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Scientific Applications
• High energy and Nuclear Physics – colliders

• Neutron sciences – neutron spallation sources

• Photon Sciences – light sources
– Pharmaceutical research: Powerful X-ray beams from synchrotron light sources 

allow scientists to analyze protein structures quickly and accurately, leading to the 
development of new drugs to treat major diseases such as cancer, diabetes, malaria 
and AIDS.

– DNA research: Synchrotron light sources allowed scientists to analyze and define 
how the ribosome translates DNA information into life, earning them the 2009 
Nobel Prize in Chemistry. Their research could lead to the development of new 
antibiotics.

• ……….http://www.acceleratorsamerica.org/resources/applications/index.html





Accelerator allowed us to discover the entire 
zoo of the Standard Model particles 

ATLAS detector at LHC



Fix target vs colliders
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For high energies, the difference can be orders of magnitude!
Protons at 7 TeV LHC energy: 𝐸#$,&'()* = 114 GeV, 𝐸#$,#+,,'*)- = 14 TeV! >100x bigger 





Looking deeper and deeper inside!



Productivity of colliders
• Luminosity

• Number of events generated over a unit time with unit cross-section (~probability)
• Luminosity is measured in cm-2sec-1  

• Delivered or Integrated  luminosity is measured in invers femtobarns [fb-1] 
• Determines probability of seeing rare events

If an event A->B has a cross-section σ A→B (for example generating Higgs particle), 
then numbers of interested  events per second: 
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Close to Home: From RHIC to EIC



25 Years of RHIC
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Ramping up luminosity 

can now be done in 1/2 day
(200x faster)
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Explore operation beyond RHIC designed parameters 
(colliding hadrons at low energy ) 
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Use electron accelerators to  hadrons
• Modern accelerators are very complex systems
• Sometimes one needs build smaller accelerator 

to help  the main accelerator achieve required 
performance 



• Mix a hadron bunch with an electron bunch traveling with the same velocity and 
let the two bunches travel together over some length.         The velocity spread of 
hadrons will get reduced.    Why?

• In the co-moving frame, the mixture of an ion bunch and an electron bunch 
looks like a mixture of two gases – a gas of ions and a gas of electrons

• Electrons are much lighter; hence, the gas of electrons is much colder than the 
gas of ions.        Heat transfer ≡ Electron Cooling

What is Electron Cooling? Basic.
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RHIC luminosity at lowest energy of operation 
With introducing electron cooling we were able to increase luminosity 10 times 
at the lowest energy 



LEReC Accelerator 
  (100 meters of beamlines with the DC Gun, high-power fiber laser, 5 RF
         systems, including one SRF, many magnets and instrumentation)  

LEReC parameters
Operation kinetic energy: 1.6-2 MeV, 
Average current: 30 mA, 
Normalized emittance < 2 um 



Low Energy RHIC electron Cooler

A.V. Fedotov et al., “Experimental demonstration of hadron beam … “, PRL 124, 084801 (2020)]

• LEReC operational electron cooler:

• utilizes RF-accelerated electron bunches
• uses non-magnetized electron beam

(no magnetization at the cathode and no 
continuous solenoidal field in cooling 
section)

• LEReC approach to cooling is directly 
scalable to high-energies – pre-cooler 
in EIC at injection



From RHIC to EIC 

S. Nagaitsev at COOL’25  workshop  Oct26-31, 2025 Stony Brook, NY 



EIC at Brookhaven  National Lab 
• Center-of-mass energies: ~20 to 

~140 GeV (e-p)
• High degree of beam polarization: 

~70%
• Availability of ion beams: from 

proton to Pb
• Luminosity: 1033 – 1034 cm-2sec-1

• Possibly more than one IR
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EIC Accelerator Performance
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EIC hadron beam cooling

• Low-energy cooling (LEC):
The goal of cooling at proton injection energy is to obtain initial proton parameters by 
cooling the vertical emittance from ~2 um to 0.3-0.5 um (rms normalized). 
Cooling at injection energy of protons (24 GeV) requires a 13 MeV electron beam.
Our present design concept is similar to the existing RHIC LEReC system

• High-energy proton cooling at collisions (possible future upgrade)
The goal of cooling at EIC proton collision energies of 41, 100 -- 275 GeV is to 
counteract the longitudinal and transverse emittance growth and to maintain the ‘flat’ 
proton beam.  Several candidate concepts are being considered.

• Ion beam cooling at collisions: Conventional microwave stochastic cooling

A. V. Fedotov et al. “Experimental Demonstration of Hadron Beam Cooling Using 
Radio-Frequency Accelerated Electron Bunches”, Phys. Rev. Lett. 124, 084801 (2020)



Low-energy Cooler Concept
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Compatible with future beam cooling upgrades at the collision energies

LEC parameters
Operation kinetic energy: 12.5 MeV, 
Average current: 70 mA, 
Normalized emittance < 1.5 um 





Tevatron might be able to 
detect HIGGS earlier 









Reaching  extreme resolution of measurements



Before LHC 















Synchrotron light sources
• Remember the synchrotron radiation that limited our electron energy?
• Turns out: it can be useful!
• Source of bright, short X-ray pulses

Advanced Photon Source, 
Argonne National Laboratory

NSLS-II, 
Brookhaven National 
Laboratory

Diamond Light Source,
Oxfordshire, UK









Brilliance
• Quality of synchrotron source is given by 

“brilliance”
• Number of photons per second, per photon 

energy bandwidth, per solid angle, per unit 
source size

• 𝐵𝑟.∝ "
#!#"

, 𝐼 is the beam current













How electron microscopes work

• Instrument resolution set by 
wavelength

• Electron microscope energy: 20-400 
keV: 8.6-1.6 pm

• Basic principle like an optical 
microscope

• Invented by Ernst Ruska in 1933

• Nobel Prize in 1986

First transmission electron microscope with super-optical resolution



Electron microscopes in industry

• Large manufacturers: JEOL, ThermoFisher, 
Hitachi, Zeiss, etc.
• $5B industry in 2023
• Life science, materials science, 

semiconductors, etc.



Electron diffraction

• Closely related field
• Use electrons to probe crystal structure
• Electrons are waves: Bragg diffraction

Picture credit: Wikipedia



Ultrafast electron diffraction

• Electron microscopes and diffraction give you a picture
• What if we want to make molecular movies?



Principles of UED

• Concept of UED developed by Ahmed 
Zewail, “father of femtochemistry”

• Nobel Prize awarded in 1999 "for his 
studies of the transition states of 
chemical reactions using 
femtosecond spectroscopy" 

A. Zewail, Annu. Rev. Phys. Chem. 57, 65-103 (2006)



Some UED machines

MeV UED at BNL

MeV UED at SLAC

MEDUSA at Cornell



UED resolution

• Time resolution set by bunch length of electron 
beam (<200 fs)

• Reciprocal space resolution: Δ𝑠 = $%
&#

#$
'!

       often 
less than <0.05 Å-1 

W. Li, Struct. Dyn. 9, 024302 (2022)
J. Li, et al., Phys. Rev. X 12, 021032 (2022)



UED highlights

Studying conical intersections

S. Muvva, Phys. Chem. Chem. Phys 27, 471-480 (2025)

Structural changes in photoionized water

M. Lin, Science 374, 92-95 (2021)

C. Duncan, arXiv:2502.11452 (2025)



End of first lecture





Homework
• Based on the LHC delivered luminosity 

plot *)
1. How much luminosity  has been 

changed   from RUN1 (2011-2012)  to 
RUN2 (2015-2018)?

2. What was most likely the main cause  
of this change? 

3. Estimate how many Higgs bosons 
were generated during the 2016-
2018 years of operation? 

*)   https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2 

Assuming that  Higgs production cross-section: =10-35 cm2

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2

