
1 

Gamma Factory in the CERN landscape  

 
MITP Gamma Factory workshop, Nov.-Dec. 2020  

 
Mieczyslaw Witold Krasny   

LPNHE, CNRS and University Paris Sorbonne and CERN, BE-ABP 



Outline of the talk  

2 

  
§  Our place in the CERN landscape 
§  Gamma Factory tools 
§  Gamma Factory milestones – status report   
§  Challenges      
§  Conclusions   



Our place in the CERN landscape 
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A potential place of Gamma Factory in the future CERN  
research programme  

§  The next CERN high-energy frontier project may take long time to be approved, built and become 
operational, … unlikely before 2045 (FCC-ee) or 2050+ (µ-collider) 

 

§  The present LHC research programme will certainly reach earlier (>2032) its discovery saturation 
(little physics gain by a simple extending its pp/pA/AA running time)  

 

§  A strong need will certainly arise for a novel multidisciplinary programme which could re-use (“co-use”) 
the existing CERN facilities (including LHC) in ways and at levels that were not necessarily thought of 
when the machines were designed  

 
The Gamma Factory research programme (> 2032) could fulfil such a role. It can exploit the existing 
world unique opportunities offered by the CERN accelerator complex and CERN’s scientific 
infrastructure (not available elsewhere) to conduct new,  diverse,  and vibrant research.  



Gamma Factory (PBC) study group 
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The Gamma Factory proposal (arXiv:1511.07794 [hep-ex]) led to creation, by the 
CERN management (February 2017, ) the Gamma Factory study group, 
embedded within the Physics Beyond Colliders studies framework. 
 ~90 physicists from 35 institutions have contributed so far to the development of 

the project. The GF group is open for everyone who wants to contribute. 
(contact: mieczyslaw.witold.krasny@cern.ch)  

We acknowledge the crucial role of the CERN PBC framework in bringing our 
accelerator tests, the PoP experiment design, software development and physics 
studies to its present stage! 



Gamma Factory Tools  
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The Gamma Factory in a nutshell 
q  The infrastructure and the operation mode of the CERN accelerators allowing to:  

§  produce, accelerate, cool, and store beams of highly ionised atoms  
§  excite their atomic degrees of freedom by laser photons to form high 

intensity secondary beams of gamma rays  
§  produce plug-power-efficient diverse tertiary beams 

 
q  The research programme in a broad domain of science enabled by the “Gamma 

Factory tools”   
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Gamma Factory:  “Novel research tools made from light” 
  

1.  Atomic traps of highly charged atoms 

2.  Electron beam for ep collisions in the LHC interaction points 

3.  High intensity photon(γ)-beams 

4.  Laser-light based cooling methods of high-energy hadronic beams  
 
5.  Sources of polarised electrons, polarised positrons, polarised muons, neutrinos, 

neutrons and radioactive ions 



1.Atomic traps of highly-charged atoms    

Crystalline beams?  

Atomic rest-frame  
 
Trapped stationary atoms  
Exposed to pulsed magnetic  
and electric fields of the storage 
ring  

Opening new research opportunities in 
atomic physics: 
 
Ø  Highly-charged atoms – very strong 

(~1016 V/cm) electric field (QED-
vacuum effects)  

Ø  Small size atoms (electroweak effects)   
Ø   Hydrogen-like and Helium-like atomic 

structure  
        (calculation precision and simplicity)  
Ø   Atomic degrees of freedom of trapped 

highly-charged  atoms can be 
resonantly excited by laser photons 
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Atomic beams can be considered as independent electron  
and nuclear beams as long as the incoming proton scatters  
with the momentum transfer q >> 300 KeV!  

2.Electron beam for ep collisions at LHC  
(in the ATLAS, CMS, ALICE and LHCb interaction points)  

Z 

e 

Hydrogen-like lead  

p 

…or 

ECM~ 200 GeV 

p 
ECM~ 8.8 TeV 

average distance of the  
electron to the lead nucleus  
d ~ 600 fm  
(sizably higher than the range 
 of strong interactions) 

 
Opens the possibility of collecting, 
by each of the LHC detectors, 
over one day of the Pb+81–p  
operation, the effective ep-collision 
luminosity comparable to the 
HERA integrated luminosity in the 
first year of its operation (1992) – 
in-situ diagnostic of the emittance 
of partonic beams at the LHC! 
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3.Gamma Factory γ-source   

Novel technology: Resonant scattering of laser photons on ultra-relativistic atomic beam             
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Source properties 

n=1 

n=2 

E=0 

Elaser 
 

n=1 

n=2 

E=0 

n=1 

n=2 

E=0 c τ  
E γ-ray  

2. High intensity: 
Ø  Resonant process. A leap in the intensity by 6–8 orders of magnitude w.r.t. 

electron-beam-based Inverse Compton Sources (ICS) (at fixed γL and laser power) 

1. Point-like:  
Ø  For high-Z, hydrogen- and helium-like atoms: decay length (cτγL) << 1 cm 
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νmax
           (4 γL

2)  νLaser 
for photons emitted in the direction if incoming atoms, γL = E/M  is the Lorentz factor for the ion beam  

 

Source properties   
High energy atomic beams play the role of high-stability light-frequency converters: 

3.Tuneable energy: 
Ø  The tuning of the beam energy (SPS or LHC), the choice of the ion, the number of left electrons and of 

the laser type allow to tune the γ-ray energy at CERN in the energy range of 10 keV – 400 MeV 
(extending, by a factor of ~1000, the energy range of the FEL X-ray sources) 

4. Plug power efficient: 
Ø  Atoms loose a tiny fraction of their energy in the process of the photon emission. Important: No need 
      to refill the driver beam. The RF power is fully converted to the power of the photon beam  
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Highest fluxes achieved so far – HIγS 
- Duke  HiγS:  dnγ/dEγ = 2–5 x 108 γ/Mev/s 

Expected improvement – ELINP (2024?)  

ELI-NP:  dnγ/dEγ = 1–4 x 1010 γ/Mev/s 

GF@CERN:   
dnγ/dEγ = 0.4–2.4 x 1017 γ/Mev/s 

Photon fluxes  

A concrete example: Nuclear physics application: He-like, LHC 
Calcium beam, (1sà2p)1/2 transition, TiSa laser     

5. Highly-collimated monochromatic γ-beams: 
Ø  the beam power is concentrated in a narrow angular 

region (facilitates beam extraction)  
Ø  the (Eγ,Θγ) correlation can be used (collimation) to 

“monochromatise” the beam  

W.Placzek  

W.Placzek  

Beam divergence ~1/γL 
    



4.Doppler laser cooling methods of high energy beams  
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Opens a possibility of forming at 
CERN hadronic beams of the 
required longitudinal and  
transverse emittances within a 
seconds-long time scale. 

 Beam cooling speed: the laser wavelength band is chosen such that 
only the ions moving in the laser pulse direction (in the bunch rest frame) 
can resonantly absorb photons.       

γ << ΓD 

Simulation of laser cooling of the lithium-like Ca(+17) 
bunches in the SPS: transverse emittance evolution. 

A. .Petrenko   A. .Petrenko   

A. .Petrenko   Bunch  
    

LHC:
ΓD/Ebeam~10-4 
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5.Tertiary beams’ sources – Intensity/quality targets  
 
Ø  Polarised positrons – potential gain of up to a factor of 104 in intensity w.r.t. the KEK positron source, 

satisfying both the LEMMA and the LHeC requirements 
Ø  Pions – potential, gain by a factor of 103, gain in the spectral density (dNπ /dEdpTdP   [MeV-2 x MW] with 

respect to proton-beam-driven sources at KEK and FNAL (P is the driver beam power)                                       
Ø  Muons – potential gain by  a factor of 103 in intensity w.r.t. the PSI muon source, charge symmetry (Nµ

+ ~ Nµ-), polarisation control, no necessity of the muon beam cooling? 
Ø  Neutrinos  – fluxes comparable to NuMAX but: (1) Very Narrow Band Beam, driven by the small 

spectral density pion beam and (2) unique possibility of creating flavour- and CP-tuned beams driven 
by the beams of polarised muons                                  

Ø  Neutrons – potential gain of up to a factor of 104 in intensity of primary MeV-energy neutrons per 1 MW 
of the driver beam power   

Ø  Radioactive ions – potential gain of up to a factor 104 in intensity w.r.t. e.g. ALTO 
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•  particle physics (studies of the basic symmetries of the universe, dark matter searches, precision QED and EW 
studies, vacuum birefringence studies, Higgs physics in γγ collision mode, rare muon decays, precision neutrino 
physics, …). 

•  accelerator physics (beam cooling techniques, low emittance hadronic beams, plasma wake field acceleration, 
high intensity polarized positron and muon sources, beams of radioactive ions and neutrons, very narrow band, and 
flavour-tagged neutrino beams). 

Application domains of the Gamma Factory research tools 

•  nuclear physics (confinement phenomena, nuclear spectroscopy, nuclear photo-physics, fission research, gamma 
polarimetry, physics of rare radioactive nuclides,… ). 

•  atomic physics (electronic and muonic atoms, pionic and kaonic atoms). 
•  applied physics (accelerator driven energy sources, cold and warm fusion research, medical isotopes’ and 

isomers’ production, …). 

 Wednesday, Friday sessions 

Tuesday, Thursday, Friday sessions 



Gamma Factory milestones –  
status report  
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1.  Successful demonstration of efficient production, acceleration and  
storage of “atomic beams” in the CERN accelerator complex. 

2.  Development “ab nihilo” the requisite Gamma Factory software 
tools. 

3.  Building up the physics cases for the LHC-based GF research 
programme and attracting wide scientific communities to evaluate 
and use (in the future) the GF tools in their respective research. 

4.  Successful execution of the GF Proof-of-Principle (PoP) 
experiment in the SPS tunnel. 

 
 
 
5.  Extrapolation of the PoP experiment results to the LHC case and 

precise assessment of the performance figures of the GF 
programme (prior to the next European Strategy Update). 

6.  Elaboration of the TDR for the LHC-based GF research programme. 

Done… 

LoI submitted to the 
SPSC on the 25th of 
September 2019, public 
presentation on the 13th  
of October 2020 à 
waiting for CERN’s 
approval  

Work on-going… 

Done… 

Gamma Factory project milestones  

future 
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Milestone 1: 
 
Successful demonstration and control of efficient production, 
acceleration and  storage of atomic beams of partially stripped ions in 
the CERN accelerator complex.. 



22 

July 2018 

https://home.cern/about/updates/2018/07/lhc-accelerates-its-first-atoms 
https://www.sciencealert.com/the-large-hadron-collider-just-successfully-accelerated-its-first-atoms 
https://www.forbes.com/sites/meriameberboucha/2018/07/31/lhc-at-cern-accelerates-atoms-for-the-first-time/#36db60ae5cb4 
https://www.livescience.com/63211-lhc-atoms-with-electrons-light-speed.html 
https://interestingengineering.com/cerns-large-hadron-collider-accelerates-its-first-atoms 
https://www.sciencenews.org/article/physicists-accelerate-atoms-large-hadron-collider-first-time 
https://insights.globalspec.com/article/9461/the-lhc-successfully-accelerated-its-first-atoms 
https://www.maxisciences.com/lhc/le-grand-collisionneur-de-hadrons-lhc-accomplit-une-grande-premiere_art41268.html 
https://www.symmetrymagazine.org/article/lhc-accelerates-its-first-atoms 
 



23 

What have we learned from the  SPS beam test:  
(beam lifetime: Xe and Pb )    

Residual gas density calibration    

Pb+81 lifetime   

S. Hirlander 

S. Hirlander 
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GF _Aluminium 
stripper  

Pb+80,+81 

Pb+54 

 What we have learned form the LHC beam tests: 
(optimisation of the electron stripping )   

Al-foil   
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 What have we learned form the LHC beam tests: 
(LHC beam lifetime studies – hydrogen-like lead )   
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M. Schaumann 

 What have we learned form the LHC beam tests: 
(modelling of the  LHC PSI bunch dynamics)   
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 What we have learned form the LHC beam tests: 
(collimation of PSI beams in the LHC rings)   

Observed LHC beam looses; hydrogen-like lead, LHC 
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 What we have learned form the LHC beam tests: 
(collimation of the PSI beams in the LHC rings)   

Simulation studies: present collimation system 

Simulation studies: new collimators to be installed in LS3 period 
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We have reached the first of Gamma Factory milestone: 
  
 
 
•  We have demonstrated that we can efficiently produce, accelerate and 

store bunches of atomic beams of high Z, partially stripped ions in the 
CERN accelerator complex,  with the requisite bunch intensities.  

•  We have identified and understood the dominant sources of  beam losses 
over the full beam production, acceleration and storage cycles  
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Milestone 2: 
 
Development of the requisite Gamma Factory software tools. 
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V.P. Shevelko et al. 

1 10 100 1000
0.1

1

10

100

Ca17+

Ca18+

Ca19+

vacuum conditions:

density 7 x 108 part/cm3

residual-gas fractions:
H2     90.5 %
CH4   2.5 %
H2O   3.5 %
CO     2.5 %
CO2    1.0 %Lif

eti
me
,s

E, GeV/u

Pb54+

Ca10+

13.04.2019
V.Shevelko

Lifetimes of Ca ionsLifetimes of Pb ions  

Example: Beam lifetime in the SPS        

Z=82 Z=20 



Example: Simulations of longitudinal cooling        

A. Petrenko 



Example: Simulations of photon emission delay  
(PoP experiment: Lithium-like lead beam and Yb-doped laser pulses)       

W. Placzek talk on Friday  
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We have reached the second of the Gamma Factory project milestones: 
  
 
•  We have developed software tools capable to extrapolate the results of the 

beam tests (stripping efficiency, beam loses) to the other particle species 
specified in terms of atomic number  and the number of left over electrons 

•  We have developed the simulations tools to optimise the Laser-PSI 
Interaction Point (IP) design   

•  We have developed the simulation tools to study the multiturn PSI beam 
dynamics (including beam cooling)  

•  We have developed software tools to optimise the Fabry-Perot cavity design  
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Milestone 3: 
 
Building up the physics 
cases for the LHC-based 
GF research programme 
and attracting wide 
scientific communities to 
evaluate and use (in the 
future) the GF tools in their 
respective research 
(work on-going). 
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Physics cases for the LHC-based GF research programme 
(published and soon-to-be-published studies)     

To be presented at this workshop  
by Dragos Nichita 

To be presented at this workshop  
by Alexey Petrenko 



The GF driven muon and neutrino source  
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Physics cases for the LHC-based GF research programme 
(on-going work)     

Dark Matter searches: ALP example    

 

Selective Nuclear-Waste transmutation    

 

To be presented at this workshop by Armrn Apyan, Yotam Soreq and  Takehito Hayakawa 
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Physics cases for the LHC-based GF research programme 
(new contributions)     

Special Issue 
Physics Opportunities with the Gamma Factory

ScŽpe͗
• Accelerator developments
• Atomic and fundamental physics
• Search for Dark Matter
• Nuclear and particle physics
• Rare isotopes and isomers
• Nuclear-physics applications
• Studies with primary, secondary and tertiary beams
• Gamma Factory in a global landscape

Wiley-VCH GmbH 
Rotherstrasse 21
10245 Berlin, Germany
E-mail: ann-phys@wiley.com

'uesƚ �ĚiƚŽƌs 
Dmitry Budker 
Misha Gorshteyn 
Witold Krasny 
Adriana Palffy 
Andrey Surzhykov

SuďŵissŽŶ ĚeaĚliŶe͗ DaƌcŚ ϭsƚ͕ ϮϬϮϭ

www.ann-phys.org

Online sƵbmission at
www.editorialmanager.comͬadp-ũoƵrnal

Contact Editor: Nadezda Panarina

�ƌƚicle caƚeŐŽƌies͗

Research articles ;typically ϲ-ϴ pagesͿ: new and previoƵsly ƵnpƵblished work of 
general interest
Reviews ;typically 15-25 pagesͿ: a snapshot of most recent progress and particƵlarly 
relevant aspects with possibly open or controversially discƵssed ƋƵestions. 

Everybody is invited to 
contribute to the special 
issue of “Annalen der 
Physik” devoted to the 
physics opportunities 
offered by the Gamma 
Factory project!  
Subsequent  
publication of the Volume II  
of the Gamma Factory 
CERN Yellow report. 
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Milestone 4:  
 
Successful approval by the SPSC and by the CERN Research 
Board), construction and execution of the GF Proof-of-Principle 
(PoP) experiment in the SPS tunnel (work on-going). 
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PoP experiment: integration (LSS6) 

Details of the PoP-experiment proposal and its status  
 in Aurelien’s talk… 

Detection of produced X-rays 

F-P cavity  

F-P cavity – “in beam” position  

LSS6 zone 
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Milestone 5: 
 
Extrapolation of the PoP experiment results to the LHC case and 
precise, quantitative assessment of the physics reach  of the GF 
programme (should  be finalised prior to the next European 
Strategy Update -2026?). 
 
 
Milestone 6: 
 
Elaboration of the TDR for the LHC-based GF research programme 
(If positive recommendation of the next ESPP). 

…future 
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Challenges  
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•  GF PoP experiment  

Ø  GF interactions with the SPSC  and the approval process 
Ø  How to find  2.5 MSFR to execute the experiment?  
Ø  PoP- experiment collaboration, MoU, cost and manpower sharing 
Ø  Grant application(s) 
Ø  Timing  

•  Ion source(s) and new electron stripper construction and installation 

•  Mirror reflectivity and the frontier of the highest energy gamma-rays 

•  High repetition (~20 MHz) FEL as an alternative to  conventional lasers 

•  Time-structure of laser pulses for the highest gamma-source intensity 

•  Production of  polarised gamma-beams 

•  ….. 
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An example:   maximal gamma energies –  
LHC beams, 1sà 2p transition, Hydrogen-like ions  

Need optical cavities for (100 nm -  400 nm) wavelength. Multilayer mirrors using high refraction index materials (AL2O3, 
HFO2, ZRO2) and low refraction index material (SiO2) deposited on silicium or sapphire. The roughness must be 
controlled to better than 1 angstrom.Very recent technological progress:  Mackowski- Lyon, Jena (Germany)

… or a dedicated FEL to cover the wavelength range of 100-500 nm (initial studies by Vittoria Petrillo, Fabrizio Castelli
and Luca Serafini).
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u  The target of the GF initiative is to develop a variety of novel research tools which 
could potentially open new research opportunities in a broad domain of basic and 
applied science.  

 
u  Over the last 3 years the Gamma Factory initial ideas developed into a well defined 

project involving a large group of  ~90 physicists.  

u  Progress has been impressive. The next steps are clear.  
 
u  The Gamma Factory R&D studies enter now the crucial, decisive phase of its PoP 

SPS experiment. 

u  In parallel,  we are  intensifying our effort to propose and evaluate the physics cases 
for the LHC-based GF research programme and trying to attract various  scientific 
communities to consider using the GF tools in their future research  

 Conclusions 
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 Building the Gamma Factory project foundations 

 
Technological R&D, 
 technical feasibility 

studies, 
PoP experiment  

 
Group organisation, 

CERN support, 
funding scheme, 

timing  

 
Research 

programme with 
the GF-tools  – 

quantitative case 
studies   

We are looking forward to your new ideas  
and your constructive criticism!  


