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Abstract

This contribution discusses the possibility of creating novel research tools at CERN by pro-
ducing and storing highly relativistic atomic beams in its high-energy storage rings, and by
exciting their atomic degrees of freedom by lasers to produce high-energy photon beams.
Their intensity would be, by several orders of magnitude, higher than those of the presently
operating light sources, in the particularly interesting gamma-ray energy domain reaching
up to 400 MeV. In this energy domain, the high-intensity photon beams can be used to
produce secondary beams of polarised electrons, polarised positrons, polarised muons, neu-
trinos, neutrons and radioactive ions. The atomic beams, the photon beams and the above
secondary beams are the principal research tools of the proposed Gamma Factory. New
research opportunities in a wide domain of fundamental and applied physics can be opened
by the Gamma Factory scientific programme.
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1 Scientific context
Three paths of progress in science proved to be particularly fruitful in the past:

– increasing precision of canonical measurements to test the existing theories and models,
– developing new theories and models and their experimental confirmation or falsification,
– technological leaps which allow to create novel research tools or increase performance of the

existing ones by several orders of magnitude.

The latter path is particularly attractive in the present phase of particle physics research, in which:
(1) further progress in the measurement precision becomes more and more difficult, (2) a large number of
theoretical scenarios for Beyond the Standard Model phenomena exist but none of them is able to point
to the optimal future particle collider to observe these phenomena. Moreover, the quantum field theory
framework providing the link between the results of precise measurements of the quantum loop, virtual
phenomena and their (future) direct observation – which cornered the presence of the top quark before
the Tevatron was built and indicated the existence of the Higgs boson before the LHC experiments started
their operation – no longer provides any solid landmarks for predicted discoveries that are accessible for
the present accelerator technologies or their incremental upgrades.

The Gamma Factory (GF) initiative, presented in this contribution, targets the ‘technological leaps’
path. Its aim is to create new research tools, allowing to open new, cross-disciplinary research domains.
This initiative was presented in [1] and endorsed by the CERN management through creation of the GF
study group, embedded within the CERN Physics Beyond Colliders studies framework.

The initiative proposes to produce, accelerate and store high-energy atomic beams in the CERN
accelerator complex. Excitation of their atomic degrees of freedom by laser photons can form high-
intensity primary beams of gamma rays and, in turn, secondary beams of polarised charged leptons,
neutrinos, vector mesons, neutrons and radioactive ions. The goal is to provide a new, highly efficient
scheme of converting the accelerator RF power selectively to these primary and secondary beams, making
use of the large Lorentz factor γL of the atomic beams. The GF target is to achieve a leap, by several
orders of magnitude, in intensity and/or brightness with respect to existing facilities. These diverse GF
tools – its primary and secondary beams – could be used in the future by various scientific communities
for their presently foreseen, or as-yet unforeseen, research goals.

The GF initiative extends the application domain of the existing world-unique CERN accelerator
infrastructure and cannot be realised elsewhere. It is proposed at a crucial moment for CERN. The
approval, financing and construction of CERN’s next high-energy frontier project will necessarily be a
lengthy process, and it is possible that the on-going CERN-LHC research program will reach earlier its
discovery potential saturation, generating an opportunity for novel research programs in basic and applied
science which could re-use CERN’s existing facilities in ways and at levels that were not conceived when
the machines were designed.

This document presents a comprehensive overview of the objectives and opportunities of the GF
initiative, discusses the readiness and expected challenges of the project and presents the status of the
ongoing R&D studies aiming to provide the feasibility proof of its concepts and a realistic evaluation
of its performance targets. The technical aspects will be presented in the forthcoming CERN Yellow
Report [2].

2 Key principles
The basic objective of the GF initiative is to create and store at CERN new types of relativistic atomic
beams and to exploit their atomic degrees of freedom. Atomic beams are composed of ions from which
all but a few electrons have been stripped on the way between an ion source and a ring in which they
are stored, which at CERN is the SPS or the LHC. In these synchrotrons, the beams can be stored at
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very high energies over a large range of the Lorentz factor: 30 < γL < 3000, at high bunch intensities:
108 < Nbunch < 109, and at high bunch repetition rate of up to 20 MHz.

Lasers tuned to the atomic transition frequencies can be used to manipulate the primary beams
directly, or for the production of secondary beams via the emitted photons. The resonant excitation of
atomic levels is possible due to the large energies of the ions, which gives a Doppler boost of the laser
frequency by a factor of up to 2γL. The resonant absorption cross section is in the gigabarn range, and
the high γL factors available in the SPS and the LHC open the possibility to excite atomic transitions
even of high-Z ions with fairly conventional laser systems.

In addition, spontaneously emitted photons produced in the direction of the ion beam, when seen
in the LAB frame, have their energy boosted by a further factor of 2γL, so that the process of absorption
and emission results in a frequency boost of the initial laser photon of up to 4γ2L. For LHC, this opens
the possibility of producing γ-rays with energies above the muon-pair production threshold.

The selective photon absorption and random emission naturally opens the path to beam cooling
[3–5]. Contrary to proton bunches, the charged atomic beams can be efficiently cooled, allowing to
compress their bunch sizes and energy spread. Analogous methods of cooling of stationary atoms –
exploiting internal degrees of freedom and the Doppler effect – have been mastered over the last three
decades by the atomic physics community, and these cooling techniques could be applied to the atomic
beams stored in the SPS and LHC storage rings.

Several key mechanisms could therefore be made available by exploiting the availability of highly
relativistic charged atomic beams and their resonant interactions with laser light.

3 Objectives – research tools
The detailed objective of the GF initiative is the development of techniques and beams for use in specific
applications. Given the available range of ion species, synchrotron energies, laser frequencies, interaction
processes and secondary beams, this application range is potentially very wide. The identified domains
are presented below, with emphasis on the gains offered by the GF approach. Three broad categories are
considered: Atomic beams, Photon beams and Secondary beams.

3.1 Atomic beams
3.1.1 Beams for atomic, molecular and optical physics research
High-energy beams of highly charged high-Z atoms, such as hydrogen-, helium-, or lithium-like lead,
are of particular interest for the Atomic, Molecular and Optical (AMO) physics community but have, so
far, never been technologically accessible as tools for AMO research [6]. Their principal merits are the
following:

– strong electric field binding the remaining electrons to the nucleus – larger by up to five orders of
magnitude with respect to hydrogen atoms – providing unprecedented sensitivity to QED-vacuum
effects,

– strong amplification of the weak interaction effects, larger by up to nine orders of magnitude
with respect to hydrogen atoms, allowing to study atomic and nuclear weak interactions with
unprecedented precision,

– straightforward interpretation of experiments with hydrogen-like or helium-like atoms – simplicity
and high-precision calculations are inaccessible for multi-electron atoms,

– high-energy atomic transitions, normally inaccessible with existing lasers, of highly charged ions
can be excited owing to the Doppler effect – the large γL-factor of the beams compensates the
∼ Z2 increase of the electron binding energies,

– residual (or injected) gas molecules in the storage ring could be used to excite the atoms, allowing
for precise studies of their emission spectra.
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The AMO research highlights include: (1) studies of the basic laws of physics, (2) precise mea-
surement of sin2 θW in the low-momentum-transfer regime, (3) measurements of the nuclear charge
radius and neutron skin depths in high-Z nuclei and (4) searches for dark matter particles using the
AMO detection techniques which are complementary to those used in particle physics.

3.1.2 Isoscalar beams for precision electroweak physics at LHC
Isoscalar nuclei such as Ca or O, containing the same number of protons and neutrons, are optimal for
the LHC electroweak (EW) precision measurement program. Thanks to their weak and strong isospin
symmetry they allow to circumvent the dominant sources of uncertainties in the measurement of the EW
parameters of the Standard Model [8]. The relationship between the W+, W− and Z bosons production
spectra for isoscalar beams simplifies the use of the Z-boson as a precision ‘standard candle’ for the
W -boson production processes. As an example, with isoscalar beams one could measure the W -boson
mass at the LHC with the precision better than 10MeV [8]. However, their present production schemes
result in luminosities which are much lower than can be achieved with protons, negating this advantage.

For these relatively light ions, unlike Pb–Pb collisions, the nucleon–nucleon luminosity is not
limited by e+e−-pair production and electron capture or by electromagnetic dissociation, but by the
beam emittance and the ion bunch intensity. A reduction of the beam emittance through cooling could
allow for an increase of the nucleon–nucleon collision luminosity.

The GF recipe to achieve this goal is to cool the partially-stripped atomic isoscalar beams in
the SPS and, following the stripping of the remaining electrons in the transfer line between the SPS
and the LHC, to collide the low emittance beams in the LHC. If the transverse beam emittance of the
colliding LHC beams of Ca or O ions could be reduced by a factor of 10, then the effective nucleon–
nucleon luminosity in the Ca–Ca and O–O collision modes would approach the nominal pp-collisions
luminosity.

3.1.3 Electron beam for ep operation of LHC
The hydrogen-like or helium-like lead beams can be considered as the carriers of the effective electron
beams circulating in the LHC rings. Collisions of such a beam with the counter propagating beam of
protons can allow to observe both the proton–lead-nucleus and the electron–proton collisions in the LHC
detectors. LHC could thus be operating as an effective parasitic electron–proton(ion) collider (PIE)
[9]. The PIE ep collider could reach the centre-of-mass (CM) energy of 200GeV and a luminosity
of 1029 cm−2s−1, both inferior to the corresponding parameters of the HERA collider, but sufficiently
large to provide a precise, in situ, detector-dependent diagnostics of the emittance of partonic beams at
the LHC, in the low Bjorken-x region, and a precise, percent-level, calibration of the luminosity of the
proton–nucleus collisions at the LHC.

3.1.4 Drive beams for plasma wake-field acceleration
High-intensity atomic beams could be efficient driver beams for hadron-beam-driven plasma wake-field
acceleration [7]. Beam cooling can reduce the emittance of the driver atomic beam allowing for the
increase of the acceleration rate of the witness beam. Alternatively, temporal modulation of the laser
pulse could imprint the drive beam with the required micro-bunch structure.

In addition, atomic beams carry “ready-to-accelerate" electrons. These electrons exploited initially
in the cooling process of the driver beam can be subsequently used – following their stripping – to form
a precisely synchronised witness bunch.

Our preliminary studies show that the reduction of the beam emittance by at least an order of
magnitude and cooling time below tens of seconds are feasible both for the SPS and LHC atomic beams.
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3.2 Photon beams
With the GF approach, the laser light excites a resonant atomic transition of a highly-charged relativistic
ion resulting in a spontaneously emitted photon. The frequency boost is up to 4γ2L, so that a photon beam
in a broad energy range reaching up to 400MeV can be driven by the high-γL CERN atomic beams.
The resonant photon absorption cross section is up to a factor 109 higher than for the inverse-Compton
photon scattering on point-like electrons, and as a consequence, an atomic-beam-driven light source
intensity can be higher than that of electron-beam-driven ones by a large factor.

3.2.1 Gamma ray source
The presently operating high-intensity Free Electron Laser (FEL) light sources produce photon beams
up to the energies of ≈ 25 keV. The GF photon beams could extend their energy range by four orders of
magnitude with FEL-like beam intensities.

Low-intensity light sources in the MeV energy range have already been constructed and are oper-
ating in several countries: HIγS in the USA, newSUBARU and LEPS in Japan, ROKK-1 in Russia and
GRAAL in France. The leading future project entering the construction phase is the European Union
project ELI-NP. The highest flux which has been achieved so far is 1010 photons per second.

With short excited-state lifetimes, the photon-beam intensity is expected not to be limited by the
laser-light intensity but by the available RF power of the accelerator ring in which atomic beams are
stored. For example, a flux of up to 1017 photons emitted per second can, in principle, be reached for
photon energies in the 10MeV region already with the present U = 16MV circumferential voltage of
the LHC RF cavities. This photon flux would be a factor of 107 higher than that of the highest-intensity
electron-beam-driven light source HIγS@Durham operating in the same energy regime.

Such an intense photon flux, corresponding to up to 1024 photons per year, would sizeably increase
the sensitivity of searches for very weakly interacting dark matter particles in the "anthropological" keV–
MeV mass region, e.g. in a beam-dump, light-shining-through-the-wall type of experiment, using a
broad-energy-band beam of GF photons.

3.2.2 Photon collision schemes
A high-intensity and high-brilliance photon beam produced by the GF facility can be used to conceive
the first realization of two types of photon–photon colliders at CERN:

– elastic photon scattering collider (below the threshold of producing matter particles), covering the
range of CM energies of up to 100 keV, achievable in collisions of the GF photon beam with the
laser photons stacked in a Fabry–Pérot cavity,

– matter particle producing collider covering the energy range of up to 800MeV, achievable in
collisions of the photon beam with its counter-propagating twin photon beam.

The first of the two colliders can explore the domain of fundamental QED measurements, such as
the elastic large-angle light-by-light scattering observed with a rate of up to ≈ 1000 events per second.
For comparison, only tens of events of this type are detected over one year of the present LHC operation.

The second scheme, having sufficient energy to produce both opposite charge and colourless pairs
of fermions (electron or muon) and opposite charge colour-carrying pairs of fermions (quarks) could
explore colour-confinement phenomena at the colour-production threshold.

Should any signal of e.g. an axion-like particle or a dark photon be observed in the shining-
through-the-wall experiment, one of the above two colliders could become a Dark Matter Production
Factory by maximising the resonant production rate of dark matter particles through a suitable narrow-
band choice of photon energy.
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3.3 Gamma-driven secondary beams
The Gamma Factory photon beam can be extracted from its production zone to produce secondary beams
in collisions with an external target. Such a scheme represents a change of paradigm for the secondary
beams production: from mining, in which the dominant fraction of the energy of the primary beams is
wasted, to precision, or production-by-demand.

The GF secondary beam production scheme is based on the peripheral, small-momentum-transfer
electromagnetic collisions of its photon beam with atoms of the target material. As a consequence, a
large fraction of the wall-plug power which needs to be delivered to the atomic beam storage ring for
continuous production of the primary photon beam could be transmitted to a chosen type of the secondary
beam. Such a scheme could reduce considerably the target heat load at a fixed intensity of the secondary
beam, facilitating its design and circumventing the principal technological challenges which limit the
intensities of the proton-beam-driven muon, neutrino and neutron beams.

3.3.1 Polarised electron, positron and muon beams
The high-intensity GF beam of photons could be converted into a high-intensity beam of positrons and
electrons. If the photon beam energy is tuned above the muon-pair production threshold, such a beam also
contains a small admixture of µ+ and µ−. Beams of different lepton flavours could easily be separated
using the time of flight method, since the produced electrons and positrons move with almost the speed
of light while the GF muons are non-relativistic.

For the resonant absorption and subsequent spontaneous emission of photons by beam atoms with
spin-0 nuclei which do not change their electrons-spin state, the initial polarisation of the laser photons
is transferred to the emitted photons. Circularly polarised photons, if converted to lepton-pairs in the
electromagnetic field of such atoms (or nuclei), produce longitudinally polarised leptons.

The target intensity of the GF source of polarised electrons/positrons is 1017 positrons per second,
assuming the present CERN accelerator infrastructure and presently available laser technology. Such an
intensity, if achieved, would be three orders of magnitude higher than that of the KEK positron source,
and would largely satisfy the source requirements for the ILC and CLIC colliders, or for a future high-
luminosity ep (eA) collider project based on an energy recovery linac.

The target intensity of the GF beam of polarised muons is 1012 muons per second. If achieved,
it would be four orders of magnitude higher than that of the PSI πE5 beam. Two schemes can be
envisaged to reach such an intensity target. In the first one, the energy of the photon beam is tuned to
its maximal value and muon pairs are produced by photon conversions. Without HE-LHC energies, this
scheme requires a significant leap in the intensity and bandwidth of a dedicated FEL source of∼ 100 nm
photons and an upgrade of the circumferential voltage of the LHC RF system. Alternatively, positron
bunches produced by a low-energy photon beam would have to be accelerated in the dedicated positron
ring to the energy exceeding the muon-pair production threshold in collisions with a stationary target,
i.e. Ee ∼ (2m2

µ)/(me) [11]. For this scheme no LHC upgrade is necessary and the conventional laser
technology is sufficient. The intensity of the muon beam in the above two schemes will always be inferior
to the proton-beam-driven muon sources. However, for both the above schemes the product of the muon
source longitudinal and transverse emittances would be smaller by at least four orders of magnitude than
that for the pion-decay-originated muons. The GF driven high-brilliance beams of polarised positrons
and muons may therefore help to reactivate, in a new way, R&D programs on: (1) the TeV-energy-scale
muon collider, (2) the polarised lepton–hadron collider, (3) fixed-target Deep Inelastic Scattering (DIS)
experiments and (4) the neutrino factory.

3.3.2 High-purity neutrino beams
The low-emittance muon beams could be used to produce high-purity neutrino beams. Thanks to
the initial muon polarisation and the (V − A)-structure of the week currents, muon-neutrino (muon-
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antineutrino) beams could be separated from the electron-antineutrino (electron-neutrino) admixture on
the bases of their respective angular distributions. In addition, the neutrino and antineutrino bunches of
each flavour could be separated with the 100% efficiency using their timing. The fluxes of the neutrino
and antineutrino beams would be equal and they could be predicted to a per-mille accuracy.

The high-purity neutrino and antineutrino beams could be used e.g. for the precision measurements
of the CP-violating phase in the neutrino CKM matrix.

3.3.3 Neutron and radioactive ion beams
The energy of the GF photons could be tuned to excite the Giant Dipole Resonance (GDR) or fission res-
onances of large-A nuclei, providing abundant sources of: (1) neutrons with the target intensity reaching
1015 neutrons per second (first-generation neutrons), (2) radioactive and neutron-rich ions with the tar-
get intensity reaching 1014 ions per second. These GF fluxes would approach those of other European
projects under construction, such as ESS, FAIR and the future EURISOL facilities. The advantage of the
GF sources is their high efficiency – almost 10% of the LHC RF power can be converted into the power
of the neutron and radioactive-ion beams.

4 Readiness and expected challenges
The existing CERN accelerator infrastructure has already demonstrated its capacity to produce, acceler-
ate and store fully and partially stripped ions in its storage rings. So far only lead and xenon ions have
been accelerated and stored at the LHC, but an extension of the LHC ion running programme to include
the oxygen, calcium or argon ions is already under discussion. The step to include the corresponding
atomic beams of partially stripped ions requires only a minor conceptual and hardware investment with
development of a new stripping scheme, and production and installation of new strippers in the beam
transfer line(s). Several factors may limit the lifetime of the atomic beams: the vacuum quality, molecu-
lar compositions of the residual gas, space-charge effects, intra-beam stripping and intra-beam scattering,
and the Stark effect.

Laser systems together with Fabry–Pérot resonators have already been implemented on the DESY
and KEK electron beam storage rings [12,13], by teams including members of the GF study group, with
a high level of commonality for many of the technical issues, like the bunch-synchronisation scheme.
A new challenge specific to hadron storage rings is the much higher beam rigidity in conjunction with
the larger bunch lengths which complicates the design of the interaction point region. The design needs
to make the best compromise between matching the laser frequency bandwidth both to the width of
the atomic excitation and to the momentum spread and angular dispersion of the ensemble of atomic
particles.

For the extreme case of the largest photon-beam energy and intensity, the maximal power of the
GF photon beam may reach 0.1–1MW. Extraction of such a beam from the collision zone in a supercon-
ducting storage ring is anything but obvious, and its feasibility remains to be demonstrated.

The development of targets for secondary beams will profit from the present development of the
target designs and R&D on neutrino and neutron spallation sources. Using photon instead of proton
beams is, by far, more convenient – the targets will be thinner, with only a small fraction of energy
wasted. An efficient separation scheme of the electron and positron beams from the muon beams will
have to be developed.

Another challenge is to develop, very often ab nihilo, the GF simulation software required to: (1)
optimise the stripping scheme of atoms, (2) describe the effect of the vacuum quality at various stages of
the acceleration of the atomic beams, (3) simulate the beam dynamics of the atomic bunches (betatron
oscillations, intra-beam scattering, beam impedance, etc.), (4) simulate the collisions of the laser pulses
with the atomic bunches, (5) evaluate various beam-cooling scenarios and (6) study the properties of the
primary and secondary beams.
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5 Project milestones, status and way forward
5.1 Project milestones
With such a wide potential spread of applications and range of ingredients, the GF initiative needs a clear
vision of the key steps to be demonstrated in order to prove the feasibility of the concepts. The path
towards the full feasibility proof of the GF concept is landmarked by the following six milestones:

1. Demonstration of efficient production, acceleration and storage of atomic beams in the CERN
accelerator complex.

2. Development of the requisite GF simulation tools.

3. Successful execution of a GF Proof-of-Principle (PoP) experiment.

4. Realistic assessment of the performance parameters of the GF Research tools.

5. Building up the physics cases for the research programme and attracting wide scientific communi-
ties to use the GF tools in their respective research.

6. Elaboration of the GF Technical Design Report (TDR).

The proposed multi-step path to arrive at the feasibility proof of the GF R&D concepts tries to min-
imise both the infrastructure and hardware investments and interference with the ongoing CERN research
programme. A large majority of the atomic-beam tests are planned to be executed and benchmarked at
the SPS and subsequently extrapolated to the LHC running conditions.

It is worthwhile to note that the ongoing CERN research programme may profit from reaching
the consecutive GF project milestones. For example, a successful demonstration of the Doppler beam-
cooling at the SPS could have an impact on the subsequent LHC or AWAKE running scenarios.

The GF R&D programme started in 2017 and has already achieved the first of its milestones. We
are working towards reaching the subsequent two milestones. The achievements and plans are presented
in the next sections.

5.2 Tests of production, acceleration and storage of atomic beams at CERN
5.2.1 SPS beam tests in 2017 and 2018
In 2017 the Xe39+ beam was accelerated, stored in the SPS and studied at different flat-top energies
[14,15]. The lifetime of this atomic beam was shown to be limited by electron stripping in collisions with
residual gas. The analysis of the measured lifetime allowed us to constrain the molecular composition
of the residual gas and estimate the expected lifetimes of hydrogen- and helium-like lead beams to be at
least 100 seconds. With only 40 seconds needed to fill the SPS and to accelerate the bunches up to the
LHC injection energy, this measurement-based prediction opened the possibility of injecting such beams
to the LHC ring.

Over the 2017–2018 shutdown a new aluminium stripper foil was installed in the PS to SPS
TT2 transfer line, with thickness and material optimised via simulations to maximise the production
of hydrogen-like Pb81+, but with significant production of helium-like Pb80+.

In June 2018, both Pb81+ and Pb80+ beams were successfully injected to the SPS and accelerated
to 270GeV proton equivalent energy. The observed lifetimes of the Pb80+ and Pb81+ beams of, respec-
tively, 350±50 and 600±30 seconds were in agreement with our predictions based on the extrapolation
from the 2017 Xe39+ runs within the uncertainty of the molecular composition of the SPS ring residual
gas. The achieved intensities of the Pb81+ and Pb80+ beams were also in good agreement with our
expectations based on the calculations of the stripping efficiency for the initial Pb54+ beam. Finally,
and most importantly, the achieved bunch intensity of the Pb81+ beam, of 8× 109 unit electric charges,
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turned out to be comfortably higher than that required for monitoring such bunches in the SPS and the
LHC for our subsequent LHC test runs.

5.2.2 LHC beam tests with Pb81+ in 2018
On the 25th July 2018, the Pb81+ beam was injected for the first time to the LHC and ramped to the
proton equivalent energy of 6.5TeV. The observed lifetime at top energy was ∼ 40 hours. The bunch
intensity for the stable beam was 7 × 109 unit charges with 6 bunches circulating in the LHC.

5.2.3 Lessons from SPS and LHC beam tests
The principal outcome of the 2017 and 2018 GF test runs was the proof that the atomic beams can be
formed, accelerated and stored in the existing LHC accelerator chain. The majority of the operation
aspects for such beams have been successfully tested. An important specific achievement was to demon-
strate that bunches of 108 hydrogen-like lead atoms per bunch can be efficiently produced and maintained
at the top LHC energy with the lifetime and intensity reaching the GF requirements. One of the pivotal
concepts of the GF that stored relativistic atomic beams may serve as stable frequency converters of the
laser photons to high-energy gamma rays has therefore already been experimentally proven.

The tests also validated our initial software tools, which will be elaborated further to extrapolate
the production efficiencies of Pb81+ and Pb80+ to arbitrary species (characterised both by the nucleus
charge and the number of left electrons) and to predict their lifetimes in both the SPS and the LHC.

Two outstanding problems have been identified in the 2017 and 2018 beam tests. Neither puts the
GF concept into question, but they point out two directions of the work towards the technical optimisation
of the atomic-beam operation in the CERN accelerator complex. Firstly, the lifetimes measured in the
SPS and the inferred vacuum levels and compositions mean that only the highest Z atoms (such as
lead) carrying electrons only on the K and L atomic shells can be efficiently accelerated in the SPS and
transferred to LHC. In order to use Ca or O atomic beams for the precision EW physics at the LHC, the
SPS vacuum would need to be improved by about a factor 10. Secondly, the collimation efficiency for the
Pb81+ beam in LHC was inferior to that for the fully stripped Pb82+ beam, which without optimisation
would prevent the operation with the 500 bunches assumed in the evaluation of the GF performance. For
both of these (separate) aspects, avenues of improvement will need to be identified and pursued – the
collimation efficiency, studies are already ongoing.

5.3 Development of software tools
The path to the GF feasibility proof crosses unchartered territories. It requires new software tools to
prepare the beam tests, to generalise their results to other beam species, to evaluate the intensity reach of
the GF, to optimise the Interaction Point (IP) of the laser photons and the atomic bunches, to study the
internal dynamics of the atomic bunches exposed to collisions with the laser light, to optimise the Doppler
beam-cooling methods and to study the extraction and diagnostics of the GF primary and secondary
beams.

Existing software tools to study stripping of electrons in metallic foils and to study beam–gas col-
lisions of highly charged ions [16] have been calibrated for their high-energy applications using striping
efficiencies and beam lifetimes measured at the SPS and at the LHC.

Two parallel GF group projects are pursued to develop the requisite, new software tools for simu-
lation studies of internal atomic beam dynamics: (1) based on a semi-analytical approach and (2) based
on Monte Carlo techniques to study dynamics of individual atoms. The goal of these two projects is to
simulate the time evolution of the atomic-beam bunch parameters exposed to collisions with the laser
photon pulses – the bunch emittances, the energy spread and the bunch length – and to study various
beam-cooling scenarios.
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Two Monte Carlo generators are being developed independently within the GF group. Their aim
is to simulate the production of photon beams in collisions of atomic bunches with the laser pulses.
The major challenge for these developments is to incorporate, for the first time, resonant atomic-physics
processes into the frameworks developed by the particle physics community.

Finally, new generators or upgrades of the existing ones have to be made to simulate production
of the GF secondary beams. The most recent progress in this domain includes the ongoing work of the
CERN SFT group to construct a Monte Carlo generator for conversions of polarised photons into muon
pairs close to production threshold.

5.4 SPS proof-of-principle experiment
The most important and challenging short-term GF milestone is to validate the GF production scheme of
the photon beams in a proof-of-principle (PoP) experiment in the SPS.

The principal PoP experiment technical goals are to:

– demonstrate a successful integration of the laser plus the Fabry–Pérot cavity system into the storage
ring of high-energy hadron beam; including the interaction point design and radiation hardness of
the laser system and its electronics,

– optimise the laser-light frequency bandwidth to a given width of the atomic excitation and to the
atomic-beam momentum spread;

– develop a collision scheme which maximises the rate of atomic excitations, including the optimal
matching of the geometric characteristics of the atomic bunches to those of the laser bunches;

– demonstrate the operational tools for the optimisation of the resonance excitation and its stability
in time over many accelerator cycles;

– demonstrate timing synchronisation of the laser and the atomic bunches;
– study extraction schemes of the photon beam from the interaction-point region and its collimation;
– develop diagnostic methods of the atomic beams and the produced photon beams;
– test the Doppler beam-cooling schemes and evaluate their reach in reducing the beam emittance.

The PoP experiment is proposed using lithium-like lead, Pb79+, circulating in the SPS. The opti-
mal stripping scheme to maximise the beam intensity of such a beam has already been developed. Our
initial plan is to place the laser system in the SPS tunnel in the LSS6 or LSS4 sectors, such that no civil
engineering work is needed. The proton and lead-ion beams in 2018 are being used to measure radiation
levels in the two possible zones of the installation of the laser system, to complement planned radiation
tests of the laser components and its electronics.

We plan to generate the photon beam by using the 1s22s → 1s22p atomic transition, with the
energy difference of 230.76 eV, which can be excited with a 1030 nm pulsed laser by tuning the Lorentz
γL-factor of the stored SPS Pb79+ beam to the value of γL ≈ 96. Such a choice of the ion type and the
atomic transition is tightly constrained by the present quality of the SPS vacuum system. The expected
lifetime of such a beam in the SPS, of ≈ 100 seconds is comfortably larger that our estimated cooling
time of such a beam to be of ≈ 20 seconds. The 1s22s → 1s22p transition width for the Li-like lead
atoms, corresponding to the lifetime of the atomic excited state of 76 ps, is by orders of magnitude smaller
than those for the radial atomic excitation which will be used to generate the GF photon beams. As a
consequence, the SPS PoP experiment will test the gamma-beam production scheme in a more difficult
configuration than in the LHC case.

The letter of intent for the GF PoP experiment is being presently prepared.
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6 Conclusions
The target goal of the GF proposal, presented in this contribution, is to make available at CERN a variety
of new research tools. The GF initiative is our response to the need for diversification, which is becoming
important in the present phase of high-energy physics research. By addressing novel research techniques
as well as novel conceptual and technological challenges, the GF can bring a new vigour to the CERN-
facilities-based research.

The GF is tailored to make the full use of the existing CERN accelerator infrastructure. Its scope
fits well to CERN’s size and its mission to develop and provide unique research tools for diverse branches
of science. It would require relatively modest infrastructure investments. It can also potentially fit the
time-gap over which the required new acceleration technology becomes available to re-address the high-
energy frontier of particle physics at a reasonable cost.

The GF initiative requires a dedicated R&D program for an experimental proof of its concepts, and
for the precise evaluation of the intensity and quality reach of its primary and secondary beams. The R&D
program started two years ago by creating the GF study group anchored in the Physics Beyond Colliders
studies at CERN. It is organised such that the impact on the ongoing CERN research programme is
minimal, and it has already demonstrated the capacity of the CERN accelerators to produce, accelerate
and store atomic beams. Now we have entered its second phase: we are preparing the letter of intent for
the GF proof-of-principle experiment in the SPS tunnel and continuing to develop new software tools for
the project. The GF group has grown from a single-person initiative to a strong collaboration involving
over 50 physicists and engineers from 18 institutes in 9 countries. For its further development the support
of the CERN scientific community and of the CERN management is necessary.

It is our hope that this initiative will be given a chance to demonstrate its research potential and
that it will become, in the future, a CERN-based project.

References
[1] M. W. Krasny, arXiv:1511.07794 [hep-ex].
[2] M. W. Krasny et al., Gamma Factory for CERN, CERN Yellow Report, in preparation.
[3] E. G. Bessonov and Kwang-Je Kim, Phys. Rev. Lett., 76 (1996) 431.
[4] M. Zolotorev and D. Budker, Parity Violation in Atoms and Electron Scattering, B. Frois and

M. A. Bouchiat, eds., World Scientific, 1999, p. 364.
[5] U. Schramm et al., Proceedings of 2005 Particle Accelerator Conference, Knoxville, Tennessee.
[6] M. S. Safronova et al., Reviews of Modern Physics, 90 (2018) 025008; arXiv:1710.01833.
[7] A. Caldwell et al., Nature Physics 5 (2009) 363.
[8] M. W. Krasny, F. Dydak, F. Fayette, W. Placzek and A. Siodmok, Eur. Phys. J. C 69 (2010) 379.
[9] M. W. Krasny, Nucl. Instrum. Meth. A540 (2005) 222.

[10] E. G. Bessonov, Nucl. Instrum. Meth. B309 (2013) 92.
[11] M. Antonelli et al., Nucl. Instrum. Meth. A807 (2016) 101.
[12] S. Baudrand et al., JINST 5 (2010) 06005.
[13] J. Bonis et al., JINST 7 (2012) 01017.
[14] Xenon beams light path to gamma factory, CERN Courier, November 2017, page 7;

https://cerncourier.com/xenon-beams-light-path-to-gamma-factory/.
[15] LHC accelerates its first “atoms”, CERN News, 27 July, 2018,

https://home.cern/news/news/accelerators/lhc-accelerates-its-first-atoms.
[16] I. Tolstikhina, M. Imai, N. Winckler and V. P. Shevelko, Basic Atomic Interactions of Accelerated

Heavy Ions in Matter, Springer, Berlin, 2018.

10


	Scientific context
	Key principles
	Objectives – research tools
	Atomic beams
	Photon beams
	Gamma-driven secondary beams

	Readiness and expected challenges
	Project milestones, status and way forward
	Project milestones
	Tests of production, acceleration and storage of atomic beams at CERN
	Development of software tools
	SPS proof-of-principle experiment

	Conclusions

