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The Gamma Factory proposal for CERN f

Abstract

This year, 2015, marks the centenary of the publication of Einsteins Theory of General
Relativity and it has been named the International Year of Light and light-based technolo-
gies by the UN General Assembly It is thus timely to discuss the possibility of broadening
the present CERN research program by including a new component based on a novel con-
cept of the light source which could pave a way towards a multipurpose Gamma Factory.
The proposed light source could be realized at CERN by using the infrastructure of the ex-
isting accelerators. It could push the intensity limits of the presently operating light-sources
by at least 7 orders of magnitude, reaching the flux of the order of 107 photons/s, in the par-
ticularly interesting ~-ray energy domain of 1 < Ephoton < 400 MeV. This domain is out
of reach for the FEL-based light sources. The energy-tuned, quasi-monochromatic gamma
beams, together with the gamma-beams-driven secondary beams of polarized positrons,
polarized muons, neutrons and radioactive ions would constitute the basic research tools of
the proposed Gamma Factory. The Gamma Factory could open new research opportunities
at CERN in a vast domain of uncharted fundamental physics and industrial application ter-
ritories. It could strengthen the leading role of CERN in the high energy frontier research
territory by providing the unprecedented-brilliance secondary beams of polarized muons
for the TeV-energy-scale muon collider and for the polarized-muon-beam based neutrino
factory.
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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+ (u-collider)

The present LHC research programme will certainly reach earlier (~20357?) 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 necessatrily thought of

when the machines were designed

The Gamma Factory research programme (2035-7??777) 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.




The Gamma Factory in a nutshell

O 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

= produce plug-power-efficient diverse tertiary beams

O The research programme in a broad domain of science enabled by the “Gamma
Factory tools”
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Atomic beams in the LHC (Hydrogen-like Lead )

symmetry e

dimensions of particle physics

LHC acceleratesits
first "atoms"”
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A joint Fermilab/SLAC publication

07/27/18 | By Sarah Charley

Lead atoms with a single remaining electron
circulated in the Large Hadron Collider.
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Mitigation strategies:

1. Dispersion suppressor collimatci (TCLD)
2. Crystal collimation
3. Laser collimation
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Collimation of partially stripped ions in the CERN Large Hadron Simulation

studies

Phys. Rev. Accel. Beams 23, 101002 - Published 23 October 2020
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Fabry-Pérot (FP) resonators
and their integration in the electron storage rings
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GF research tools made from light




1.Atomic traps of highly-charged, “small-size” atoms

Opening new research opportunities:

Atomic rest-frame

»  Highly-charged atoms — very strong (~1076 V//cm)

o

Trapped stationary atoms @ ' electric field (QED-vacuum effects)

Exposed to pulsed magnetic _ L Small size atoms (electroweak effects)

a_nd electric fields of the storage ) ‘ >  Hydrogen-like and Helium-like atomic structure

mg (calculation precision and simplicity)

»  Atomic degrees of freedom of trapped highly-charged
atoms can be resonantly excited by lasers

»  Circular, repetitive relativistic motion of the GF atomic
traps = Lorentz invariance tests and gravitational
wave detection

Y
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Atomic Physics Studies at the Gamma Factory at CERN

Dmitry Budker %4, José R. Crespo Lépez-Urrutia, Andrei Derevianko, Victor V. Flambaum, Mieczyslaw
Witold Krasny, Alexey Petrenko, Szymon Pustelny, Andrey Surzhykov i, |Vladimir A. Yerokhin, Max
Zolotorev ... See fewer authors ~

Crysialline beams?

published: 09 July 2020 | https://doi.org/10.1002/andp.202000204



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

Hydrogen-like lead

Opens the possibility of collecting, by each of the LHC

IN PHYSICS
RESEARCH

detectors, over one day of the Pb+81—p operation, the
Eqy~ 200 GeV effective ep-collision luminosity comparable to the
, ® '\ @ HERA integrated luminosity in the first year of its
:'/ ‘\‘\ average distance of the operation (1992) — in-situ diagnostic of the emittance of
i i electron to the lead nucleus partonic beams at the LHC!
| i d~600fm . ] —
! (sizably higher than the range SRS wlincunrs

of strong interactions)

ELSEVIER Nuclear Instruments and Methods in Physics Research A 540 (2005) 222-234

Electron beam for LHC
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Alomic beams can be considered as independent electron Collimation of partially stripped ions in the CERN Large Hadron Collider
and nuclear beams as long as the incoming proton scatters e otvont . Redsel s M. Setmanmn
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with the momentum transfer q >> 300 KeV!
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3.Gamma Factory y-source
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E ~ymv + hk E AN\
ymv + hk = hk,
ymv > hky > hk

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




Source properties

E=0 — [ =0 C T =0
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1. Point-like:
» For high-Z, hydrogen- and helium-like atoms: decay length (cty,) << 1 cm

2. High intensity:
» 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 y, and laser power)




Source properties

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

Vit — (4 YLZ) V| aser

for photons emitted in the direction if incoming atoms, y, = E/M is the Lorentz factor for the ion beam

3.Tuneable energy and polarisation:

> 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 y-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); polarisation tuning
via laser photon polarisation tuning and the use of helium-like atoms

4. Plug power efficient:

» 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




Radial n=1-> n=2 atomic excitation, maximal energy, zero crossing amgle
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dn/dE, [MeV's]

A concrete example: Nuclear physics application: He-like, LHC
Calcium beam, (1s—>2p),, transition, TiSa laser

Photon fluxes : : :
240§0T15T T L T T 17T T T 17T LN L L LI B I I: 5. H’ghIV-coII’mated monochromat’c y_beams:
220 = » the beam power is concentrated in a narrow angular
200 GF@CERN: E region (facilitates beam extraction)
180 — g g ]
= dn/dE =0.4-2.4 x 1 0'7 y/MeVIs 3 > the (E,®,) correlation can be used (collimation) to
140 - » , - = “monochromatize” the beam
120 Highest fluxes achieved so far — HIyS =
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laser pulse parameters — 1400 ia o's . .
— Gaussian spatial and time profiles, g 1200f "[rnILL GF-Cain simulations f
— photon energy: E_photon = 1.8338 eV g 1000: ,JJ I.LL| . B
— photon pulse energy spread: sigma_{omega}/omega = 2 x 10Y{-4}, 800 c |J 368 m d |Ve -g e n Ce ~ 1 / 1 m
— photon wavelength: lambda = 676 nm, }IJ ILLLLH I
— pulse energy: W_{I} =5 mJ, 600 = 7:
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circular laser photon polarisation

nSy — n'P; — nSy: Helium-like Calcium — RIB @ LHC GF-POL-CAIN: He-like Ca with P}, = 1
x10'®

o PSI beam: ggCals“'withtransition: 15215, — 1st2pt 1Py ;i‘ R I R R L D N B B
transition energy and lifetime: Awy = 3902.3775eV, 19 = 6fs ]
jon mass: M; = 37.332GeV/c?

ion energy and relative spread: E; = 89.4003TeV, og =2 x 107*
relativistic factor: v; = 2394.9782

number of ions per bunch N; = 3 - 10°

Twiss parameters: ax =a, =0, SBx=p5, =50m

geometric emittance: €, =€, = 3-1070m x rad

r.m.s transverse beam size: o, = 0, = 0.1225 mm

e r.m.s. bunch length o, = 15cm -~ W(ef) SOf) (1 —|— CO.S2 ef) in IRF

o Laser: Er:glass — Gaussian spatiotemporal profile, beam angle: 0°
o photon energy and rel. spread: E, = 0.8147¢eV, 0, = 2 x 107*

photon wavelength: A, = 1521.84nm
pulse energy: W, =0.5mJ (2mJ)
peak power density: Pgy = 2.822 - 103 W /m?
r.m.s. transverse beam size at focus: 0, = 0, = 0.15mm il el e Ll L
Rayleigh length: R x = R, = 41.81996 cm 2 4 6 8 10 12 14 16 18
r.m.s. pulse duration: o; = 50ps (o = 500 ps) E,[MeV]

dn/dE, [MeV' s
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An example: He-like, Calcium beam, Er:glass laser (1522 nm) - circular polarisation

A trick: 1s21S,~> 1s'2p' P,
transition in He-like atoms

. : w o
GF-POL-CAIN: He-like Ca with P, = 1 GF-POL-CAIN: Hedike Yo with P, =1, <5mm @ z=50m
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— Circular polarization =~ 99% _

For more details see presentations at our recent, November 2021,
Gamma Factory workshop:




Polarized lepton source from
polarized gamma beams

=
=

Circularly polarised
gamma-rays

Linearly polarised
leptons
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4.Doppler laser cooling methods of high energy beams

Opens a possibility of forming at
CERN hadronic beams of the
required longitudinal and
transverse emittances within a
seconds-long time scale
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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.
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Simulation of laser cooling of the lithium-like Ca(+17)
bunches in the SPS: transverse emittance evolution.
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5. Atomic Quantum interference effects

| T=16ps
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0:=0.5 ps laser pulse Li-like Pb beam in the SPS:
0:=1.0 ps laser pulse v=196.29

hw' =230.8eV (X =5.4nm)
0:=2.0 ps laser pulse Aw = 1.20eV (A = 1034.4 nm)
— 0:=4.0 ps laser pulse ) max = 44.5 keV
- 0:=8.0 ps laser pulse
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Clear imprint of Quantum-Mechanical interference
effects (Rabi oscilations) on the obsevables which will
me measured in the GF-PoP@SPS experiment!




6.Tertiary beams’ sources — Intensity/quality targets

> Polarised positrons — potential gain of up to a factor of 10% in intensity w.r.t. the KEK positron source,
satisfying both the LEMMA and the LHeC requirements

» Pions — potential, gain by a factor of 10°, gain in the spectral density (dN_/dEdpdP [MeV-?x MW]
with respect to proton-beam-driven sources at KEK and FNAL (P is the driver beam power)

» Muons — potential gain by a factor of 10° in intensity w.r.t. the PSI muon source, charge symmetry (Nu
* ~ Nu), polarisation control, no necessity of the muon beam cooling (to be proven)?

» 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

> Neutrons — potential gain of up to a factor of 10% in intensity of primary MeV-energy neutrons per 1 MW

of the driver beam power
» Radioactive ions — potential gain of up to a factor 10% in intensity w.r.t. e.g. ALTO




The LHC as a driver of secondary beams (operation mode)

—

Gamma Factory proposal: (> 20387?) - experimental program with the LHC-driven secondary beams
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The SPS as a driver of secondary beams

1974-2021: 47 years of the experimental
program with the SPS extracted beams
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Energy footprint: Comparison of the DESY-XFEL

and the CERN GF photon sources

DESY-XFEL

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)

CERN-GF

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
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Research with the Gamma Factory research tools

« particle physics (studies of the basic symmetries of the universe, dark matter searches, precision
QED and EW studies, vacuum birefringence studies, Higgs physics in yy 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).

* 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, ...).
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Gamma Factory light on the dark sector




The mass of the Universe
iIndirect measurement method

*He Mass traction

Number relative to H

Fraction of critical density
001 0.62 0.05
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The mass of the Universe
direct measurement method

expected
from
_luminous disk

i T

R (kpc)

. M33 rotation curve
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The example of dark nuclei

SM nuclei

BE/A
MeV

Dark nucleosynthesis

Free energy F=E—-TS:
large T = everything dissociated
small T = large states favoured

T >> BE T ~ BE T << BE
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@)

L .de O

OOQ (DQ) @

1
50

1
100

1
150

Il
200



Measuring dark energy
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The result

The Universe is Dark

Dark matter ‘ \

Atoms

Dark energy
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The guiding puzzle for new ideas

 Why the dark energy, dark matter and visible matter are “almost” equally
abundant?

* Does it tell us that the dark matter has similar properties as the normal
matter (dark atoms, dark molecules, dark nuclei...) but “refuses” to
communicate with normal matter?



The dark matter messengers

“Higgs” portal (matter and dark matter in the same superconducting medium)
Neutrino portal

Dark photon portal
(Z/y mixing in the SM and photon/dark photon mixing)

Axion and Axion Like portals



Dark Gauge Forces

1 .
[ L= Lsm + €yFY““/F/w + EF"’“’F/W + 771..?4,14'“/1}2, (3)]

where Lgy is the Standard Model Lagrangian, F! 6 =
8[#A;/], and A’ is the gauge field of a massive dark U(1)’

gauge group [1]. The second term in is the kinetic

T et T T
7 Y(3S) i SLAC-PUB-13650
g7
SU-ITP-09/22

10726 g
1075

10741
-5

Rejection regions of SLAC 5 137
Experiments in the 80-ties 107°F
(more in tomorrow’s talk) 1077¢ S 1
[ — 4N 1
1()‘9-—..‘...‘.1 il e

my (GeV) 36



The dark matter detection in GF

“Produce and detect” DM

particles (photon beams)

Detect the cosmic origin DM
particles (fully and partially

stripped ion beams )




DM searches (and studies): Axion-Like-Particles (ALP) example

Collision schemes for ALP production: ::}>‘*

“Production” phase

Search phase

i KR AVAVAVARR
M ~ 1-100 keV

My p < 1keV

\/\/\/\’ Yer— A (beam dump) , /\ﬂ N ¢ /\ \/f\ Yor Y (LHC)
mup ~ 1 keV — 10 MeV VUV VY mu.p ~ 100 keV — 800 MeV
W\/\) o e Y A (LHC) [ Concurrent, rich QED programme (e.g. vacuum birefringence }
Map ~ 10 MeV — 10 GeV studies)

Three principal advantages of the Gamma Factory photon beams:

Large fluxes: ~107?° photons on target over year (SHIP — 10?0 protons on target).

Multiple ALP production schemes covering a vast region of ALP masses (sub eV — GeV)

Once ALP candidate seen - a unique possibility to tune the GF beam energy to the resonance.




Gamma Factory APL-finding potential

(beam-dump search mode)

Search phase 102 ‘
Example: beam-dump mode

1 ~
_ nv
La= graF* Fo

1073

vgr—A collisions
Wv\; 16,02, GeV
beams (A,B, )

EUEN

Lasny = my /(647A2)

imEx Belle-II

3

Two appearance modes: -
>
& 105
—2on g
| Y 1
) WY m :
/ 4 10°6
L i,

» decay:a 2>yy (AB, )

N

arXiv:2105.15072v1 [hep-ph] 31 May 2021
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Gamma Factory dark photon discovery potential
(beam-dump search mode)

1 / i
LD 5m31,A2 —sezf:qff,,qf,

ve — eX

L

Ltargel Lshield Ldecay

FIG. 1. Experiment layout. The experiment consists of a (graphite) target with thickn
Liarger = 1 m, followed by a (lead) shield with thickness Lgpielq = 2 m, an open air decay reg
with length Lgecay, and a tracking detector, centered on the beam axis, which we take to be
circular disk with diameter Lge;. The GF photon beam enters from the left and produces an
particle through dark Compton scattering ye — eX. The X particle is produced with an angl
relative to the GF beamline and decays to an e”e™ pair, which is detected in the tracking detect

Gamma Factory Searches for
Extremely Weakly-Interacting Particles

Sreemanti Chakraborti,'* Jonathan L. Feng,* ' James K. Koga,* and Mauro Valli*%

—2e
sy NA48/2  Babar LHCb

10-°

W 104 2
‘O‘Q

10—7 4

107% 4

B Nor=3x 102, E, = 1600 MeV
=3x 1020, Ey =200 MeV
109 4 SN1987A Ngp =3 x 10%% |, Ey =20 MeV
10! 102 10°
my [MeV]

FIG. 3. Dark photon sensitivity. The sensitivity reach for the three sets of GF parameters
(B, Ncr) indicated, each corresponding to a year of running, and detector parameters Ldecay =
12 m and Lget = 3 m. The contours are for 3 eTe™ signal events and assume no background.
The gray shaded regions are existing bounds from the terrestrial experiments indicated [32-42] (for
further details, see also [43, 44]), from (g — 2)e [45], and the dashed gray line encloses the region
probed by supernova cooling, as determined in Ref. [46].



A comment on the possibilities to search for the
cosmic origin DM
particles with LHC-"stored” atomic clocks




1.

Ingredients for an atomic clock

Atoms are all the same and will oscillate at
exactly the same frequency (in the same
environment): E
You now have a perfect oscillator!

Take a sample of atoms (or just one) £, |0> .

Build a laser in resonance with this atomic
frequency

Count cycles of this signal




How to detect ultralight dark matter with clocks?

Ultra-light Town

Asimina Arvanitaki, Junwu Huang,
and Ken Van Tilburg, PRD 91,
SE= 015015 (2015)

: ¢
[T] T

T

1 T 0 1 i)

1022 eV 1012 eV peV eV GeV

Dark matter field ¢(t) = ¢ocos (mgt + kg x T+ ...)

couples to electromagnetic interaction and “normal matter”

It will make fundamental coupling constants and mass ratios oscillate

Atomic energy levels will oscillate so clock frequencies will oscillate

Can be detected with monitoring ratios of clock frequencies over time
(or clock/cavity).




Need low energy, long-lived atomic (nuclear)
transitions to search for low mass DM particles

M*

o(t) = ¢ cos (m¢t + kg xT+... ) Then, clock frequencies will oscillate!

Ultralight dark matter

? O —— £¢:KE|[+FWFW',,, :| a=ao™M 1 5a

Dark matter

-
o

GF PSI beams have sub picosecond lifetime

o
©

photons

o
2}

Population of the excited state

05
04
03
02
01

Steady-state
excited-state populatior

0.0 ks ——d ]
-100 -50 0 50 100

Normalized detuning Aw/T’

DM virial velocities ~ 300 km/s 04
T [s] f=2n/mg Hz] my [eV] 0.2
1076 1 MHz 4%x107?
1073 1 kHz 4x10712 0.0,
[ 1 1 4x10~%| One oscillation per second
1000 1 mHz 4x10718
10° 10-6 4x 10721 One oscillation per 11 days

Excited state life time must be at least in microsecond range 2>
* nuclear transitions

» energy level crossing for highly charged ions

* hyperfine splitting

2 4

6 8
Normalize time tI

10 12




Ti)s

Ee (keV)

/2 ()

a(K)

a(L)

charge state

7880y
7x 10%y
stable
1.7x 107y
stable
24 x 10%y
stable
stable
stable
6x10%y
stable

stable
stable
>17x10%y
stable
stable
stable
stable
16x 107y
7880y
1.2x10%y
stable
2.1 x 10%y
stable
stable
stable
stable
16x 10°y
7364y
7880y
6561y
4706y
35x10%y
2.5 x 10°y
8.1x107y
3.7x10°y
45x 10%y
23x107y
7x 10%y
>6.7x 10"y
14x 100y
23 x 10°y
c

7.5 x 10y
stable
24 % 10%y
2.1 x 10%y
stable

0.008*
0.076
1.565
2.329
6.238
7.861
8.410
9.406
9.756

10.560

12.400

13.034

13.284

14.413

21.541

22.507

23.871

25.651

26.272

27.793

29.190

29.830

32.145

33.196

35.492

36.200

37.129

39.578

40.351
42.20

42.435

42.824

42.852

43.400

43.498
442
44.54

44.916

45.242

46.103

46.484

49.369
49.57

51.697

53.227

54.536

57.275

59.540

60.010

5.19 x 10°
7.03 x 107
3.76 x 107°

9.07 x 10?
434x107*
204 %1077
1.07x 107°
2.80 x 107°
9.01x 1077
1.04x 107°

1.96 x 107
243 x 1077

3.1x107°
9.32% 1077
262x 1077
224 %1077

1.07 % 1077
9.59 x 107
461 x 107
1.02x 1077
3.26 x 10758
547 % 107
5.04 x 107"
9.92 x 107
215 % 107%
1.09 x 1078
4.06 x 1078
1.25x 1078
1.03x 1077
6.43 x 107°
2.59 x 1078
1.55x 1077
1.31x 1077
1.22% 1077
1.80 x 1077
1.23% 1077
1.20 % 1077
1.26 x 1077
1.38x 1077
7.15x 1071
1.73x 1077
1.15% 1077
9.41 % 107°
8.34 % 1078
8.08 x 107°
1.74x 1077
3.58 x 1078
1.86 x 1077
2.04 % 107°




Conclusions

O Gamma Factory can create, at CERN, a variety of novel research tools, which could open
novel research opportunities in a very broad domain of basic and applied science

Q Examples of such tools were presented in this talk

O The Gamma Factory research programme can be largely based on the existing CERN
accelerator infrastructure — it requires “relatively” minor infrastructure investments

O Gamma Factory has a significant potential to produce, detect and investigate the properties
of the keV/MeV mass-range DM patrticles (if they exist)

Q /ts potential to detect DM waves of cosmic origin remains to be demonstrated



