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Syllabus
1. Introduction to strong interactions in the perturbative and non-perturbative regimes.

2. Hadrons and Nuclei

3. Electron and neutrino scattering experiments on hadrons and nuclei: form factors,

    elastic and inelastic scattering, resonances, deep inelastic physics.

4. Experimental methods and facilities with focus on MAMI and MESA at JGU Mainz.

5. Dark Matter

6. Search for dark matter with "intensity frontier" experiments, in particular, electron scattering

    experiments.

7. Search for dark matter with “direct detection” experiments with focus on argon.

8. Nuclear astrophysics and nuclear reactions of astrophysical relevance (in the Big Bang and 
stars).

9.   Experiments for measuring astrophysical reactions with accelerators.

10. Discussion of a relevant published scientific paper on one of the topics discussed

      during the course.
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Subatomic Physics with Electron beams

General Considerations:


Electrons are purely electromagnetic probes.


Since the EM interaction is well understood, if we investigate strongly-interacting systems 
with electrons, the interaction part is under control.


Also in comparison with photons, exchanged energy and momentum can be both varied.


In certain experimental situations, the light mass of the electron can limit its acceleration 
because of bremsstrahlung.
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Subatomic Physics with Electron beams

Electrons Protons

<latexit sha1_base64="C9GzUH/HWMhv+TQApgPza0ZnDx4=">AAACKHicbZBNS8MwGMdTX+d8q3r0EhyCF0c7RL0MhyJ4nOBeYK0lzdItLGlrkg5G6cfx4lfxIqLIrn4S020H3Xwg5M/v/zwkz9+PGZXKssbG0vLK6tp6YaO4ubW9s2vu7TdllAhMGjhikWj7SBJGQ9JQVDHSjgVB3Gek5Q9ucr81JELSKHxQo5i4HPVCGlCMlEaeeXULq5Djx0qVe5a+nB7iHGnmBALhdAqz1JFPQqX26ZQOc5TzLPPMklW2JgUXhT0TJTCrume+O90IJ5yECjMkZce2YuWmSCiKGcmKTiJJjPAA9UhHyxBxIt10smgGjzXpwiAS+oQKTujviRRxKUfc150cqb6c93L4n9dJVHDppjSME0VCPH0oSBhUEcxTg10qCFZspAXCguq/QtxHOgulsy3qEOz5lRdFs1K2z8vW/Vmpdj2LowAOwRE4ATa4ADVwB+qgATB4Bq/gA3waL8ab8WWMp61LxmzmAPwp4/sHHEWlhA==</latexit>

E = mc2 = m0c
2� =

m0c2q
1� v2

c2

Electrons become quickly relativistic and in practical situations their speed is v=c.

This is not generally true for protons.
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Electron Accelerators

W. Crookes (UK, 1832-1919)

The Crookes Tube (mid-800s).

Allowed X-ray discovery by Röntgen

Deflection of electrons by E/B fields

Functioning principle:
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Electron Accelerators

Rolf Widerøe (1902-1996)

No voltage pulses, but RF!

Section increasing with .β

What about electrons? They have effectively .β = 1

Luis Alvarez (1911-1988)
Standing wave cavity 
resonator.

Tubes shielding the particle 
during deceleration cycle.

Higher frequency possible.



Luca Doria, JGU Mainz Advanced Subatomic Physics 7

Electron Accelerators

William Hansen and collaborators.

First e-cavity, Stanford, 1947.
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Electron Accelerators
<latexit sha1_base64="xbOB6pQNU8SlzPQwpYuOa6QBuvI=">AAACEXicbVDLSgNBEJyNrxhfUY9eBoOQIIZdEfUihIjgMYJ5QDaE2dnZZMjM7jLTGwhLfsGLv+LFgyJevXnzb5w8DhotaCiquunu8mLBNdj2l5VZWl5ZXcuu5zY2t7Z38rt7DR0lirI6jUSkWh7RTPCQ1YGDYK1YMSI9wZre4HriN4dMaR6F9zCKWUeSXsgDTgkYqZsvuoEiNPWLcuj2iJSkNE59GOMrfMKKN8dDF7hkGldL3XzBLttT4L/EmZMCmqPWzX+6fkQTyUKggmjdduwYOilRwKlg45ybaBYTOiA91jY0JGZPJ51+NMZHRvFxEClTIeCp+nMiJVLrkfRMpyTQ14veRPzPaycQXHZSHsYJsJDOFgWJwBDhSTzY54pRECNDCFXc3Ippn5iIwISYMyE4iy//JY3TsnNetu/OCpXqPI4sOkCHqIgcdIEq6BbVUB1R9ICe0At6tR6tZ+vNep+1Zqz5zD76BevjG3SBnB0=</latexit>

d(mv�)

dt
= �e(E + v ⇥B)

<latexit sha1_base64="w83F/YQUeWHd4MmiCyv7Z1T5f+g=">AAACFHicbVBNa9tAEF2laeu6H3HSYy5LTMGlYKQQ2l4KIaHQowv1B1jGjFYje/GuJHZHBSP0I3LJX8mlh4TQaw+95d90bevQ2n0w8Hhvhpl5Ua6kJd9/8PYe7T9+8rTxrPn8xctXB63Do4HNCiOwLzKVmVEEFpVMsU+SFI5yg6AjhcNocbnyh9/RWJml32iZ40TDLJWJFEBOmrbehYkBUcadMEKCcAZaw9uqjKnin/jGw6rUovo89aettt/11+C7JKhJm9XoTVu/wzgThcaUhAJrx4Gf06QEQ1IorJphYTEHsYAZjh1NQaOdlOunKv7GKTFPMuMqJb5W/54oQVu71JHr1EBzu+2txP9544KSj5NSpnlBmIrNoqRQnDK+SojH0qAgtXQEhJHuVi7m4JIgl2PThRBsv7xLBqfd4H3X/3rWPr+o42iwY3bCOixgH9g5+8J6rM8Eu2I37JbdedfeD+/e+7lp3fPqmdfsH3i//gCxnJ6Y</latexit>

d(��)

dt
=

e

mc
E0

<latexit sha1_base64="RNtLkjd2GW64FO14iT3WJAk8kJM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqkxE1I1QFMFlBfuANoTJZNIOnUzCzEQIIf6KGxeKuPVD3Pk3TtsstPXAhcM593LvPX7CmdIIfVuVldW19Y3qZm1re2d3z94/6Ko4lYR2SMxj2fexopwJ2tFMc9pPJMWRz2nPn9xM/d4jlYrF4kFnCXUjPBIsZARrI3l2/dZD8AoOQ4lJ3vVQkQeFZzdQE80Al4lTkgYo0fbsr2EQkzSiQhOOlRo4KNFujqVmhNOiNkwVTTCZ4BEdGCpwRJWbz44v4LFRAhjG0pTQcKb+nshxpFQW+aYzwnqsFr2p+J83SHV46eZMJKmmgswXhSmHOobTJGDAJCWaZ4ZgIpm5FZIxNjlok1fNhOAsvrxMuqdN57yJ7s8aresyjio4BEfgBDjgArTAHWiDDiAgA8/gFbxZT9aL9W59zFsrVjlTB39gff4AVKiT8A==</latexit>

E0 =
V0

d

<latexit sha1_base64="/KZQLi/Y0p+TSxdXoomnyZGahsM=">AAACG3icbVDLSsRAEJz4dn2tevQyuAiCsCQi6kUQRfCo4KqwWUJntrMOziRhpiMsYf/Di7/ixYMingQP/o2zj4OvgoGiqpqerjhX0pLvf3pj4xOTU9Mzs5W5+YXFperyyqXNCiOwITKVmesYLCqZYoMkKbzODYKOFV7Ft8d9/+oOjZVZekHdHFsaOqlMpAByUlTdDmMkCDugNfADHiYGRIm9UoveSeRz4lt8kIj8YcZpUbXm1/0B+F8SjEiNjXAWVd/DdiYKjSkJBdY2Az+nVgmGpFDYq4SFxRzELXSw6WgKGm2rHNzW4xtOafMkM+6lxAfq94kStLVdHbukBrqxv72++J/XLCjZb5UyzQvCVAwXJYXilPF+UbwtDQpSXUdAGOn+ysUNuHrI1VlxJQS/T/5LLrfrwW7dP9+pHR6N6phha2ydbbKA7bFDdsrOWIMJds8e2TN78R68J+/VextGx7zRzCr7Ae/jC8uln/0=</latexit>

�� =
e

mc
E0t+ �0�0

Relativistic force law (Lorentz)

Relativistic force law (Lorentz)

Solving the equation:

In the ultra-relativistic case, it is which rises linearly, not the velocity.

Acceleration by a uniform electron field
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Electron Accelerators

Klystrons introduced in 1937 (Varian Brothers). Fundamental for Radar technology.


After the first “tubes”, D.W. Kerst and R. Serber develop the Betatron (1941)


Rising the energy implied an unsustainable mass of the magnets.


Veksler (USSR) and McMillan (USA) discover the phase stability concept.


Invention of the synchrotron.
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Electron Accelerators

Robert Serber 

(1909-1997)

Donald W. Kerst 

(1911-1993)

The Betatron

A varying magnetic field induces an accelerating electric field in a 
toroidal vacuum chamber.

The magnetic field keeps the electrons in a stable orbit.

The shape of the magnet favours focussing (stability) of the orbits.

35 MeV Betatron
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Electron Accelerators

V.I. Veksler

1907-1966

Phase Stability Principle

Edwin M. McMillan 

(1907-1991)

The PSP is a result proving that particles will remain stably 
in phase with the accelerating RF while in a circular orbit.

Two approaches:

Constant B, varying R : Synchrocyclotrons

Constant R, varying B : Synchrotrons.
There is only one exact phase for which particles remain in phase with the RF.

PSP guarantees that also the “neighbouring” particles remain stable:

Time to the next acceleration

Vo
lta

ge

ϕs ϕa

If , a particle with  will 
gain more energy: even if “late”, it will 
“catch up”. The converse is also true and 
the longitudinal motion is stable.

Another key idea is strong focussing.

ϕs < π/2 ϕa > ϕs
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Electron Accelerators
First synchrotron for electrons: Berkeley 300MeV.

Latest, highest energy synchrotron: LEP at CERN (1989-2000):

Maximum energy 209 GeV

Maximum current 6.2 mA

Maximum luminosity 1×1032/(cm2⋅s)

Circumference 26659 m
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Electron Accelerators
Relevant limiting factor: Synchrotron radiation

<latexit sha1_base64="3Ol3hQuh9BOpIY/o2vYfJ5wZ6uY="></latexit>

�E =
4⇡

3

e2

R
�3�4Energy lost per turn in one revolution of radius R:

For high-energy electrons:
<latexit sha1_base64="FPiUdNi9EULZY6tVnDLcH2a2aHY="></latexit>

�E(MeV ) ⇡ 0.0885

R(m)
· E4(GeV )

For LEP (try to do the calculation), few tens of MeV lost per turn.

Energy loss reduced only linearly with the radius!
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Electron Accelerators
Linear Accelerators

SLAC

3.2 km length

50 GeV max. energy

Decommissioned in 2000.

Many discoveries:

- charm quark

- quark structure

- tau lepton

European XFEL

3.4 km length

17.5 GeV max. energy
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Electron Accelerators
Linear Accelerators + Recirculation: Microtrons & ERLs

Microtron

Proposed for the first time by Veksler in 1944.

First Microtron built: NRC Canada in 1947 (4.6 MeV)

Racetrack Microtron

E.M. Moroz and A. Roberts in1958 

First built: University of Western Ontario, 1961, 5MeV 
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Electron Accelerators
Resonance condition

<latexit sha1_base64="1CvBvnIq11kc8qb1ttPKvp+Qs5A=">AAACGXicbZDLSsNAFIYnXmu9RV26GSyCq5IUUTdCqQguK/QGTQyT6aQdOpmEmYlQQl7Dja/ixoUiLnXl2zhps7CtPwz8fOcczpzfjxmVyrJ+jJXVtfWNzdJWeXtnd2/fPDjsyCgRmLRxxCLR85EkjHLSVlQx0osFQaHPSNcf3+T17iMRkka8pSYxcUM05DSgGCmNPNNqwWvoBALhtObEFIZZShrZPLv10laWc/xQyzyzYlWtqeCysQtTAYWanvnlDCKchIQrzJCUfduKlZsioShmJCs7iSQxwmM0JH1tOQqJdNPpZRk81WQAg0joxxWc0r8TKQqlnIS+7gyRGsnFWg7/q/UTFVy5KeVxogjHs0VBwqCKYB4THFBBsGITbRAWVP8V4hHSkSgdZlmHYC+evGw6tap9UbXuzyv1RhFHCRyDE3AGbHAJ6uAONEEbYPAEXsAbeDeejVfjw/icta4YxcwRmJPx/QtsmJ9a</latexit>

T =
2⇡m

eB
=

2⇡ET

eBc2
<latexit sha1_base64="BSwVt32ekopmFV6n3WELciG6QU0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktol6EoggeK/QL27Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qiSrNI1s04pr7AA8lCRrCx0sNtr46ukCCPlV6x5JbdGdAy8TJSggy1XvGr249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k9nF0/QiVX6KIyULWnQTP09kWKh9VgEtlNgM9SL3lT8z+skJrz0UybjxFBJ5ovChCMToen7qM8UJYaPLcFEMXsrIkOsMDE2pIINwVt8eZk0K2XvvOzen5Wq11kceTiCYzgFDy6gCndQgwYQkPAMr/DmaOfFeXc+5q05J5s5hD9wPn8A1fePuA==</latexit>

ET = mc2

<latexit sha1_base64="LTOMmup4TJWRuWuB0OdyT5tyqV0=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgCGVGRN0IRS24rGAf0A5DJr3ThmYyQ5IRSunCjb/ixoUibv0Id/6NaTsLbT2Qy8k595LcEyScKe0431ZuaXlldS2/XtjY3NresXf3GipOJYU6jXksWwFRwJmAumaaQyuRQKKAQzMYXE/85gNIxWJxr4cJeBHpCRYySrSRfLtY9QW+xFXfwcemhqaKzg1wTczNLjllZwq8SNyMlFCGmm9/dboxTSMQmnKiVNt1Eu2NiNSMchgXOqmChNAB6UHbUEEiUN5ousQYHxqli8NYmiM0nqq/J0YkUmoYBaYzIrqv5r2J+J/XTnV44Y2YSFINgs4eClOOdYwnieAuk0A1HxpCqGTmr5j2iSRUm9wKJgR3fuVF0jgpu2dl5+60VLnK4sijIjpAR8hF56iCblEN1RFFj+gZvaI368l6sd6tj1lrzspm9tEfWJ8/8AWVGg==</latexit>

En = E0 + Ef + n�E

<latexit sha1_base64="cuEXcp9nR9TNn0YjhTlWq7FtlYw=">AAACGHicbVDLSgMxFM3UV62vqks3wSIoQp0pom6EUi24rNAXdOqQSe/Y0ExmSDJCGfoZbvwVNy4Ucdudf2P6WPg6cC+Hc+4lucePOVPatj+tzMLi0vJKdjW3tr6xuZXf3mmqKJEUGjTikWz7RAFnAhqaaQ7tWAIJfQ4tf3A18VsPIBWLRF0PY+iG5F6wgFGijeTlT+qewJfYDSShacmN2SiFCr0rjQ6rno2PcdULTBfuNXBNcPXIyxfsoj0F/kucOSmgOWpefuz2IpqEIDTlRKmOY8e6mxKpGeUwyrmJgpjQAbmHjqGChKC66fSwET4wSg8HkTQlNJ6q3zdSEio1DH0zGRLdV7+9ifif10l0cNFNmYgTDYLOHgoSjnWEJynhHpNANR8aQqhk5q+Y9onJSJsscyYE5/fJf0mzVHTOivbtaaFcmceRRXtoHx0iB52jMrpBNdRAFD2iZ/SK3qwn68V6tz5moxlrvrOLfsAafwHq+p0r</latexit>

Tn =
2⇡

eBc2
(E0 + Ef + n�E)

<latexit sha1_base64="SOoMbTB7zC7JAOJ+2Jykn3yHAik="></latexit>

�T = Tn+1 � Tn =
2⇡�E

eBc2
= bTRF

Revolution time in constant magnetic field: 

Energy after n turns:

Time difference between 2 turns must match RF time:
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Electron Accelerators
The MAMI Accelerator
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Electron Accelerators

Static coherence condition:

Dynamic  resonance condition:
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Electron Accelerators
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Electron Accelerators


