZTLtISiUe4Sh0K17VmwOuEj8nFZCjHrpf3Z7AaUK4wQxp3fE9aYIMKUMxI9NSN9VEIjxEfdKxlKOE6CCbHz6Fp1bpwVgoW9zAufp7IkOJ1uMksp0JMgO97M3E/7xOauLrIKNcpoZwvFgUpwwaAWcpwB5VBBs2tgRhRe2tEA+QQtjYrEo2BH/55VXSPK/6l1Xv/qJSu8njKIJjcALOgA+uQA3cgTpoAAxS8AxewZvz5Lw4787HorXg5DNH4A+czx9wHpOW</latexit>v|| ⇡ v then

<latexit sha1_base64="jGgllAxRSGdO+XsmnL63Y9hsEfk=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRJRFFdFNy4r2Ac0IUwmk3bo5MHMJFjS/Isbf8WNC6W4ceG/OE2zqK0HBg7nnMude9yYUSEN41urrK1vbG5Vt2s7u3v7B/rhUUdECcekjSMW8Z6LBGE0JG1JJSO9mBMUuIx03dH9zO+mhAsahU9yHBM7QIOQ+hQjqSRHv7VSgrPUySaTPLd8jnDmpXnmydxCccyjZ5iW6mKwCDh63WgYBeAqMUtSByVajj61vAgnAQklZkiIvmnE0s4QlxQzktesRJAY4REakL6iIQqIsLPixhyeKcWDfsTVCyUs1MWJDAVCjANXJQMkh2LZm4n/ef1E+jd2RsM4kSTE80V+wqCM4Kww6FFOsGRjRRDmVP0V4iFSlUhVa02VYC6fvEo6Fw3zqmE8Xtabd2UdVXACTsE5MME1aIIH0AJtgMELeAMf4FN71d61qfY1j1a0cuYY/IH28wuO7Kfr</latexit>

~v||
dv

dt
⇡ v

d ~v||
dt

<latexit sha1_base64="JOnSZDvS9ir2G16DfGecc5XGtkc="></latexit>

d�

dt
=

d

dt

 
1p

1� �2

!
=

�

(1� �2)3/2
d�

dt
= �3�

d|~v|
dt

1

c



Lecture 1

Acceleration of electrically charged particles in 
electromagnetic fields (4)

- con?nue
<latexit sha1_base64="FXyUkmBctynn3rozsmmSszV9Kks=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwVRIf6EYoiuCygn1AU8NkMmmHziRxZlIoab7Djb/ixoUi7sSNf+M07UJbD1w4nHMv997jxYxKZVnfRmFhcWl5pbhaWlvf2Nwyt3caMkoEJnUcsUi0PCQJoyGpK6oYacWCIO4x0vT6V2O/OSBC0ii8U8OYdDjqhjSgGCktuab94AwITq/ddDTKsgunizhH98eQQycQCKd+bg8mdpb6KnPNslWxcsB5Yk9JGUxRc81Px49wwkmoMENStm0rVp0UCUUxI1nJSSSJEe6jLmlrGiJOZCfNX8vggVZ8GERCV6hgrv6eSBGXcsg93cmR6slZbyz+57UTFZx3UhrGiSIhniwKEgZVBMc5QZ8KghUbaoKwoPpWiHtIR6J0miUdgj378jxpHFXs04p1e1KuXk7jKII9sA8OgQ3OQBXcgBqoAwwewTN4BW/Gk/FivBsfk9aCMZ3ZBX9gfP0ApdyihQ==</latexit>

q ~E|| = �3m
d ~v||
dt

<latexit sha1_base64="OC87LBN59jhv70alrPVrf+0qCuI=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFEIQyUxTdCEU3LivYC3TGkknPtKHJzJBkhFIKbnwVNy4UcetLuPNtTNsRtPVAyMf/n0Ny/iDhTGnH+bJyC4tLyyv51cLa+sbmlr29U1dxKinUaMxj2QyIAs4iqGmmOTQTCUQEHBpB/2rsN+5BKhZHt3qQgC9IN2Iho0QbqW3vucdeAJrclb0uEcLcFz/QtotOyZkUngc3gyLKqtq2P71OTFMBkaacKNVynUT7QyI1oxxGBS9VkBDaJ11oGYyIAOUPJzuM8KFROjiMpTmRxhP198SQCKUGIjCdguiemvXG4n9eK9XhuT9kUZJqiOj0oTDlWMd4HAjuMAlU84EBQiUzf8W0RySh2sRWMCG4syvPQ71cck9Lzs1JsXKZxZFH++gAHSEXnaEKukZVVEMUPaAn9IJerUfr2Xqz3qetOSub2UV/yvr4BlkBlrI=</latexit>

1 + �2�2 = �2

<latexit sha1_base64="cE3NBbd1lshRJJu4TMC1ziiRMms=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1U3bvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5JtkXE=</latexit>

)

<latexit sha1_base64="G6s3CFhtiRdRbQCY4cQID1pnbkw=">AAACInicbZDLSsNAFIYn9VbrLerSzWARXJXEC+pCKIrgsoK9QFPLZDJph84kcWZSKGmexY2v4saFoq4EH8ZpWkFbDwz8/N85nDm/GzEqlWV9Grm5+YXFpfxyYWV1bX3D3NyqyTAWmFRxyELRcJEkjAakqqhipBEJgrjLSN3tXY54vU+EpGFwqwYRaXHUCahPMVLaaptnji8QTjynT3DSbyfDYZqmiafS8zG4z8DVD3A6iHN0dwh52jaLVsnKCs4KeyKKYFKVtvnueCGOOQkUZkjKpm1FqpUgoShmJC04sSQRwj3UIU0tA8SJbCXZiSnc044H/VDoFyiYub8nEsSlHHBXd3KkunKajcz/WDNW/mkroUEUKxLg8SI/ZlCFcJQX9KggWLGBFggLqv8KcRfpaJROtaBDsKdPnhW1g5J9XLJujorli0kcebADdsE+sMEJKINrUAFVgMEDeAIv4NV4NJ6NN+Nj3JozJjPb4E8ZX99fUaad</latexit>

d ~v||
dt

=
q ~E||

�3m

classicalv

t

E||=const
rela?vis?cv E||=const

t



Lecture 1

Acceleration of electrically charged particles in 
electromagnetic fields (5)

- Orthogonal acceleration

<latexit sha1_base64="wVN0pjcBAfRiKilG9hsaCSW72rA="></latexit>

q( ~E? + ~v ⇥ ~B) =
d ~p?
dt

= �m
d ~�?
dt

Centripedal acceleration

<latexit sha1_base64="XngR/6S6a5kRUkybsdTJ7Xwceu0=">AAACH3icbVDLSsNAFJ34rPUVdekmWARXJSm+NkKpG5cV7AOaWiaTm3bo5MHMpFDG/Ikbf8WNC0XEXf/GadOFth64cDjnXu69x0sYFdK2J8bK6tr6xmZhq7i9s7u3bx4cNkWccgINErOYtz0sgNEIGpJKBu2EAw49Bi1veDv1WyPggsbRgxwn0A1xP6IBJVhqqWdeujXa7z+5AcdE+e4IiBr13AR4kmXKl1lu3+T+6LGSKZcP4qxnluyyPYO1TJw5KaE56j3z2/VjkoYQScKwEB3HTmRXYS4pYZAV3VRAgskQ96GjaYRDEF01+y+zTrXiW0HMdUXSmqm/JxQOhRiHnu4MsRyIRW8q/ud1UhlcdxWNklRCRPJFQcosGVvTsCyfciCSjTXBhFN9q0UGWEchdaRFHYKz+PIyaVbKzkXZvj8vVWvzOAroGJ2gM+SgK1RFd6iOGoigZ/SK3tGH8WK8GZ/GV966YsxnjtAfGJMfE8ik2w==</latexit>�����
d ~v?
dt

����� =
v2

⇢
Bending radius



Lecture 1

Acceleration of electrically charged particles in 
electromagnetic fields (6)

- continue

If electric field 
<latexit sha1_base64="cE3NBbd1lshRJJu4TMC1ziiRMms=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1U3bvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5JtkXE=</latexit>)

<latexit sha1_base64="sY2xFsr5NMXurDKYSACQFiQrVXE=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlaQouhGKIrisYB/Q1DKZ3rRDZ5I4MymUkF9w46+4caGIW3fu/Bunj4W2HrhwOOde7r3HjzlT2nG+raXlldW19dxGfnNre2fX3tuvqyiRFGo04pFs+kQBZyHUNNMcmrEEInwODX9wNfYbQ5CKReGdHsXQFqQXsoBRoo3UsYtejwhBsMBeIAlNh/flLPVkP8ouHrwh0PS648Ug46xjF5ySMwFeJO6MFNAM1Y795XUjmggINeVEqZbrxLqdEqkZ5ZDlvURBTOiA9KBlaEgEqHY6+SjDx0bp4iCSpkKNJ+rviZQIpUbCN52C6L6a98bif14r0cF5O2VhnGgI6XRRkHCsIzyOB3eZBKr5yBBCJTO3YtonJhltQsybENz5lxdJvVxyT0vO7UmhcjmLI4cO0REqIhedoQq6QVVUQxQ9omf0it6sJ+vFerc+pq1L1mzmAP2B9fkDGNSd1Q==</latexit>

�m
v2

⇢
= q ~E?

<latexit sha1_base64="JMNNm6MsmudJvIT/hl0elSwjHjo=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWZE0Y1QFMFlBfuAzjBk0kwbmklikinUofgrblwo4tb/cOffmD4W2nrgwuGce7n3nlgyqo3nfTsLi0vLK6uFteL6xubWtruzW9ciU5jUsGBCNWOkCaOc1Aw1jDSlIiiNGWnEveuR3+gTpang92YgSZiiDqcJxchYKXL3JezDS/gAb6JAEiVhoLoickte2RsDzhN/SkpgimrkfgVtgbOUcIMZ0rrle9KEOVKGYkaGxSDTRCLcQx3SspSjlOgwH18/hEdWacNEKFvcwLH6eyJHqdaDNLadKTJdPeuNxP+8VmaSizCnXGaGcDxZlGQMGgFHUcA2VQQbNrAEYUXtrRB3kULY2MCKNgR/9uV5Uj8p+2dl7+60VLmaxlEAB+AQHAMfnIMKuAVVUAMYPIJn8ArenCfnxXl3PiatC850Zg/8gfP5A5QelAc=</latexit>

pv = qE?⇢

Electric rigidity

<latexit sha1_base64="eHlfl+xOX1SKki7X58DxktTQeV0=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokouhGKIrisYB/QhDCZTtqhk8k4MymUkI0bf8WNC0Xc+g/u/BunbRbaeuDC4Zx7ufeeUDCqtON8WwuLS8srq6W18vrG5ta2vbPbVEkqMWnghCWyHSJFGOWkoalmpC0kQXHISCscXI/91pBIRRN+r0eC+DHqcRpRjLSRAvvgJvAEkQJ6sp/AS+hFEuFMwGGePeSBXXGqzgRwnrgFqYAC9cD+8roJTmPCNWZIqY7rCO1nSGqKGcnLXqqIQHiAeqRjKEcxUX42+SKHR0bpwiiRpriGE/X3RIZipUZxaDpjpPtq1huL/3mdVEcXfka5SDXheLooShnUCRxHArtUEqzZyBCEJTW3QtxHJgdtgiubENzZl+dJ86TqnlWdu9NK7aqIowT2wSE4Bi44BzVwC+qgATB4BM/gFbxZT9aL9W59TFsXrGJmD/yB9fkDxcGYHw==</latexit>

E?⇢ =
pv

q

<latexit sha1_base64="qMldsLuznpAzmGKzqxt0PV+o3UM=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRJRdCMU3bisYNNCEspkMmmHziRhZiKUkH6AG3/FjQtF3Lp35984bbPQ1gP3cjjnXmbuCVJGpbKsb6OytLyyulZdr21sbm3vmLt7jkwygUkbJywR3QBJwmhM2ooqRrqpIIgHjHSC4c3E7zwQIWkS36tRSnyO+jGNKEZKSz3zKPcEh6499iKBcO4UOS88HCYK2mMOr3R3/KJn1q2GNQVcJHZJ6qBEq2d+eWGCM05ihRmS0rWtVPk5EopiRoqal0mSIjxEfeJqGiNOpJ9PryngsVZCGCVCV6zgVP29kSMu5YgHepIjNZDz3kT8z3MzFV36OY3TTJEYzx6KMgZVAifRwJAKghUbaYKwoPqvEA+QjkXpAGs6BHv+5EXinDbs84Z1d1ZvXpdxVMEBOAQnwAYXoAluQQu0AQaP4Bm8gjfjyXgx3o2P2WjFKHf2wR8Ynz+duZtA</latexit>

[1
V

m
· 1 m = 1 V]

Electric rigidity



Lecture 1

Acceleration of electrically charged particles in 
electromagnetic fields (7)

- con?nue

If magnetic field 
<latexit sha1_base64="cE3NBbd1lshRJJu4TMC1ziiRMms=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1U3bvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5JtkXE=</latexit>)

<latexit sha1_base64="HC5vvy7Tl4BYLh0iiy7wztJDkjo=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclaQouhFK3bisYB/QxDKZTtqhM8k4MymUkC9w46+4caGIW9fu/BunbRbaeuDC4Zx7ufeeQDCqtON8Wyura+sbm4Wt4vbO7t6+fXDYUnEiMWnimMWyEyBFGI1IU1PNSEdIgnjASDsYXU/99phIRePoTk8E8TkaRDSkGGkj9eyyN0CcI8ihF0qE0/F9NUs9OYwzeAUfxvWeJ4gUPbvkVJwZ4DJxc1ICORo9+8vrxzjhJNKYIaW6riO0nyKpKWYkK3qJIgLhERqQrqER4kT56eydDJaN0odhLE1FGs7U3xMp4kpNeGA6OdJDtehNxf+8bqLDSz+lkUg0ifB8UZgwqGM4zQb2qSRYs4khCEtqboV4iEws2iRYNCG4iy8vk1a14p5XnNuzUq2ex1EAx+AEnAIXXIAauAEN0AQYPIJn8ArerCfrxXq3PuatK1Y+cwT+wPr8AaD5m9g=</latexit>

�m
v2

⇢
= qvB?

<latexit sha1_base64="O3q92bLXebuDlJhsv55akGpeLmk=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoheh1IvHCvYD2lA22027dLOJuxulxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzz485U9pxvq3Cyura+kZxs7S1vbO7Z5f3WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x9dTv/1ApWKRuNOTmHohHgoWMIK1kfp2ud6To+iqF0hM0jhL77O+XXGqzgxombg5qUCORt/+6g0ikoRUaMKxUl3XibWXYqkZ4TQr9RJFY0zGeEi7hgocUuWls9MzdGyUAQoiaUpoNFN/T6Q4VGoS+qYzxHqkFr2p+J/XTXRw6aVMxImmgswXBQlHOkLTHNCASUo0nxiCiWTmVkRG2KSgTVolE4K7+PIyaZ1W3fOqc3tWqdXzOIpwCEdwAi5cQA1uoAFNIPAIz/AKb9aT9WK9Wx/z1oKVzxzAH1ifP6xclEY=</latexit>

B⇢ =
p

q
Magnetic rigidity

<latexit sha1_base64="wAvmGFI1MoYjLIIVAUDgAhKw/H0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIohuh6MZlhb5gZiiZTKYNTSZDkhHK0LrxV9y4UMStX+HOvzFtZ6GtBy6cnHMvufeEKaNKO863tbS8srq2Xtoob25t7+zae/stJTKJSRMLJmQnRIowmpCmppqRTioJ4iEj7XBwO/HbD0QqKpKGHqYk4KiX0JhipI3UtQ9zX3LoueOGjyOhoTvm1+bBg1HXrjhVZwq4SNyCVECBetf+8iOBM04SjRlSynOdVAc5kppiRkZlP1MkRXiAesQzNEGcqCCfnjCCJ0aJYCykqUTDqfp7IkdcqSEPTSdHuq/mvYn4n+dlOr4KcpqkmSYJnn0UZwxqASd5wIhKgjUbGoKwpGZXiPtIIqxNamUTgjt/8iJpnVXdi6pzf16p3RRxlMAROAanwAWXoAbuQB00AQaP4Bm8gjfryXqx3q2PWeuSVcwcgD+wPn8ALf6Wpg==</latexit>

[1 T · 1 m = 1 Tm]

If q=1 then [1 Tm e = 0.29979 GeV/c] 



Lecture 1

Acceleration of electrically charged particles in 
electromagnetic fields (8)

- continue

<latexit sha1_base64="IuU1xtGTRcxycAfQo9qiwGbKgLk=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FETxWsLbQLiWbzrah2WxIskIp/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepAQ31ve/vcLK6tr6RnGztLW9s7tX3j94NGmmGTZYKlLdiqhBwSU2LLcCW0ojTSKBzWh4M/WbT6gNT+WDHSkME9qXPOaMWic1b7sdhVp1yxW/6s9AlkmQkwrkqHfLX51eyrIEpWWCGtMOfGXDMdWWM4GTUiczqCgb0j62HZU0QROOZ+dOyIlTeiROtStpyUz9PTGmiTGjJHKdCbUDs+hNxf+8dmbjq3DMpcosSjZfFGeC2JRMfyc9rpFZMXKEMs3drYQNqKbMuoRKLoRg8eVl8nhWDS6q/v15pXadx1GEIziGUwjgEmpwB3VoAIMhPMMrvHnKe/HevY95a8HLZw7hD7zPHzQ9j3s=</latexit>

E?

<latexit sha1_base64="iRKkxiy3PQCblF0ktbBTBS9x+fg=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+y/3OE9WGKfloJykNBR5JFjOCbS71daIG1Zpf9+dAqyQoSA0KNAfVr/5QkUxQaQnHxvQCP7XhFGvLCKezSj8zNMVkjEe056jEgppwOr91hs6cMkSx0q6kRXP198QUC2MmInKdAtvELHu5+J/Xy2x8E06ZTDNLJVksijOOrEL542jINCWWTxzBRDN3KyIJ1phYF0/FhRAsv7xK2hf14KruP1zWGrdFHGU4gVM4hwCuoQH30IQWEEjgGV7hzRPei/fufSxaS14xcwx/4H3+ACD+jks=</latexit>⇢

„Sollbahn“
Reference orbit

<latexit sha1_base64="iRKkxiy3PQCblF0ktbBTBS9x+fg=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+y/3OE9WGKfloJykNBR5JFjOCbS71daIG1Zpf9+dAqyQoSA0KNAfVr/5QkUxQaQnHxvQCP7XhFGvLCKezSj8zNMVkjEe056jEgppwOr91hs6cMkSx0q6kRXP198QUC2MmInKdAtvELHu5+J/Xy2x8E06ZTDNLJVksijOOrEL542jINCWWTxzBRDN3KyIJ1phYF0/FhRAsv7xK2hf14KruP1zWGrdFHGU4gVM4hwCuoQH30IQWEEjgGV7hzRPei/fufSxaS14xcwx/4H3+ACD+jks=</latexit>⇢

<latexit sha1_base64="6u3VFt4LJA1wmEddE5fOCU+1wEw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoscQLx4jmAckS5id9CZDZmeHmVkhhHyEFw+KePV7vPk3TpI9aLSgoajqprsrUoIb6/tfXmFtfWNzq7hd2tnd2z8oHx61TJpphk2WilR3ImpQcIlNy63AjtJIk0hgOxrfzv32I2rDU/lgJwrDhA4ljzmj1knter+nUKt+ueJX/QXIXxLkpAI5Gv3yZ2+QsixBaZmgxnQDX9lwSrXlTOCs1MsMKsrGdIhdRyVN0ITTxbkzcuaUAYlT7UpaslB/TkxpYswkiVxnQu3IrHpz8T+vm9n4JpxyqTKLki0XxZkgNiXz38mAa2RWTByhTHN3K2EjqimzLqGSCyFYffkvaV1Ug6uqf39ZqdXzOIpwAqdwDgFcQw3uoAFNYDCGJ3iBV095z96b975sLXj5zDH8gvfxDS+fj3g=</latexit>

B?


