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""New directions in science are launched by new tools more often than by new concepts."

At the current stage of accelerator-technology-based research, where conventional methods have
reached the saturation limits of particle beam energy and intensity, the Gamma Factory (GF)
project proposes breakthroughs in beam intensity (up to seven orders of magnitude), quality (low
emittance, polarization with CP tagging, and flavor tagging), and precision control for several
types of particle beams. The Gamma Factory can produce primary (ions), secondary (photons),
and tertiary (polarized positrons, muons, neutrinos, neutrons, and radioactive ions) beams with
unprecedented wall-plug-to-beam power efficiency—outperforming existing schemes by several
orders of magnitude. GF aims to extend CERN’s scientific program across multiple domains of
research (particle, nuclear, atomic, astrophysics, accelerator, and applied physics) with reasonable
investment costs by reusing CERN’s existing accelerator infrastructure. Its environmental impact
is expected to be minimal, as the plug power required for its research program could be generated
by a novel GF-beam-driven, waste-transmuting, subcritical nuclear reactor. New GF beam-
cooling techniques and innovative methods for producing polarized muon beams could improve
the precision of Standard Model parameter measurements and enable the first observation of
exclusive production of Higgs bosons in photon—photon collisions. If implemented at CERN,
the GF experimental program could follow the HL-LHC phase and be carried out during the
preparation period for the next large-scale, energy-frontier accelerator. This contribution presents
the ongoing GF R&D studies, including the recent world record in laser—photon beam power,
the status of the GF proof-of-principle SPS experiment, and selected highlights from the latest
quantitative analyses of GF research applications.
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1. Rationale behind the Gamma Factory initiative

The maximal intensities of CERN’s PS, PS-Booster, and SPS-extracted beams have already
been achieved. The maximal luminosities of LHC proton—proton and ion—ion collisions will be
reached at the beginning of the 2030s. At that point, new paradigms for reusing the existing CERN
accelerator infrastructure will be urgently needed to bridge the gap between the end of the HL-LHC
phase and the launch of a next-generation, high-energy frontier research program. The Gamma
Factory (GF) multidisciplinary research program [1-4] offers a cost-effective solution by providing
unprecedented intensity particle beams produced with high wall-plug-to-beam efficiency, along
with novel research tools which include:

* Atomic traps of highly charged atoms [5-7].

* Polarized [8, 9] and twisted [10] gamma-ray beams with intensities at least seven orders of
magnitude higher than current and future gamma-ray sources.

» Novel high-intensity sources of polarized electrons, polarized positrons [11], polarized muons
[11], CP- and flavor-tagged neutrinos, neutrons [12], and radioactive ions [13], exceeding the
present source intensities/brightness by more than three orders of magnitude.

 Laser cooling methods for high-energy beams [14, 15], enabling unprecedented precision in
beam control and high partonic luminosities in hadron colliders [16, 17].

* A novel GF photon-beam-driven energy source capable of covering the plug power consump-
tion of CERN’s accelerator infrastructure [12].

* An electron beam that can be delivered to the LHC interaction points for ep collisions [18].

2. Basic principles

The Gamma Factory project proposes storing atomic beams of partially stripped ions (PSIs)
in the SPS or LHC and colliding them with laser pulses to produce photon beams with tunable
energy, polarization, and intensity for: (1) photon-beam-driven research and (2) the production
of polarized electrons, positrons, muons, neutrons, and radioactive ions through collisions with
dedicated targets. This is illustrated in Fig. 1.
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Figure 1: GF in a nutshell: Partially Stripped Ions (PSIs) circulating in the SPS/LHC rings collide with
laser photons and produce secondary photon and tertiary beams.
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In the GF scheme, high-energy PSI beams act as passive frequency converters, boosting the
laser-photon energies from the eV range to the keV or MeV range, depending on the choice of
beam energy, atomic number A, charge Z, and the laser wavelength. The laser photon energy is
boosted by a factor of up to 4)/%, where 7y, is the Lorentz factor of the PSI beam. The intensity
gain of this scheme—compared to canonical electron-beam—driven gamma-ray sources, shown in
Fig. 2—results from the dramatic increase in the photon-beam particle cross section when the laser
wavelength is tuned to a selected atomic resonance.
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Figure 2: Expected Gamma Factory photon fluxes — comparison with the existing electron-beam-driven
and FEL-driven photon sources.

Gamma Factory exploits resonant photon scattering over a wide energy range. GF laser photons
excite atomic resonances. GF energy-boosted photons can excite nuclear Giant Dipole Resonances
(GDR) or nucleon A resonances. The GF beam-cooling methods enhance the luminosity of ion-
beam—driven photon—photon colliders, enabling the observation of exclusive, resonant Higgs boson
production. The energy scales involved in the above processes, together with the corresponding
resonant cross sections, are shown in Fig. 3.

3. Gamma Factory beams

Beams of unpolarized or polarized hydrogen-like and helium-like ions. These beams can
open new research opportunities in atomic and nuclear physics [5, 6, 19]. They can be controlled
with a precision unattainable by conventional beams. For example, the current absolute LHC
beam energy calibration precision could be improved by two to three orders of magnitude [9], as
illustrated in Fig. 4. The internal (atomic) degrees of freedom of hydrogen-like and helium-like ion
beams allow their stability to be controlled on the microsecond timescale with lasers—opening the
possibility of detecting gravitational waves with high-energy storage rings [20].

Beams of small-emittance, fully stripped ions. These beams can be used for high-precision
studies of electroweak phenomena. The GF beam-cooling methods [14, 15] allow the longitudinal
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Figure 3: Photon collision resonances in the eV to GeV energy range. The particles produced in the resonant
photon collisions are shown in red.

and transverse beam emittances of ion beams to be reduced within seconds. Cold isoscalar ion
beams, ensuring the symmetry of down and up quarks, are optimal for improving the present
measurement precision of SM electroweak parameters [14, 16]. In addition, cold ion beams could
boost photon—photon collision luminosity in peripheral ion collisions, enabling the observation of
exclusive Higgs boson production at the LHC. A comparison of Higgs boson production rates in
the GF scheme with those of FCC-ee and LHeC is presented in Fig. 5.
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Figure 4: Progress in the calculation precision of the transition energies in helium-like calcium atoms.
The beam energy calibration precision is driven by the precision of the calculation of the atomic transition
energies according to the formula on the RHS of the figure. For more information, see [9].

Beams of nuclear isomers. A notable example is a beam of >™Th ions [21], a candidate for
a nuclear clock [21, 22].

Electron beam. GF can deliver electron bunches with a 20 MHz repetition frequency to the
current ATLAS, CMS, LHCb, and ALICE interaction points on the LHC ring [18].

Photon beams. The GF photon beams have unique properties:

* they originate from a point-like source and are characterized by a sub-milliradian divergence,

* they allow for an intensity increase of more than 7 orders of magnitude, reaching fluxes of
10'8 photons/second,

* their energies can be tuned within the range 10 keV—-400 MeV, extending the energy range of
FEL photon sources by a factor of more than 1000 at comparable, or higher, beam intensities,
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* photon polarization can be precisely tuned by using the Pauli blocking principle,

* they can be produced with unprecedented efficiency—the wall-plug power efficiency of the
GF photon source is expected to be a factor of 300 better than that of DESY-XFEL.
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Figure 5: The Higgs production diagrams, cross-sections, and production rates for the FCC-ee, LHeC,
HL(AA)LHC, and HL-HE(AA)LHC. The HL(AA)LHC and HL-HE(AA)LHC options assume using the
existing or energy-upgraded (HE) [23] CERN accelerator infrastructure complemented by the Gamma Factory
PSI-beam cooling at the SPS [24], stochastic cooling [25] at the LHC injection energy, and BNL-like
performance of the ion injection and storage system [26]. For more info, see [24].

High-intensity GF photon beams can open new research opportunities, including high-precision
tests of fundamental symmetries of the universe [27], dark matter searches [28, 29], vacuum property
studies [30], or precision studies of pionic atoms [31].

Polarized muon beam. It can be produced by the high-intensity GF photon beam colliding
with an external target [11]. Its energy is tuned to excite A resonances in the target nuclei. Such
collisions produce, exclusively, quasi-monochromatic pions. The spectral density of pions is shown
in Fig. 6. For the monochromatic pion source, muon polarization is determined uniquely by the
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Figure 6: Spectral density and rates of pions produced by an optimal Gamma Factory photon beam [11]
exciting A resonances in the target isoscalar nuclei, ensuring charge symmetry of the produced pions. For
more info, see [11].

muon emission angle. The GF muon source could outperform current proton-beam-driven muon
sources by two to three orders of magnitude, achieving intensities of up to 7 x 10'® u*(u~) per
second.
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Polarized positron beam. Such a beam can be produced by converting circularly polarized
photons into electron—positron pairs using the high-intensity GF photon beam, colliding with a
stationary target. Polarized positron fluxes of 10'® e*/sec can be achieved in such a scheme [11].

Quasi-monochromatic neutron beam. Such a beam can be produced by colliding the GF
photon beam with a high-Z target. The energy band of the photon beam can be optimized to cover
the region of the Giant Dipole Resonance (GDR). Neutrons, generated in such a scheme, could
drive the Advanced Nuclear Energy System (ANES) [12]. The GF-beam-driven ANES is capable
to produce the requisite plug power to execute the GF research program and transmute its loaded
and produced nuclear waste, as shown in Fig. 7.

4. Feasibility studies

Extensive feasibility studies have been performed to validate the underlying Gamma Factory
concepts. Efficient production, storage, and operation of the atomic beams in the SPS and LHC
have been demonstrated [32-37]. The optical system for the GF Proof-of-Principle experiment,
at the CERN’s Super Proton Synchrotron, has been designed [38]. Stable and high-power (world
record of 700 kW stored average power) operation of the Fabry—Perot cavity has been demonstrated
[39—41]. The required precision of beam steering at the collision point of laser pulses with atomic
beam bunches has been achieved in dedicated beam tests [37]. The software required to simulate
the production of atomic beams, GF photon beams, and secondary beams produced in collisions of
photon beams with stationary targets has been created and benchmarked [17, 42, 43]. The successful
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Figure 7: LHS: thermal power of the Gamma-Factory-beam-driven nuclear reactor for three laser-photon
wavelengths; RHS: the long-lived fission product transmutation capacity of the GF-beam-driven ANES
system. For more info, see [12].

implementation of the GF requires the validation of the following additional requirements:

* stable laser transport and injection of the laser beam into the long Fabry—Perot cavity with
fully remote controls and diagnostics. The beam stability is comparable to that of the
interferometric systems of the Laser Interferometer Gravitational-Wave Observatory (LIGO);

« fully remote and continuous operation of the laser source system in a high-intensity hadron
accelerator tunnel,
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* operational tools to guarantee the requisite control of the PSI beam momentum and its spread,
and the spatial and temporal overlap of the ion and laser beams in a reproducible fashion;

* agreement between simulations and measurements of atomic excitation and ion beam cooling
rates;

* atomic and photon beam diagnostic methods to measure and characterize the photon flux.

The Gamma Factory Proof-of-Principle (PoP) experiment [44] was proposed to validate the Gamma
Factory operational aspects in the most challenging SPS environment.

5. Proof-of-Principle experiment at the SPS

The Gamma Factory Proof-of-Principle experiment location is presented in Fig. 8. The
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Figure 8: GF PoP experiment location and its laser room layout.

modeling of the radiation environment at the GF SPS PoP experiment site has been performed [45]
and measurements are ongoing to validate them. Procurement of an ultra-low phase-noise laser
and amplification chain is being finalized. The final design of the controls and diagnostics of the
laser beam transport system and optical cavity is in progress, with dedicated studies on stabilization
reported in [46].

6. Conclusions

The Gamma Factory can create, at CERN, a wide range of novel beams and experimental tools,
opening research opportunities across both fundamental and applied sciences, well beyond the high-
energy physics domain. Its program reuses CERN’s existing accelerator infrastructure in innovative
ways and requires only modest new investments. The project’s emphasis on research diversity is
especially relevant today, as there is neither clear theoretical guidance suggesting imminent new
physics within reach of future colliders such as FCC, ILC, or CLIC, nor an affordable technology
for a major leap into unexplored very-high-energy domains. The final step of the feasibility proof
is the execution of the SPS Gamma Factory PoP experiment. A key remaining open question
is whether CERN’s community and management will embrace new research paradigms and the
broader scientific collaborations that would share its accelerator infrastructure.
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