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The Gamma Factory project for CERN
New research opportunities 

LPNHE, 18.07.2022 

Mieczyslaw Witold Krasny,  Gamma Factory group leader
LPNHE and CERN, BE-ABP

Kyaik-Tiyo, Myanmar(Burma)



Instead od introduction:

A lesson from the past – the 
EIC project path

(project initiated at LPNHE and developed in the 90-ties)
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The fist steps towards the EIC 
project (1994-1998):



1997 – a support letter from 
the QCD “fathers” 
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1999 – the end of a dream of the  
European QCD Facility at DESY   

- B. Wiik’s unfortunate accident --
TESLA project loses its momentum and is  finally abandoned 

- GSI works towards a local FAIR PROJECT (low energy),
ELFE (e.g French) groups join the CEBAF program 

- The electron-ion concept moves to US (thanks to a strong commitment 
to this project by Peter Paul – the BNL director)

A consequence: closing the HEP accelerator program at DESY couple of 
years later



2001: Peter Paul – BNL director--
brings the eRHIC/EIC project to BNL  

àEIC had to wait  until the FRIB construction was finalised…
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“Gamma Factory” proposal (2015)
and studies 
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Gamma Factory studies are anchored,  
and supported by the CERN Physics 
Beyond Colliders (PBC) framework.

More info on the GF group activities:
https://indico.cern.ch/category/10874

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

~ 100 physicists form 40 institutions have  contributed so 
far to the Gamma Factory studies

https://indico.cern.ch/category/10874/
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LHC beams  

PSI – Partially stripped Ions 

Gamma Factory: novel use of existing CERN’s storage rings

• Store atomic beams of partially stripped ions in the LHC   
• Collide them with laser pulses (circulating in Fabry-Pérot resonators)
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July 2018: Birth of Atomic Physics research at CERN

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

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/%2336db60ae5cb4
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
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Principal Gamma Factory research tools 

1. Atomic traps of highly charged, cold  atoms 

2. High intensity photon(g)-beams

3. Laser-light based cooling methods of high-energy hadronic beams 

4. High-intensity beams of polarised electrons, polarised positrons, polarised 
muons, neutrinos, neutrons and radioactive ions

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

6. Low emittance beams and electron source for plasma Wakefield acceleration



Concepts and tools 



1.Atomic traps of highly-charged, “small-size” 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 lasers
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2.Gamma Factory g-source  

Novel technology: Resonant scattering of laser photons on ultra-relativistic atomic beam            
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Gamma Factory photon beam 

n=1

n=2

E=0

Elaser 

n=1

n=2

E=0

n=1

n=2

E=0c t
E g-ray

nmax (4 gL2) nLaser
for photons emitted in the direction if incoming atoms, gL = E/M  is the Lorentz factor for the ion beam 

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

Gigabarn cross section
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GF photon beam

2. Huge jump in intensity:
Ø 6–8 orders of magnitude w.r.t. existing (being constructed) g-sources

1. Point-like, small divergence 
Ø Dz ~ lPSI-bunch, Dx,Dy ~ sPSI

x, PSI
y , D(qx), D(qy)~ 1/gL < 1 mrad   

3.Very wide range of tuneable energy photon beam :
Ø 10 keV – 400 MeV -- extending, by a factor of ~1000, the energy range of the FEL photon sources

5. Unprecedented  plug power efficiency (energy footprint):
Ø LHC RF power can be converted to the photon beam power. Wall-plug power efficiency of the 

GF photon source is by a factor of ~300 better than that of the DESY-XFEL! 
(assuming power consumption of  200 MW  - CERN  and  19 MW - DESY)

4. Tuneable polarisation:
Ø g-polarisation transmission from laser photons to g-beams of up to 99%



Polarised beams in GF – example: He-like, Calcium beam, Er:glass laser (1522 nm) 

Radial 
collimation:
R<5 mm@z=50 
m

A trick: 1s2 1S0à 1s1 2p1 1P1 
transition in He-like atoms

For more details see presentations at our recent, November 2021, 
Gamma Factory workshop: https://indico.cern.ch/event/1076086/



3. Laser cooling of high-energy hadronic beams 
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Opens a possibility of forming at CERN high-
energy hadronic bunches of the required 
longitudinal and transverse emittances and 
population, (bunch merge + cooling) within a 
seconds-long time scale.

Beam cooling: 
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.      

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

A. .Petrenko  A. .Petrenko  

sx = 0.8 mm, sy = 0.57 mm
sz = 10 cm, tpulse = 2 ps
Qcoll = 1.3 deg, Dx = 2.44  m
W = 2  mJ Ti:Sa laser pulses

4.0 scatterings
per ion per turn

Laser pulse

A. .Petrenko  
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Gamma Factory (complementary) path to HL-LHC:
Studies of the implementation scheme with laser-cooled isoscalar Ca beams  

SPS
Stripper

Stripper

Laser cooling
(2s—>3p)1/2 

Ion Source + Linac: 
charge state after 
stripping: Ca(+17)

SPS: Lithium-like 
Calcium - Ca(+17)

LHC: fully stripped 
Calcium –Ca(+20)

LHC

Reduction of the transverse x,y, emittances  by a factor 
of 5 can be achieved in 9 seconds (top SPS energy)

Two complementary
ways to increase
collider luminosity
for fixed n1,n2,and f : 

Ø reduce bx
* and by

*

Ø reduce ex and ey

The merits of cold isoscalar beams

• higher precision in measuring SM 
parameters (MW, sin2qW, …) in 
CaCa than in pp collisions,

• Possible unique access to 
exclusive Higgs boson production 
in photon–photon collisions,  

• Lower pileup background at 
equivalent nucleon-nucleon 
(partonic) luminosity,

• New research opportunities for the 
EW symmetry breaking sector.  HL-LHC – b* reduction by  

a factor of  3.7 (new inner 
triplet)

If necessary: add optical stochastic cooling time for the Ca 
beam at the LHC top energy  tcool ~1.5 hours (V. Lebedev)
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4.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 (dNp /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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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! 

5.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 
(sizeably higher than the range
of strong interactions)

Very recent important development: 

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!

Initial studies: 



Technical Proof of Principle 
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Atomic beams in the LHC (Hydrogen-like Lead )

Lifetime of PSI bunches ~ 50h 

The beam intensity limit is determined by 
the beam collimation efficiency in IR7 

A dedicated LHC MD  with crystal collimation of the 
PSI  (H-like Pb) beam will be the  next step…

Mitigation strategies:
1. Dispersion suppressor collimator (TCLD)
2. Crystal collimation 
3. Laser collimation

Simulation 
studies 

IR7
zoom

s = 20430 m 



25

Fabry-Pérot (FP) resonators 
and their integration in the electron storage rings  

HERA storage ring KEK – ATF ring

GF requirement: 
< 5mJ pulses @ 40MHz, 
(200kW  photon beam)
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100W amplifiers are
commercial systems

mirrormirror

~1016 ph/bunch

Laser pulses

Fabry-Pérot resonator

Towards the first integration of the FP resonator in the hadron storage ring à
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Gamma Factory Proof-of-Principle (PoP) SPS experiment

Detection of produced 
X-rays in resonant 

excitation of the 
(2s—>2p)1/2  

transition

F-P cavity 

F-P cavity – “in beam” position 

LSS6 zone
SPS half-cell 621 with side tunnel TI18

Lithium-like lead ion bunches in the SPS

F-P cavity length – 3.75 m -- vertically tilted by 2..6 deg 
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PoP experiment – location of laser room 

SPS half-cell 621 with side tunnel TI18



The purpose of the GF SPS PoP experiment 
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1
Demonstrate that an adequate laser system (5mJ@40MHz) can be (remotely) 

operated in the high radiation field of the SPS.

2
Demonstrate that very high rates of photons are produced : almost all PSI’s are 

excited in single collision of the PSI bunch with the laser pulse

3 Demonstrate stable and repeatable operation

4
Confront data and  simulations

5
Demonstrate ion beam cooling: longitudinal and then transverse

6
Atomic physics measurements

Estimated cost of the experiment  2.5 MCHF 



Very recent technical developments:
new TT2 stripper system
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The two tanks of the new stripper system have been installed during 
YETS 2021-2022. The first of them is already one is equipped  with 
two stripper foil mechanisms. The second will house additional two foil 
mechanism  (installation in YETS 2022-20023) 

Stripping of Pb+54 ions in the 
TT2 PS-à SPS transfer line 

PoP experiment
Pb+79

R. Alemany-Fernandez (BE.OP), E. Grenier-Boley and D. Baillard (SY.STI)



Very recent technical developments: Beam orbit and 
beam momentum stability tests at the SPS 
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Control of the beam position and momentum in the PoP IP 

Main result of the beam tests:

The beam position at the IP and beam momentum 
can  be controlled with the requisite precision. The 
measured beam trajectory followed closely the 
predictions from simulations.



Very recent technical developments: 
final design of the GF optical system 
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… submitted last week to Phys.Rev.

Dumping of non-gaussian 
modes in the FP cavity  

Choice of the radius of the 
hemispherical mirrors  

Choice of the laser oscillator –
phase noise measurements

Final choice: R=7.65 m 

Laser 2 fulfils the requisite phase-stability 
criteria for the 40 Mhz, 10000 finesse FP cavity
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GF-PoP experiment status  

« The SPSC recognizes the Gamma Factory's potential to create a novel 
research tool, which may open the prospects for new research 
opportunities in a broad domain of basic and applied science at the LHC. »

As received from the SPSC referees on Oct. 20th 2020

We are in the process of signing the GF-PoP-MoU by collaborating 
institutes

In parallel, we are finalizing a detailed estimation of the CERN  
(Accelerator Sector), and participating labs, resources needed to 
construct the PoP experiment  in the SPS tunnel with the plan to 
submit an EU funding request

Full experiment specifications have been finalised.
Target Installation time : LS3 -- what we (only) need  is to find 2.5 
MCHF to cover the cost of the experiment  and to assure  the  
requisite CERN FTE resources (experiment infrastructure)… 

We have recently  finalised the final specification of the Laser and FP 
system for the GF-PoP experiment, made the requisite SPS beam-
stability tests and finalised the technical specification of the stripper



Opening new possibilities
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GF papers published over the last year 
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Visions for the future 
requirements 

for physics research 

Mieczyslaw Witold Krasny 
LPNHE, CNRS and University Paris Sorbonne 

and CERN, BE-ABP

https://indico.cern.ch/event/1133593/timetable/?print=1&view=standard
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• particle physics (precision QED and EW studies, vacuum birefringence, Higgs physics in gg collision 
mode, rare muon decays, precision neutrino physics, QCD-confinement studies, …);

• nuclear physics ( nuclear spectroscopy, cross-talk of nuclear and atomic processes, GDR, nuclear 
photo-physics, photo-fission research, gamma polarimetry, physics of rare radioactive nuclides,… ); 

• astrophysics  (dark matter searches, gravitational waves detection, gravitational effects  of cold 
particle beams, 16O(g,a)12C reaction and S-factors…);

• fundamental   physics (studies of the basic symmetries of the universe, atomic interferometry,…); 
• atomic physics (APV in highly charged atoms, electronic and muonic atoms, pionic  atoms);
• accelerator physics (beam cooling techniques, low emittance hadronic beams, plasma wake field 

acceleration, high intensity polarised positron and muon sources, beams of radioactive ions and 
neutrons, very narrow band, and flavour-tagged neutrino beams, neutron sources…);

• atomic physics (highly charged atoms, electronic and muonic atoms, pionic and kaonic atoms);
• applied physics (accelerator driven energy sources,  fusion research, medical isotopes’ and isomers’

production).

Examples of potential applications domains of 
the Gamma Factory research tools



Four  examples 
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1. Particle physics
2. Astrophysics
3. Atomic physics
4. Accelerator physics 
5. Applied  physics  
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Can LHC experiments improve  Tevatron precision of the SM parameters measurements?
… yes, provided that  proton beams are replaced by isoscalar ion beams

1.Particle Physics : precision EW measurements   
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1. The impact of the modelling uncertainties of partonic emittances (longitudinal and 
transverse) on the achievable measurement precision can be drastically reduced and 
controlled the LHC data alone (no precision brick-walls coming from the LHC-external 
data, PDFs, and PS models). Significantly higher systematic precision in measuring the 
EW parameters by using isoscalar ion beams rather than proton beams (as in the earlier 
fixed target experiments).

2. Lower pileup background at the equivalent (high) nucleon-nucleon luminosity.

The merits of the GF-cooled isoscalar beams
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M.W. Krasny, F. Dydak, F. Fayette, W. Placzek, A. Siodmok, Eur.Phys.J. C69 (2010) 379-397.
F. Fayette, M.W. Krasny, W. Placzek, A. Siodmok, Eur.Phys.J. C63 (2009) 33-56.
M.W. Krasny, F. Fayette, W. Placzek, A. Siodmok, Eur.Phys.J. C51 (2007) 607-617.
M.W. Krasny, S. Jadach, W. Placzek, Eur.Phys.J. C44 (2005) 333-350.

u and d quarks have 
different charges, weak 
isospin and vector and axial 
couplings.
For EW-physics: proton 
beams are equivalent to  
neutrino and electron beam 
mixed in not precisely known 
proportions.

In addition the relative 
distributions of the 
valence and sea u and d 
quarks determine the 
effective W/Z boson 
polarisation. Proton 
beams –> polarisation 
cannot be precisely 
controlled. 

Significantly higher precision can be achieved in measuring  the EW 
processes by using isoscalar ion rather than proton  beams - WHY?

Isoscalar (A=2Z) ion beams 
Profit from the flavour symmetry of strong interactions to to equalize the distributions of the 
u and d quarks:   



Expected biases in the measured values of MW [MeV] – isoscalar beams   

* …biases reflecting the uncertainties in the b-quark distributions reduced in  a dedicated 
measurement in the restricted  2.0 < |hl| <2.5 region

*

0.2   

Expected biases in the measured values of MW+ - MW- [MeV] – isoscalar beams  



43

Lower pileup background at the equivalent (and high) partonic luminosity

Reduction of the average number of beam 
particle collisions per bunch crossing, at 
the same partonic luminosity by a factor of 
40, 136, 650 and 1260 for OO, 
CaCa, XeXe and PbPb collisions (opens a 
possibility of studying exclusive 
processes).

Npileup (pp)  ~ Ncoll, Npileup (AA)  ~ Npart/2
(stripping-off of soft partons and the nucleus  surface)

Reduction of the  multiplicity of the soft, 
pileup particles  (opens a possibility to run 
the LHC detectors (trackers) at higher 
partonic  luminosity w.r.t. HL(pp)-LHC).

Example: Au-Au collisions
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GF: ALP discovery potential GF: dark photon  discovery potential

Unique discovery potential for light Dark Matter particles with GF photon beams! 

2. Astrophysics: ALPs and dark photon  searches  



3. Atomic physics: quantum interference phenomena

Probabilistic framework

Quantum-Mechanical framework

time/te

Probabilistic framework sufficient

Quantum interference important 

GF@LHC 
regime

GF-PoP@SPS 
regime: 
te=76 ps



Atomic physics: muonium  
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Gamma-Factory muon sourceExisting and future muon sources 

acceleration to 
10 GeV over 2.5 m

A.Apyan, M.W.Krasny, W. Placzek, to be published

4. Accelerator physics: GF, low-emittance, high-intensity muon source 



Novel paradigm: µ and n sources based on exclusive pion production in 
photo-excitation of D resonances with the Gamma Factory photon beam        

Exclusive process:

Ø Pion energy and transverse 
momentum no longer random

Ø Fully specified by one
parameter: the pion emission
angle, q

p,n n,p

p+,p-g

g + p à D+ à n + p+

g + n à D0 à p + p-

Further “Monochromatisation” of the pion kinetic 
energy by a suitable choice of the target radius  Eg = 300 MeV, 

liquid hydrogen target

A.Apyan, M.W.Krasny
preliminary

A.Apyan, M.W.Krasny
preliminary

A.Apyan, 
M.W.Krasny
preliminary

Symmetry of p+ and p- production for isoscalar target
(e.g. graphite) (the cost: Fermi smearing - error bars)

D+, D0
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Pion production rate and spectra: proton versus GF g-beams 

8 GeV proton beam      300 MeV GF g-beam      

For li = 2 graphite target: 
~ 4.1 x 1014 p+/s and ~ 2.6 x 1014 p-/s for 1 MW p beam      

For li = 2 graphite target : 
~ 2 x 1013 p+ and p- /s for 1 MW g beam (2 x 1016 g/s)      

1 MW photon beam deposits ~ 6 
times less energy in the li = 2 
graphite target! …in addition ~20% 
muons lost in the cooling channel

A.Apyan, 
M.W.Krasny
preliminary

A.Apyan, 
M.W.Krasny
preliminary

Expected reduction of the transverse pion-beam emittance (x,y) by a factor of  > 10 and longitudinal
emittance by a factor of > 20. If preserved while forming µ-beam (under study), no cooling necessary!       

eT(x,y) ~(sTspt)/mc2

eL ~(szsp)/mc2

spt ~250 MeV

spt ~12 MeV

sp ~1000 MeV

sp ~20 MeV

49



Proposed scheme: 

Expected pion source beam 
emittance: 

eT ~ sTspT/mc ~ 0.8 mm 
eL ~ s||sp/mc  ~ 20 mm

1 MW gamma beam, 20 cm long  
graphite target, Np= 1.3x10^13 
of each sign

Remaining challenge:  design a 
pion/muon collection scheme in 
which the emittance is preserved  
(…or worsen by not more than a 
factor of ~4)  (under study)
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5. Applied physics: GF photon-beam-driven energy source

In my view,  we should try to produce, rather 
than buy  the plug-power -- necessary for the 
next generation of high-energy, accelerators -
- locally, in our HEP research centers… 
… becoming now a sine qua non condition 
for sustainable  research at the high energy 
frontier…

FCC-hh ~ 6 times more? 

Prix kWh (before Russian invasion of Ukraine):
• France  (professionels) -- 0.144 euro
• CERN deal - ~0.06 euro 

Electricity cost  LHC(FCC-hh);
• French prices -- ~216 (1300?) x 106 euro/year
• CERN deal - ~90 (630?)  x 106 euro/year

?
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Towards the Gamma-Factory-beam-driven energy source

TR = transmuted/loaded

SR = transmuted/produced

Nature:

Photon beam 

Dedicated study group crated….studies ongoing….



53

Energy footprint of the Gamma Factory beams :  Comparison of the 
DESY-XFEL and the CERN GF photon sources 

DESY-XFEL

CERN-GF

• Wall-pug power – 19 MW
• Driver beam power consumption – 600 kW
• Photon beam power 600 W
• beam power efficiency  ~ 0.1 % 
• overall plug-power consumption efficiency ~ 0.003 % 

(thanks to Andrea Latina for these numbers) 

• wall-pug power – 200 MW (total CERN)
• wall-pug power – 125 MW (LHC)
• beam lifetime 10 h
• driver beam power consumption =  photon beam power 

(power to ramp the beam to requite energy negligible)  
• beam power efficiency  ~ 99 % 
• overall energy spending efficiency   ~1%

(for 2 MW GF photon beams)  

CERN GF photon 
source energy 
footprint is expected 
to be smaller, 
by a factor of 300, 
than the DESY-XFEL
photon source… 
…for the fixed power of the 
produced photon beam…

Moreover, It has a potential to 
provide the electrical power for the 
future ~300 MW accalarator project 
(FCC, CLIC, muon collider)



Conclusions 
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A potential place of the Gamma Factory (GF) in the future 
CERN research programme 

§ The next CERN high-energy frontier project (if ever constructed) may take long time to be 
approved, built and become operational, … unlikely before 2050-ties

§ The present LHC research programme will certainly reach earlier (late 2030-ties?) its discovery 
saturation (Lint ~ 0.5Lgoal) -- 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, by a broad scientific communities 

The Gamma Factory research programme 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 in particle, nuclear, atomic, 
fundamental, applied physics, and astrophysics  with novel  research  tools. The GF tools may turn 
out to be indispensable for addressing the high energy frontier research. 
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A vision of the LHC operation mode 
in in the post-HL-LHC phase     


