Full Inverse Compton Scattering,
Unruh photons and FICS relay in the cosmos

Can electrons emit photons of energy larger than their own?
255.5 keV photons can stop ANY relativistic electron

Luca Serafini, Vittoria Petrillo and Sanae Samsam
INFN-Milano and Universita degli Studi di Milano

* Deep Recoil Inverse Compton Scattering revisited, how to stop
(MeV’s, GeV’s, TeV’s ...) electrons in a single-collision event:
a portal towards quantum gravity?

* From Thomson back-scattering to FICS, total transfer of
energy/momentum from an electron to a photon, and
how to generate 100 GeV photons at FCC-ee

Workshop on Other Science Opportunities @ FCC-ee, CERN, Nov. 28th, 2024
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Full Inverse Compton Scattering: amazing power
of 255.5 keV photons to stop ANY colliding electron
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*hadronic threshold (E_,, < 600 MeV) with 255.5 keV photons = 360 GeV



INFN Energy Budget towards y -rays with
high spectral density

« 25 GeV electrons would be needed to generate
2 MeV photons via synchrotron radiation
(highest spectral density S 10'? s-'eV, very small bdw 104

850 MeV electrons were used to Channeling Radiate
2 MeV y-rays (high S 10°-10° s-'eV-!, broad bdw 10 %)

350 MeV es are needed to Inverse Compton Scatter
2 MeV y-rays (good S 104-10° s-'eV-1, small bdw 10-3)

3.5 MeV electrons to bremsstrahlung
2 MeV y-rays (poor S 1 s7'eV1, very broad bandwidth)

2 MeV es to Symmetric Compton Scatter a photon target
2 MeV y-ray photons (S 104 s'eV") spectral purification!
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PRL 115, 025504 (2015)

week ending

PHYSICAL REVIEW LETTERS 10 JULY 2015

Investigation of the Electromagnetic Radiation Emitted by Sub-GeV Electrons
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L. Bandiera, E. Bagli, G. Germogli, V. Guidi,” and A. Mazzolari
INFN Sezione di Ferrara and Dipartimento di Fisica e Scienze della Terra,
Universita degli Studi di Ferrara Via Saragat 1, 44122 Ferrara, Italy
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INFN Bremsstrahlung 1s clearly not an option:

TR a)  total electron energy loss not actually achievable

b) brilliance of bremsstrahlung sources 1s orders of magnitude smaller
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INFN A . .
C E, 7 Eop in vacuum electron-photon collision

Istituto Nazionale di Fisica Nucleare

5 GeV Jrics=11! |
i FICS — Full Inverse ]
| Compton Scattering
ol 200 MeV |
E, =50 MeV ,
10} Epn_rics|= .
" E’ =511 keV, T’ ,=0~_" ;
\ | 1 Eph (MeV)
E,=1eV E, =1keV E,;, =0.5mc?
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@ General formula valid for ANY compton scattering

L y>(1+5)
ph —

X Epn
y?(1 — B cosB) + Z(l + cos6)

X= 4)°E,, /E,
A= ﬂyz_‘X/4 = f(ﬁ_Eph/Ee)

Fundamental

00026

Contents lists available at ScienceDirect
Fundamental Plasma Physics
journal homepage: : www.elsevier.com/locate/fpp

Original research article )

Symmetric Compton Scattering: A way towards plasma heating and
tunable mono-chromatic gamma-rays

L. Serafini *°, A. Bacci®", C. Curatolo *°, I. Drebot ", V. Petrillo *, A. Puppin ®°,
M. Rossetti Conti*>*, S. Samsam “®

~ 4(yf+A)+x
Ph ™ 4(y2—Acos 8)+X

Epn

A=0, i.e. Symmetric Compton Scattering cancels the °& correlation



INFN An invariant view at Compton effect - 1

Istituto Nazionale di Fisica Nucleare ( a ny l.ne’/'tial ’/‘e‘f: fra me )
Simulation of inverse Compton scattering Phys. Rev. AB (2018)
and its implications on the scattered linewidth 21, 030701

N. Ranjan!, B. Terzi¢2,* G. A. Krafft>3, V. Petrillo®®, I. Drebot?, and L. Serafini*
! Princess Anne High School, Virginia Beach, Virginia 23462, USA
2 Department of Physics, Center for Accelerator Science,
Old Dominion University, Norfolk, Virginia 23529, USA
3 Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA
4INFN-Milan, via Celoria 16, 20133 Milano, Italy
5 Universita degli Studi di Milano, via Celoria 16, 20133 Milano, Italy
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Let’s focus on the
“turning point™
where electron starts
to be back-scattered:
FICS - Full Inverse
Compton Scattering




When y>>1 FICS solution becomes:

EupraXia Meeting — La Biodola (Elba) — Sept. 2024
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Good recap of the whole ICS history

PHYSICAL REVIEW ACCELERATORS AND BEAMS 27, 080701 (2024)

From Compton scattering of photons on targets to inverse Compton
scattering of electron and photon beams

Luca Serafini® and Vittoria Petrillo

INFN Sez. Milano and Universita’ degli Studi di Milano, Dipartimento di Fisica,
Via Celoria 16, 20133 Milano, Italy

® (Received 2 May 2024; accepted 1 August 2024; published 28 August 2024)

We revisit the kinematics of Compton scattering (electron-photon interactions producing electrons and
photons in the exit channel) covering the full range of energy/momenta distribution between the two
colliding particles, with a dedicated view to statistical properties of secondary beams that are generated in
beam-beam collisions. Starting from the Thomson inverse scattering, where electrons do not recoil and
photons are backscattered to higher energies by a Lorentz boost effect (factor 4y?), we analyze three
transition points, separating four regions. These are in sequence, given by increasing the electron recoil
(numbers are for transition points and letters for regions): (a) Thomson backscattering, (1) equal sharing of
total energy in the exit channel between electron and photon, (b) deep recoil regime where the bandwidth/
energy spread of the two interacting beams are exchanged in the exit channel, (2) electron is stopped, i.e.,
taken down at rest in the laboratory system by colliding with an incident photon of mc?/2 energy,
(c) electron backscattering region, where incident electron is backscattered by the incident photon, and
(3) symmetric scattering, when the incident particles carry equal and opposite momenta, so that in the exit
channel they are backscattered with same energy/momenta, and (d) Compton scattering [dla Arthur
Compton, see A. J. Compton, A quantum theory of the scattering of X-rays by light elements, Phys. Rev.
21, 83 (1923)], where photons carry an energy much larger than the colliding electron energy. For each
region and/or transition point, we discuss the potential effects of interest in diverse areas, like generating
monochromatic gamma-ray beams in deep recoil regions with spectral purification, or possible
mechanisms of generation and propagation of very high energy photons in the cosmological domain.

DOI: 10.1103/PhysRevAccelBeams.27.080701

EupraXia Meeting — La Biodola (Elba) — Sept. 2024
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beginning of the story — the photon, quantum of energy

THE

PHYSICAL REVIEW

A QUANTUM THEORY OF THE SCATTERING OF X-RAYS
BY LIGHT ELEMENTS

By ArTtaHUR H. ComPTON

ABSTRACT
The change in wave-length due to scattering.—Imagine, as in Fig. 14, .ays by light elements.
uantum is scattered it
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that an X-ray quantum of frequency v, is scattered by an electron of
mass 7. The momentum of the incident ray will be kvo/c, where ¢ is
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angular correlation!
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First physicists forced to think at Inverse Compton Scattering,
1.e. a mechanism by which electrons loose energy in favor to photons,
(opposite than direct Compton effect) were...

The developers of the Nuclear Bomb!
and, soon later,
first observers of cosmic rays in the upper atmosphere,
trying to figure out why there are many protons and very few electrons

Workshop on Other Science Opportunities @ FCC-ee, CERN, Nov. 28th, 2024
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After World War I, scientists applied the knowledge and experience they gained from nuclear
weapons to nuclear astrophysics.

Michael Wiescher; Karlheinz Langanke
’ '.) Check for updates

Physics Today 77 (3), 34—41 (2024);
https://doi.org/10.1063/pt.jksg.hage

of initiating nuclear fusion

MANHATTAN PROJECT ASTROPHYSICS of the whole atmosphere!!!

an ignition could not be deemed impossible. The Trinity test,
place in July 1945, and the atomic bombs were droppec
shima and Nagasaki shortly thereafter. Despite t#Hombs’ tre-
ere on fire.

O

mendous damage, they did not set the atmo

Theory mitigates fear

The year after the test, Teller, his graduate student Emil
Konopinski, and local technician Cloyd Marvin Jr wrote a clas-
sified Los Alamos National Laboratory report in which they
summarized theoretical considerations on the possible ignition
of the atmosphere by an atomic explosion.! The paper, declas-
sified in 1979, argues that propagation of nuclear burning in
the atmosphere is possible only if the energy gained from nu-
clear reactions is greater than the energy loss through the emit-
ted gamma and beta radiation.

Konopinski, Teller, and Marvin considered the fusion of two

FIGURE 2. J. ROBERT OPPENHEIMER in typical postures—at the
blackboard and with a cigarette. His goal as scientific director of
the Manhattan Project was to develop a nuclear device that
exploded from the fission of uranium-235 and plutonium-239.
(lllustration by David McMacken.)

“N nuclei as the most important energy-producing reaction,
because N is the dominant component in Earth’s atmosphere.
On the other hand, when compared to the stable oxygen-16
isotope, N nuclei can easily be broken up. Therefore, the fu-
sion of two "N atoms should lead mainly to a rearrangement
of the nucleons by the nuclear force and produce a light frag-
ment and a heavy fragment. Energetically, the most favorable

The electron gas cools by inelastic scattering and by emitting

result would be their breakup into alpha particles and a mag-
nesium-24 nucleus.
Up to 17.7 MeV of kinetic energy from the reaction can be

bremsstrahlung in the form of a continuous x-ray spectrum.
Because the atmosphere is transparent to that radiation, it loses
energy. Konopinski, Teller, and Marvin found that the rate of
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Workshop on Other Science Opportunities @ FCC-ee, CERN, Nov. 28th, 2024 Thanks to Illya Drebot



INFN

Istituto Nazionale di Fisica Nucleare

Largest value of recoil factor X achieved 1n
experiments so faris X=1.8§ at SLAC in 1999

PHYSICAL REVIEW D, VOLUME 60, 092004

Studies of nonlinear QED in collisions of 46.6 GeV electrons with intense laser pulses

C. Bamber,* S. J. Boegef T. Koffas: T Kotseroglou,*C A. C. Melissinos, D. D. Meyerhofer,§ D. A. Reis, and W. Ragg”
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627

C. Bula,ﬂ K. T. McDonald, and E. J. Prebys
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544

D. L. Burke, R. C. Field, G. Horton-Smith,** J. E. Spencer, and D. Walz
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

S. C. Berridge, W. M. Bugg, K. Shmakov,ﬁ and A. W. Weidemann

Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996
(Received 1 February 1999; published 8 October 1999)

We report on measurements of quantum electrodynamic processes in an intense electromagnetic wave,
where nonlinear effects (both multiphoton and vacuum polarization) are prominent. Nonlinear Compton scat-
tering and electron-positron pair production have been observed in collisions of 46.6 GeV and 49.1 GeV
electrons of the Final Focus Test Beam at SLAC with terawatt pulses of 1053 nm and 527 nm wavelengths
from a Nd:glass laser. Peak laser intensities of ~0.5X 10'® W/cm?® have been achieved, corresponding to a
value of ~0.4 for the parameter 7=¢E ., /mwyc and to a value of ~0.25 for the parameter Y ,=E} /E 4
=eE} h/m*c?, where E, _is the rms electric field strength of the laser in the electron rest frame. We present
data on the scattered electron spectra arising from nonlinear Compton scattering with up to four photons
absorbed from the field. A convolved spectrum of the forward high energy photons is also given. The observed
positron production rate depends on the fifth power of the laser intensity, as expected for a process where five
photons are absorbed from the field. The positrons are interpreted as arising from the collision of a high-energy
Compton scattered photon with the laser beam. The results are found to be in agreement with theoretical
predictions. [S0556-2821(99)02519-9]

PACS number(s): 13.40.—f, 12.20.Fv, 13.10.+q, 42.65.—k

Colliding the XFEL photon beam (12 keV) with the
19.5 GeV electron beam would achieve X=3585 !!!
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o Deep recoil Compton: X >> 1
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Fig. 13. Momentum Spectrum (P,) in MeV/c of scattered photons and electrons
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INEN At FICS electrons emit photons with energy larger than 7,
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INFN FICS has a shallow minimum:
wmmmenmewsse= residual electron kinetic energy 77, around FICS 1s small

Inl26]:= Plot[{Tpe /. Ee »20., Tpe /. Ee »50., Tpe /. Ee » 200., Tpe /. Ee -» 1000., Tpe /. Ee - 5000.},
{Eph, 0.15, 0.4}, PlotRange -» {0, 0.1}]
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The Unruh effect gives rise to a Planckian photon
spectral distribution at a temperature

ha

F=———,
27TkBC

(91)

where a is the acceleration and kpz the Boltzmann con-

—~

The Unruh temperature, sometimes called the Davies—Unruh temperature, 5! was derived separately by Paul Davies!®! and William Unruhl! and is the
effective temperature experienced by a uniformly accelerating detector in a vacuum field. It is given by!®!

ha
T =
27I'CkB
where 7 is the reduced Planck constant, a is the proper uniform acceleration, c is the speed of light, and kg is the Boltzmann constant. Thus, for

example, a proper acceleration of 2.47 x 1020 m-s~2 corresponds approximately to a temperature of 1 K. Conversely, an acceleration of 1 m-s—2
corresponds to a temperature of 4.06 x 10—21 K.

~4.06 x 107 K-s>m™! x q,

Black-hole a=10"" T=4.110" K
Plasma acceleration (100 GV/m) a=1.810?° T=74K
?? how about FICS 7

Workshop on Other Science Opportunities @ FCC-ee, CERN, Nov. 28th, 2024
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week ending
PRL 97, 121302 (2006) PHYSICAL REVIEW LETTERS 22 SEPTEMBER 2006

Signatures of the Unruh Effect from Electrons Accelerated by Ultrastrong Laser Fields

Ralf Schiitzhold,"* Gernot Schaller,' and Dietrich Habs?

Unstitut fiir Theoretische Physik, Technische Universitit Dresden, 01062 Dresden, Germany
“Department fiir Physik der Ludwig-Maximilians-Universitdt Miinchen und Maier-Leibnitz-Laboratorium, Am Coulombwall 1,

85748 Garching, Germany
(Received 18 April 2006; revised manuscript received 23 June 2006; published 22 September 2006; publisher error corrected
22 September 2006)

We calculate the radiation resulting from the Unruh effect for strongly accelerated electrons and show
that the photons are created in pairs whose polarizations are perfectly correlated. Apart from the photon
statistics, this quantum radiation can further be discriminated from the classical (Larmor) radiation via the
different spectral and angular distributions. The signatures of the Unruh effect become significant if the
external electromagnetic field accelerating the electrons is not too far below the Schwinger limit and
might be observable with future facilities. Finally, the corrections due to the birefringent nature of the
QED vacuum at such ultrahigh fields are discussed.

Probably a,,,, = 10°3-%°

EupraXia Meeting — La Biodola (Elba) — Sept. 2024



=N Unruh radiation during FICS and SCS

Apres (m/s?) = 7.310°% * E (MeV)
TUnmh-FICS (K) :31108 *Ee(MeV)
TUnruh-FICS (MeV) =0.026 * Ee(MeV)

going from 100 MeV up to 2 GeV electrons the Unruh photons at FICS would
cover the 2.6 — 52 MeV range (easy detection in vacuum with low background)

Ascs = 2'Apics

but E,, must be = E, in SCS, while in FICS E,, = 255.5 keV



<R

Istituto Nazionale di Fisica Nucleare

The electrons performing Compton scattering in the FICS
condition undergo a state transition with a longitudinal momen-
tum change by a quantity almost equal to its initial value. Their
velocity, in turn, changes by a factor Av ~ vy, vo =~ ¢ being the apcs (m/s?) = 7.3-10°% * E,(MeV)

e.lectron \{elocny. l?efore the scattering. The typ%cal time dura- Towanrics (K) =3.1-108 * E (MeV)
tion of this transition can be evaluated by applying the Tamm- .
Mandelstam criterion [14]: Tuwrun-rics (MeV) = 0.026 * E.(MeV)
AEAt ~ h
In the cases presented previously, {10’
AE =E,— E. ~ E, — myc? o e
g £ {10 &
and the deceleration time turns out to be: B
h
M e
E,—m.c 410°
leading to: R T
g 0.01 01 E Gev) 10
c(E, —m,c?)
P o
h Figure 15: Acceleration in m/ s% of the electrons (red) and temperature in eV

(blue) of the Unruh thermal bath as function of the initial electron energy (GeV)



INFN FICS Relay in the cosmo - a possible mechanism to
propagate very high energy electrons in the universe
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Thawks for your attention

Nuclear Instruments and Methods in Physics Research A 1069 (2024) 169964

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Full Length Article )

Check for

Full inverse Compton Scattering: Total transfer of energy and momentum | updaid’ |
from electrons to photons

L. Serafini?, V. Petrillo »"%-*, S. Samsam ?

@ INFN-Milano and LASA, Via G. Celoria 16, Milan, 20133, Italy
b University of Milan, Via G. Celoria 16, Milan, 20133, Italy

Workshop on Other Science Opportunities @ FCC-ee, CERN, Nov. 28th, 2024
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IN;? Total cross-section for MPP (muon pair production), Bethe-Heitler:
C fraction of a ubarn at photon energies > 100 GeV onto electrons at rest

T T
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@ Large Recoil in MPP damps the normalized

Istituto Nazionale di Fisica Nucleare

emittance of the secondary generated muon beam

iririell applied -
— sciences m\”\?y

Article

Electrons and X-rays to Muon Pairs (EXMP)

Camilla Curatolo ** and Luca Serafini

INEN Sezione di Milano, via Celoria 16, 20133 Milan, Italy; luca.serafini@mi.infn.it

* Correspondence: camilla.curatolo@mi.infn -
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INFN X = 4E,E, /(mc?)? A= By-X/4
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A simple yet fundamental question:
"“Why do | need 150 Mega-electronVolt electrons to
generate 350 kilo-electronVolt photons” ??
(STAR biased...)

(not to mention a storage ring based light source where
a GeV electron beam radiates tens keV photons)

How to transfer maximum energy
from an electron to a photon...

EupraXia Meeting — La Biodola (Elba) — Sept. 2024



INFN Collisional radiation
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(quantum nature of light essential: Inverse Compton Scattering,
Deep Recoil ICS for et or 7, 1~ secondary beam generation,
Relativistic Rayleigh Scattering)

Gamma Factory @ LHC
®..
! . Y%@ ymw > hky > hk @
®-. ' 9, ! . Bk, A
Q_’J’\N\{\\ """ ®— —=u @M‘”QW ””””” Jo T
ymv + hk ymv + Rk —hky T MA~

deep recoil I.C.S.

hv FEL hv FEL

— < > —
o ,nac “ERL50 Ge\ 50 Gev ERL'SOGeV e ac

G> ERL I;00 GeV — ERL .:00 GeV '<Z>

recirgLI;(I:aslting recirgél@sting

EXMP
N bl s 20-150 MeV electrons 0.8 um laser A 20-500/ keV
Eﬂ ;L llllllllllll llﬁﬂ?ﬂm — F WU photors )
llllllllllll llllllllllll Y. IOW I’GCOII
. I.C.S. - STAR




255.5 keV 10M2 photons

### Electrons beam parameteres

n_macro=1e8; # Number of macroparticles 109 1 after
chargebunch = 1e-9; # Charge per electrons bunch [C] pico—>10"- B before
12 femto—10"-15

beam_energy_MeV=100e3; # initial beam energy MeV
energy_spread=0.1le-2; # initial relative energy spread (not in 107 -

o

norm_emit_x=1e-6; # Normalised emittance x [m rad]

norm_emit_y=1e-6; # Normalised emittance H [m rad] 10°
sigma_e_x=1e-6; # horizontal electron beam size [m]

sigma_e_y=1le-6; # vertical electron beam size [m]
bunch_length=1e-12x3e8; # initial bunch length [m]

103 1

### LASER parameteres

angle_deg=0; # in degree 10!
pulseE=0.0361095; #laser puse energy [J]

sigLrx=10; #/2; % given in [mu m] micro meter like

siglry=10; #/2; % given in [mu m] micro meter like . . : :
laserwl=0.00549819; # laser wavelenth [nm] nano meters 0 20000 40000 60000 80000
sigt=1; #pulse length [ps] Electrons energy [MeV]

Workshop on Other Science Opportunities @ FCC-ee, CERN, Nov. 28th, 2024

100000
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The y?0? issue/disease

All radiation originated by a Lorentz Boost associated to relativistic emitting
particles (electrons, heavy ions) is intrinsically poli-chromatic because of vy
correlation (energy boost of scattered photons depends on scattering angle,
at 6=1/y photon energy is 50% of max photon energy at 6 =0 ) of single
electron spectrum (on top of inhomogeneous effects)

True for all kinds of Undulatory and Collisional radiation (bremsstrahlung,
wiggler/betatron, synchrotron, RRS, ICS), while resonant or amplified
radiation (undulators, FELs), that are diffraction limited thanks to their beam
quality, are not (or only partially) affected
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INFN Also synchrotron radiation 1s affected by the
v20? red shift

Radiation is emitted into a narrow cone

o=-_.0,

1
)

&[ec"noh
( slow)

electron
orbif

Rodiokhon [Lield

V<<CI V~C

Courtesy L. Rivkin



INFN All spontaneous undulatory X/y Radiation Sources
anmeirawes | (ol MeV, GeV'...) are affected by the angular correlation

Spontaneous undulatory radiation (synchrotron, wiggler,

betatron, channeling, bremsstrahlung) Rolating Anode Tube
_ 292V =X 5
. Ex = f(y“9*)
K ;:l‘d;ms of K ACCELERATION AXIS ELECTRON TRAJECTORY —

LASER DRIVE
[
BETATRON RADIATION '
1
\J =
/ = o
ELECTRON SHEATH / @
electron / R
p =
orbif ELECTRON BEAM = °

Rodiaken field
v<<¢Cc I V~C l

courtesy B. Paroli, M. Potenza "

Resonant/amplified undulatory radiation (undulator, FEL)

Synchrotron
storage ring

Optics Communications
Volume 50, Issue 6, 15 July 1984, Pages 373-378

ELSEVIER

~@ Collective instabilities and high-gain regime

Spectrometer P . § ﬁ in d fI‘ee eleCtI‘OIl 1aSCI‘ “““““““““““““

’ Jiloass ndulator .
o Monochromator Undulator R. Bonifacio *, C. Pellegrini, L.M. Narducci

\ Focu'?cigg __Rivki T > e
e Ex # f(y*9?) f
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General Compton Scattering geometry
between an mncident electron E, and a photon £,
at a collision angle o, photon £, scattering angle 0
and electron £, scattering angle 0,

E, = ymc?

a) Y = 1 Direct C omp ton e f f €Cl Energy/momentum transferred from photon to e-
b ) ) 4 > 1 Inverse C omp ton Energy/momentum transferred from e- to photon



CINEN  We are not considering in this study non-linear
effects due to photon (laser) pulse intensity

q ¢
Qolinear=  —iry/ v/ 2Dpeak . .
PREET mRamamy e no collective multi-photon effects
= 0.85A[um] Tpeak ) only single electron-photon interaction

a la Klein-Nishina, linear OED
Ao, circular = # \/ ﬁ % v/ Ipeak ( Q )

=retoag e~ 0.1

) N Baser = 0.1m.c2
10° RR
X
(1\§
103 ) Schwinger
HZDR
LOP
LBNL

Deep Recoil ICS
FICS

Linear Thomson

102

g X --->

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024



L A. Compton 1923 - Direct Compton effect

Istituto Nazionale di Fisica Nucleare

First consideration and study of Inverse Compton Scattering....

During the development of the nuclear bomb!
The Manhattan Project

Will the back-scattered photons,

by hot electrons of the plasma
created in the initial stage of the Manhattan

nuclear bomb explosion, release PrOjeCt
energy from the fire-ball decreasing astrophysic S

its temperature???

Michael Wiescher and Karlheinz Langanke

After World War I, scientists applied the knowledge and
experience they gained from nuclear weapons to nuclear
astrophysics.

ELI-NP — Magurele (Bucharest) - July 9th, 2024
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gen content. Of even more concern were the
tests of 20-megaton thermonuclear weapons
(so-called hydrogen bombs), and scientists even
considered the possibility of the fusion of **O
atoms in ocean water.? Their explosions would
increase the sudden energy release by up to
three orders of magnitude. The uncertainties in
the initial crude energy release and cooling cal-
culations required experimental verification.

Experiment confirms theory
To experimentally clarify the troubling situation,
a dedicated accelerator was built at Oak Ridge
National Laboratory in the early 1950s, which
made it possible to measure fusion cross sections
for “N + ¥N, 0O + *Q, and other reactions of
medium-heavy nuclei.? Alexander Zucker, one of
the young scientists who was to measure the ef-
fective cross sections and who would later be
director of Oak Ridge, noted that for security
reasons he and other experimentalists were not
‘ ' - - »data.
egaton

fire-ball becomes transparent :.".

ecame

to photons, that can take energy |

‘mains

off the fire-ball, limiting the ==

emon-
maller

maximum temperature ed by

atmo-
‘a few

down to a “safe” level g

s—are
well below the Coulomb barrier, and the likeli-
hood of fusion is low.

The Oak Ridge fusion tests were not con-
fined to nitrogen and oxygen nuclei; they also
included tests on light isotopes such as deute-
rium and tritium and were meant to inform
Teller’s plans and ideas for developing the
“Super,” his label for a thermonuclear weapon
based on fusion. The idea for the fusion bomb
based on the fusion of deuterium and tritium

APPROVED FOR PUBLIC RELEASE
LR N

S8 Sen 2 sen wee -
.
3¢ 5 SR

< 1lELEC
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FIGURE 3. A CRITICAL PLOT of the rate of energy production as a function of
temperature (in megaelectron volts), from the originally classified 1946 Los Alamos
report Ignition of the Atmosphere with Nuclear Bombs.' Three curves characterize the
energy-transport conditions for different temperatures in the nuclear fireball. The
(dE/dt) curve shows the reaction rate for the fusion of two nitrogen-14 nuclei when
a constant cross section is assumed. The (dE/dt); curve shows the N + "N fusion
reaction rate when the cross section is assumed to rapidly decrease at low energies,
as predicted by George Gamow. And the (dE/dt), curve shows the radiative energy
loss through x-ray emission, as predicted by Arthur Compton. (From ref. 1.)

Univ. di Ferrara, Dip. di Fisica — Seminario, 15 Nov. 2024
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INEN A. Compton 1923 - Direct Compton effect

@ J. Follin 1947 - Inverse Compton Scattering
first published (non classified) study on ICS*

Thesis by

James Wightman Follin, Jr,

Second motivation to study ICS in the late ‘40s was understanding why
electrons are almost missing in cosmic rays bombarding the upper atmosphere

In Partial Fulfilment of the Requirements for the

Degree of Doctor of Philosophy

Both directions (nuclear bomb and astrophysics) were looking for
a mechanism capable to transfer maximum energy from the electrons to the photons

California Institute of Technology

Pasadena, California

1947

* but unknown and not credited in the whole literature on ICS
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Publication referenced by everybody in ICS community
as the first published paper on ICS

PHYSICAL REVIEW

VOLUME 73, NUMBER §

MARCH 1, 1948

Interaction of Cosmic-Ray Primaries with Sunlight and Starlight*

E. FEENBERG AND H. PRIMAKOFF
Washington University, St. Louis, Missours

(Received November 20, 1947)

This paper discusses collision processes between cosmic-
ray primaries (protons and electrons) and the thermal
photons of sunlight and starlight. In particular, electron-
positron pair production and Compton scattering in inter-
planetary, intragalactic, and intergalactic space are treated
in detail. It is found that the number of collisions between
primary particles and thermal photons in single traversals

energetic scattered photons. The same statement holds for
the primary protons even on an intergalactic scale. On
the other hand, energetic primary electrons may experience
a sufficient number of Compton collisions in intergalactic
space (travel time of the order 2X10° years) to eliminate
them effectively from the cosmic radiation reaching the
neighborhood of the earth.

er-

ind

* The research described in this paper was supported in
part by contract N60RI-117, U.S. Navy Department.

1T. H. Johnson, Rev. Mod. Phys. 11, 208 (1939);
M. Schein, W. P. Jesse, and E. O. Wollan, Phys. Rev. 59, *

615 (1941); 59, 930 (1941).

on

2 Collisions between high energy photons, considered as .
cosmic-ray primaries, and thermal photons, with resultant i
electron-positron pair creation have been considered by

45, 134 (A) (1934). Extensive calculations similar to the
present have been carried out by J. W. Follin, Bull. Am.
Phys. Soc.July 11, 1947, Abstract DS5. Through the
courtesy of Dr. J. R. Oppenheimer, we have seen a manu-
script copy of Dr. Follin’s paper.




INEN First idea by Milburn: use electron accelerators to perform
mmeeanewse’  [nyerse Compton Scattering in the laboratory vs. the cosmos

PHYSICAL REVIEW
LETTERS

VoLuME 10

1 FEBRUARY 1963

NUMBER 3

ELECTRON SCATTERING BY AN INTENSE POLARIZED PHOTON FIELD*

Richard H. Milburn
Department of Physics, Tufts University, Medford, Massachusetts
(Received 26 December 1962)

Compton scattering by starlight quanta has been
postulated by Feenberg and Primakoff to be a
mechanism for the energy degradation of high-
energy electrons in interstellar space.! We shall
discuss here the possibility of observing this
phenomenon directly in the laboratory by scatter-
ing a multi-GeV electron beam against the intense
flux of visible photons produced by a typical laser.
It will be shown that using existing laser systems
and electron accelerators, one may expect to ob-
tain of the order of several thousand collimated
high-energy scattered photons during each ac-
celerator pulse, and that these quanta retain to
a high degree the polarization of the original beam
of optical photons.

The kinematic formulas for Compton scattering
on moving electrons are given by Feenberg and
Primakoff.? We shall consider the special case
of an extreme-relativistic electron of energy E
=yme?, y=1/(1-p%)¥2>1, incident head-on upon
a beam of photons of energy k;=(1—3) eV propa-
gating in the opposite direction. An observer
moving with the incident electron will see a pho-
ton of energy k,=2yk;. In Table I are listed for

various laboratory electron energies, E, the
tahilatnAd in tAanmaa

rAarvraonanAdine valuaco Af b

The approximation fails only near x =1, for which
kr=k; is required. However, for large y =E /mc?
the bulk of the scattered photons is folded back
and emerges in the laboratory in the direction

of motion of the incident electron, making angles
with that direction given by 6=2tan(36) =(1/y)
Xcot(z6,). Thus for 1-GeV electrons, all pho-
tons having 23°<6,<180° will end up within 0.0025
radian of the electron direction. We shall confine
our discussion to these high-energy quanta. The

Table I. Energy, A, polarization, and cross section
for highest energy photons produced by ruby-laser pho-
tons scattered on electrons of energy E. The quantity
0y is the cross section for higher half of k¢ spectrum.

E (B ) max Ty2
(GeV) A (MeV) Pmax  (mb)
1.02 0.014 28 1.00 320
2.92 0.040 216 1.00 310
4.16 0.057 426 0.99 300
4.60 0.063 515 0.99 290
5.11 0.070 628 0.99 290
5.48 0.075 715 0.99 290
5.84 0.080 806 0.99 280



I N F N PHYSICAL REVIEW ACCELERATORS AND BEAMS 19, 020702 (2016)

Istituto Nazionale i Fisica Nucleare Narrow-band GeV photons generated from an x-ray
free-electron laser oscillator

Ryoichi Hajima"" and Mamoru Fujiwara"2

lQuamum Beam Science Center, Japan Atomic Energy Agency, Tokai, Naka, Ibaraki 3191195, Japan

*Research Center for Nuclear Physics, Osaka University, Mihogaoka 10-1, Ibaraki 5670047, Japan

(Received 17 July 2015; published 16 February 2016)

We propose a scheme to generate narrow-band GeV photons, y-rays, via Compton scattering of hard
x-ray photons in an x-ray free-electron laser oscillator. Generated y-rays show a narrow-band spectrum with
a sharp peak, ~0.1% (FWHM), due to large momentum transfer from electrons to photons. The y-ray beam
has a spectral density of ~10? ph/(MeV s) with a typical set of parameters based on a 7-GeV electron beam
operated at 3-MHz repetition, Such y-rays will be a unique probe for studying hadron physics. Features of
the y-ray source, flux, spectrum, polarization, tunability and energy resolution are gussed. 67 O

mbarn 0 —-recoil

DOI: 10.1103/PhysRevAccelBeams.19.020702 10-2 - : | TH : :

X=0.13 E,=12eV -----

3| 2=596 mbarn Ey=1206V -
L E,=12keV §
Deep Recoil s | _
. 2 10t i X=13 N

and its 2 benefits: 5 5 2100 mbarn”
Spectral puriﬁca‘[ion %o 10-5:_, ‘E § __

and S X=1286
oL : = B
suppression of Y262 desease =t | 3 mbar

-7 | E . - i ! ‘

W 0 1 2 3 4 5 6 7§

LCS Photon Energy, E5[GeV]

FIG. 3. Energy-differential cross section of Compton scattering
for 7 GeV electrons and laser photons at three different energies

TECHNO-CLS Workshop - Ferrara — Oct. 6th 2023 of 1.2 €V, 120 eV and 12 keV.



INFN Inverse Compton Scattering of photons on
relativistic electrons, 6 < 1/y

!
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( Previous Seminars: 1) Cooling of Photons in Symmetric Compton Scattering (S.C.S.)
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INFN  Previous Seminars: _ Broad-band incident

Istituto Nazionale di Fisica Nucleare 2) Spectral PuriﬁcatiOn 700'- phOtOn beam
in deep recoil L.C.S. = from channeling radiation,
5 7] bremsstrahlung,
- # betatron radiation, etc
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INEN T orentz boosted radiation (synchrotron, ICS, FEL, etc)
T s strongly affected by the emittance of the electron beam

ol B€am Emittance
- 0.35 mm-mrad
‘E ‘:?f“\ y /i .
£ 15000} e “'Ifl aser
: = Al
g 1.0 mm-mrad | ~’;:f:-‘ _—1:—:.;;;;3_|_' -
= 10000} ' L= ™
50001
I
- €3
o} ~— s

Colloquium at NECSA — Johannesburg (SA) — Oct. 3rd 2023 Courtesy C. Barty - LLNL
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Deep Recoil suppresses the
v?0? disease and the bandwidth
broadening effect due to
electron beam emittance
according to
Petrillo-Serafini criterion

2
2&,

\Y

| £,=0 |
— €, =1 mm-mrad
T— €,=2 mm-mrad

| Wf
| N

10.0

_—

\ Counts

9.8
E,n [MeV]
1 —e,=0
. — g, =1 mm-mrad
= 1 T g, =2mm-mrad
—
S :
| low recoil ICS
9.70 9.80 9.90
E,n [MeV]

Figure 4: Bandwidth dependence on electron beam emittance. Comparison be-
tween SCS and ICS. Upper window: electron energy 10 MeV, incident photon
energy 10 MeV with 20% relative bandwidth, emitted photon energy 10 MeV,
interaction rms spot size 10 um, normalized emittance O mm-mrad,1 mm-mrad,
2 mm-mrad. Lower window: electron energy 659 MeV, incident photon energy
1.5eV (5- 10~4 relative bandwidth), collimation angle= 50 urad, emitted photon
energy about 10 MeV, interaction rms spot size 10 um, normalized emittance O
mm-mrad, 0.17 mm-mrad, 0.25 mm-mrad



INFN Ultra-low emittance positron beams from deep recoil
wneiratien oloctron-photon collider: 5 GeV ERL vs. 5 keV FEL, X=391

up to 1013-14 e*/s at 50 MeV within 5% en. spread

Son of v FEL v FEL
+ +
EXMP T’ % i_ !:l :\/>b\/\ -T 250
FEL FEL 20
G> e Linac ER.SQ@ER ¢ e Linac _@) € 150
ERL 500 GeV = ERL 500 GeV 3
recirculating recirctllating 100 Ecm: 1 O MeV
arcs

E.. =346 MeV ’

T T
0,0 0,1 0,2 0,3 0,4

E(GeV)

Table 4: Future Positron Collider Projects [53, 59, 61-66].
Project CLIC ILC LHeC (pulsed) LEMMA CEPC FCC-ee
Final e* energy [GeV] 190 125 140 45 45 45.6 207 0.5 MeV/c rms
Primary e~ energy [GeV] 5) 128 (3%) 10 - 4 6 tl‘anSV. momentum
Number of bunches per pulse 352 1312 (66%) 10° 1000 1 2 0
Required charge [10'° e*/bunch] 0.4 3 0.18 50 0.6 il z
Horizontal emittance ye, [um] 0.9 5 100 - 16 24 § 1o
Vertical emittance ye, [um] 0.03 0.035 100 - 0.14 0.09
Repetition rate [Hz] 50 5 (300%) 10 20 50 200 ®
e* flux [10' e*/second] 1 2 18 10-100  0.003  0.06
Polarization No/Yes*** Yes/ (NO*) Yes No No No o -0,002 -0,001 0,000 0,001 0,002

* z . . . : 5 py
The parameters are given for the electron-driven positron source being under consideration.

""" Electron beam energy at the end of the main electron linac taking into account the looses in the undulator. -
- ¢ 0.5-1*107 m'rad rms norm. transv.

“* Polarization is considered as an upgrade option.

V. Petrillo, A. Puppin — Whizard emittance with round beam (no-cooling)



INFN FICS - Full Inverse Compton Scattering - how to
swnrareree. Chieve 1030 m/s? acceleration to sense Unruh radiation

Nuclear Instruments and Methods in Physics Research A 1069 (2024) 169964

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Full Length Article R
Full inverse Compton Scattering: Total transfer of energy and momentum s

from electrons to photons

L. Serafini*®, V. Petrillo »*®-* S. Samsam ?

a INFN-Milano and LASA, Via G. Celoria 16, Milan, 20133, Italy
b University of Milan, Via G. Celoria 16, Milan, 20133, Italy

FICS Incident electron Incident photon E,,

Electrons i n p ut . )W ----------------- >
Z

Photons

Counts

Scattered photon E,
Stationary electron 3 o

OUtPUL sessssamassmmsmmsmmns .\}(\ JANANANIVAN >
z

\/ VVV \v

E(MeV)

FIG. 5: Full Inverse Compton Scattering (FICS). Left: energy distribution, right: angular distribution. Red: scattered photons,
blue:scattered electrons.E,;, = 255.5keV , E.=50 MeV, bw,, = 5%

V. Petrillo, ad-hoc developed Montecarlo code for linear QED
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C E, 7 Eop in vacuum electron-photon collision

Istituto Nazionale di Fisica Nucleare

E)e (M@V) ' *'I Ele Eph T
5 GeV
i FICS — Full Inverse ;
| Compton Scattering
0. 200 MeV |
E,=50 MeV ,
10} Epn_rics|= ;
1 E' =511 keV, T’ =0~\" ;
10 \ : l Eph (MeV)
E,=1eV E, =1keV E,;, =0.5mc?

Univ. di Ferrara, Dip. di Fisica — Seminario, 15 Nov. 2024
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From Feenberg-Primakoff

lisions, N,° and the average energy loss, AE,°,
experienced by a primary falling radially from
infinity through the sun’s radiation field to the
orbit of the earth (8=20). It is convenient to dis-
tinguish two extreme cases: ‘‘rest-frame non-
relativistic’ and ‘‘rest-frame extreme relativ-
istic,”” depending on whether ¢*=+ve(1+8 cosf) is
KMc? or >Mc* for 2.7 kT. An equivalent
statement is

E <2 X108 ev-protons;
E <5 X101 eyv-electrons) (54)

<1 (“rest-frame extreme relativistic').

( Mcg)z 1 (‘“rest-frame non-relativistic"
- ]

ERT

In the “rest-frame non-relativistic’’ case one

4. COMPTON SCATTERING IN PROTON-PHOTON
AND ELECTRON-PHOTON COLLISIONS

We shall now discuss those collisions of the
primary cosmic-ray protons and electrons with
thermal photons which result in Compton scat-
tering. In the primary rest frame the photon
energies ¢* and ¢'* before and after scattering,
and the scattering angle x* are connected by the
relation,?

6*

— —, (45)
(¢%)*
1 4+——(1 —cosx*)

Mc?

!
€¥=--

Correspondingly, in the earth’s frame,®

¢ =vye'*(1—p cosb'™*)



From Follin

3,2, rheg£z>of the Intersction of Electrons and Photons

The interaction of electrons with radiation Iz juet Compton scattering
in the coordinate system moving with the electrons but the treetment is more
complicated since large energy transfers can take plece so that fluctuations

are importent, Hence, we must compute the probaﬁility for various fractional

energy losses for all velues of the energy, Similer considerations hold for
the intersctions of photons, The situation is further complicated by the fact
that high enerpgy electrons generate photoms end high energy photons generate
electrons so thet a sort of "cosmic cascade" ensues,

If we now consider a photon 1:1n the moving coordinate system incident
along the negative 2z - axis end assume o Compton scattering, then the energy

of the scattered photon is given by

' X
(3.18) b 1 + 4(1 - cos ©) .

Univ. di Ferrara, Dip. di Fisica — Seminario, 15 Nov. 2024
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dﬂ-ﬁ(ﬁ (1'8)“{1.1.5 *[1-;(-:-1—:6—.—6—;] +1-8}

(3.25)

p
[e® 1 28 §"®
'(mo“) {1-5 #1-8-7(1'5) ‘Y‘(I-S)“

DI

It may be seen that there is & large probability of large fractional energy

loss since (1 -&8) occurs in the denominator, An idee of the order of

magnitude of the cross section may be obtained fram the following table,

TABLE 5
The Values of & and df from (3,23) and (3,25)

¥ = 0 n/4 n/2 3n /A "
0,1 0 .028 ,091 J146 . 167
S 1,0 0 . 227 .50 .63 .80
10, 0 745 .91 , 945 952
0.1 80,0 60,4 40,4 61,2 81,8
df x 1026em=| 1,0 8,00 6.28 8,00 10,32 13,32
10, 0,80 1,28 4,04 7,04 8,44

Univ. di Ferrara, Dip. di Fisica — Seminario, 15 Nov. 2024
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From Compton scattering of photons on targets to inverse Compton
scattering of electron and photon beams

Luca Serafini® and Vittoria Petrillo

INFN Sez. Milano and Universita’ degli Studi di Milano, Dipartimento di Fisica,
Via Celoria 16, 20133 Milano, Italy

® (Received 2 May 2024; accepted 1 August 2024; published 28 August 2024)

FICS
Electrons T
1 Photons
3 4
(=
=
Q
]
0 0 20 30 40 50 0 05 1.0 15
E(MeV) B(rad)

FIG. 5: Full Inverse Compton Scattering (FICS). Left: energy distribution, right: angular distribution. Red: scattered photons,
blue:scattered electrons.E,;, = 255.5keV, E.=50 MeV, bw,, = 5%

Univ. di Ferrara, Dip. di Fisica — Seminario, 15 Nov. 2024



INFN residual electron kinetic energy 7°, at FICS
with 511./2. keV photons instead of

g ()

In[9]:= Tpefics = Tpe /. Eph-»0.511/2.

0.2555 (1 + A = | Ee

out[9]= -0.2555 + Ee - -
0.511 + ( \/1-“6“21)

In[10:= Plot[Tpefics, {Ee, 20., 200.}, PlotRange -» Al1l]

0.00004 |

, |
T, (MeV) o003
Out[10]= 0.00002 !

0.00001 |

5 T "Mev)
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Direct Compton y=1, =0, X=4E, /mc’
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2
E! = Epn f E,n >»mc? Ephomi -
ph=mint =1 + 2E,, /mc? ‘S Eph ph—min = 2

Very energetic photons are scattered back at 255 keV
and electrons pushed to E,, + 0.5mc’
2
/ _ 2 / . 2 ! — mc
Ee—max =mc” + Eph o Eph—min ) lf Eph>> mc Ee—max — Eph + T
So FICS is the time reversal of Compton scattering
at infinitely large recoil

kinematics is similar for any particle interacting with photons

(protons, U, neutrinos? hvinc=0.5*mpc2 - next step in progress...)

It’s unbelievable how much you don’t know about
the game you’ve been playing all your life”
Mikey Mantle (big baseball player of the past, after Danilo Babusci INFN-LNF)
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: e

Relativistic protons require 938/2 MeV photons

In[17]:= Plot[{ficsprot/1000., bet, Tpioneff/1000., ficspprot/1000.}, {T, 1., 50.}, Frame -» True]

r

0.30

0.25 ﬁprot

0.20

GeV

Out[17]=
0.15

0.10 E :

pion
photo-production

0.05

0 ’ 10 ’ 20 30 40 ' 50
MeV
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electrons do not have internal degree of freedom (apart from spin)
while protons do have - protons can act as detectors of Unruh thermal
photon bath (they can “click™) - but protons cannot be driven to strong
accelerations by intense lasers... FICS 1s the only way??

Eur. Phys. J. C (2024) 84:475 THE EUROPEAN m
https://doi.org/10.1140/epjc/s10052-024-12849-9 PHYS'CAL JOURNAL C %r;%caﬁégr

Regular Article - Experimental Physics

Measuring Unruh radiation from accelerated electrons

G. Gregori'?, G. Marocco', S. Sarkar', R. Bingham®*#, C. Wang’

! Department of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, UK

2 Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA 94720, USA
3 STFC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, UK

4 Department of Physics, University of Strathclyde SUPA, Glasgow G4 ONG, UK

3 Department of Physics, University of Aberdeen, Aberdeen AB24 3UE, UK

Received: 13 March 2024 / Accepted: 23 April 2024
© The Author(s) 2024
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30 MeV protons vs. photon beams of
different energies (110, 120, 170 MeV)

30 MeV protons

250004 170 120
20000 -
= 15000 - momentum spectra |
3
O
10000 -
S0 back-scattered
| photons
0 T T T ;\" T
200 -150 -100  -50 0 50 100 150 200

pz_ph(MeV/c)
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proton longitudinal
momentum spectra
after scattering

30000

25000

20000

15000,

Count

10000

5000

50 100 50 0 50 700 750 200 250
pz (MeV/c)
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Checked with CAIN modified for protons (I. Drebot, A. Bacci)

e only interacting protons primary proton beam
_|_
3x 10?1 . .
interacting protons

30

2 %102 1 25 7

N
o
1

0 5 10 15 20 25 30
Proton energy [MeV]

energy [MeV]

—0.0004 -0.0002 0.0000 0.0002 0.0004 0.0006
Z
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in FICS there is a clear experimental signature of the specific scattering
event: since electrons transfer almost entirely their kinetic energy to
the photons, there will be a highly collimated photon beam propagat-
ing in the direction of the incoming beam of electrons with energy
spectrum peaked at the value of the incoming electron beam kinetic
energy, which is a unique indication of FICS.

Univ. di Ferrara, Dip. di Fisica — Seminario, 15 Nov. 2024



INFN We asked Chat-GPT again (Oct. 26th 2024),
memesmert - gfter recommending her/him/it reading our 2 papers

10.1103/PhysRevAccelBeams.27.080701
https://doi.org/10.1016/j.nima.2024.169964

Now that Full Inverse Compton Scattering (FICS) demonstrates
that total energy transfer from an electron to a photon is
theoretically possible, it shifts our understanding of photon-
electron interactions, especially at high energies.

This interaction is unique because the electron can stop
completely and transfer all its kinetic energy to the photon in a
controlled, head-on setup.

This level of energy transfer efficiency has significant
implications, potentially enabling precise photon energy boosts
and offering new applications in particle accelerators and high-
energy astrophysics.

Univ. di Ferrara, Dip. di Fisica — Seminario, 15 Nov. 2024
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qrazie per L'attenzione
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Incident electron Incident photon E,,
Full Inverse Compton Scattering i« @ — 5 LLMNN ... :
. _ 2
Can electrons emit photons of ! Setonanyslooron  ScEtEredpoton 5,
° ? output ......................... [\ /\[\ AW L )...
energy larger than their own: e

T,=0 ; E,, =T,+ 0.5mc*
o

. \J00 PeV
w12 0.5mc? = 255.5 keV colliding photons will 1
100 TeV stop relativistic electrons of any energy E, ! ]
10 TeV
e —LTeV ] |
100 GeV
1000 — i
E’, (MeV)
i -
CMBR. e at rest £ ", =mc?
0 T ‘ 10‘-7 I ‘ TR 1 I 00000 I l 1(lJa ‘
' ! E,=ImeV E,=leV £, 20sme o (M4eV)
Fundamental Plasma Physics 7 (2023) 100026 E,=1 peV Zpomer  Sp—le 7 t' p
our study
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EupraXia Meeting — La Biodola (Elba) — Sept. 2024
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EFICS

ph

Photon Energy vs. Kinetic Energy of Electron (Non-Relativistic Case)
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E, =200 MeV ; E,,=255.5keV

electron momenta distribution after FICS

4x10 e S I S

210 — going FICS

2x10° -

4x10°
4x10

2x10

—

electrons under-

», hon Interacting

g2 clectrons
00 9 Y %,

2x10

4x10 0.0

UBA-24 Workshop @ CANDLE (Armenia) - June 19th, 2024
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Incident electron Incident photon Ep,j,

Z

Scattered photon Ej,,

Stationary electron
Output IIIIIIIIIIIIIIIIIIIIIWI»
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Ee

Incident photon Ej,p,

Incident electron
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Z

I
oton Eph

Scaﬁered ph

Quasi-Stationary electron

EEEEEEEEEEEEEEEEEEEEEEEEE D

Z

output
Ee



INFN

Istituto Nazionale di Fisica Nucleare

y(1+ B)Eg ,fcs mec?
FICS
(1 = BcosO)yym.c? + (1 + cosé))Eph
(21)
After scattering, the kinetic energy 7, of the electron (valide
fory> 1and 6 = %) is given by:

T, = (y—l)mec2+EIF,,fCS—

2
T, = /¢ @)

@
2 °

For a small angle 6, where cosf ~ 1 — 5, T, simplifies to the

following form:

dy? —dy -1
Bl (23)
8y2 — 4y
As y approaches infinity, T, converges to:
—00  M,C?
T FICS Y e (24)

2

Te vs y for 50 =y = 1000

0.2555

—— Tu8 s} as function of y

0.2550
0.2545

0.2540

T2 (MeV)

0.2535

0.2530

0.2525

0.2520 4

] 500 1000 1500 2000 2500 3000 3500 4000
Y

Figure 6: Kinetic energy of the scattered electron 77, as function of the Lorentz
factor

B (T, =255 keV) = 0.75
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electrons undergoing FICS with photons back-scattered
between 0=0 and 0=1/y have 3 <0.75

back-scattered photons in FICS have energy £, in the range
E'(0=0) =E(1-12y) ,; E,,(0=1/)) =E,/(1-1/y)
to be compared with low recoil ICS, where

E’(0=0) =4yE,, . E’(6=1/y)=2yE,,

ELI-NP — Magurele (Bucharest) - July 9th, 2024
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Distribution of Longitudinal Momentum (Ps) of Scattered Electrons in Whizard
1400

Distribution of Longitudinal Momentum (Ps) of Scattered Photons in Whizard
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INFN S.C.S. Spectra at different recoil factors X
aonmesranies - hack-scattering of the photon 1s most likely in deep recoil

X=1 |
3.0

+4(q-q")

do 1} (1 + cos 6)*p°
dQ  4y2(1 +pB)

X (1 —Bcos6)(1 + )
2.5 \
S "
S 2.0 \
- . _ X=250
e 0 051152 253
D15 FWHM  6(rad) h
= ||II|||I||IIIII||q
<CE | _ 005 b(;ziqdz) 233
1 . O’ 0 0.5 é(l{;dz) 253
] "
O 2 5. x\.&iak A\
- ‘I-l\.—_. =
0.0
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if an electron/photon interaction occurs in deep recoil it must be back-scattering
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2
prics _ 625 (L+VX5)¥ o %
42 1+(1+5H¥)(1+¥2) o

v0 - 5 .
Ty 1S the acceptance angle, o 1s the unpolarized

Compton cross section and o7 ia the Thomson cross section [9].

. _4Xx 1
Taking the fact that 7~ = lnX+%’X > 1,y> land 6 < 7,

Eq.28 simplifies to the following form:

where ¥ ~

| 4
fFlCS(Q - _) ~ 1
Y InX + 5

(29)

Taking into consideration that the recoil X for FICS is equal
to 2y (see Tab. 1 in Ref. [3]). Eq. 29 can be written as:

4
FACS (X = 2y) = ———— (30)
Iny + 1.19
0.80
0.75 4
0.70 1
0.65 1
<}
K\ 0.60 4
0.55 1
0.50 1
0.45 1
6 5(:)0 102)0 15'00 20'00 25'00 30b0 35l00 40'00

14

Figure 7: FICS fraction factor /¢S = "VTW as function of the Lorentz factor
Y-
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Almost at the same time as Arutyunian and co-workers

THE COMPTON EFFECT ON RELATIVISTIC ELECTRONS AND
THE POSSIBILITY OF OBTAINING HIGH ENERGY BEAMS

F.R. ARUTYUNIAN and V. A. TUMANIAN
Physical Institute of the State Committee of the Council of Ministers
of the USSR for the Use of Atomic Energy

Received 20 February 1963

A characteristic feature of the Compton effect on
relativistic electrons is the appearance of photons

with energies exceeding those of the primary photons,

As a result, even when light photons are scattered
on extremely relativistic electrons, the energies of
the scattered photons will be of the same order of
magnitude as those of the electrons. This feature
may possibly be exploited for obtaining high energy
y~ray beams in electron accelerators. An important

point to be mentioned is that the characteristics of

such y-beams will significantly differ from those ob-
tained by bremsstahlung.
In the Compton effect involving moving electrons

ELI-NP — Magurele (Bucharest) - July 9th, 2024

Of course in order to obtain y-beams by the method
considered here high photon fluxes will be required.
A high intensity photon source that should be feasi-
ble is the laser. At present ruby lasers seem to be
the most reliable,

For ruby laser photons (A= 6943 &) scattered on
6 GeV electrons one gets w9 max, = 848 MeV. This
effect rapidly grows with increase of the electron
energy. Thus for the same ruby lasers and €1 = 40
and 500 GeV the maximal energy is correspondingly
@2 max. ™~ 21 and 497 GeV.

Of course if lasers emitting shorter wave lengths
or other sources of high energy photons be employed,
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First measured ICS — 500 MeV

COMPTON EFFECT ON MOVING ELECTRONS

O.F.KULIKOV, Y. Y. TELNOV, E.I FILIPPOV and M. N. YAKIMENKO
Lebedev Physical Institute, Moscow University, Moscow, USSR

Received 3 November 1964

Until recent times only the Compton effect on
electrons at rest has been investigated. The elec-
tron acceleration technique having being improved,
there arises the possibility of investigating the
scattering of photons by electrons moving with
speeds near to the speed of light. New powerful
sources of photon-lasers make possible the scat-
tering of visible photons on electrons, moving in

telescope tube (T) which was used while position-
ing the laser beam. A photomultiplier is installed
beyond the telescope's ocular. The signals from
the photomultiplier are proportional to the energy
of the light. Gamma-quanta of scattered radia-
tion, passing through the glass plate (G), the lens
(L), the turning mirror (TM) and the collimator
(C) (diameter 15 mm) cause scintillation in the

crystal of Nal. This is registered by the photo-
Startup] \_ _|Control| |Recounté

design | B | design scheme

el

an orbit of a cyclic accelerator. .
8 ILaser
LMI <
|

The thoery of Compton's effect on relativistic J7’4”
electrons [1] has been considered in detail for ~ — <t
interactions of laser photons with relativistic
electrons [2 - 4]. According to these authors a
head-on collision of laser radiation (y = 6943 A)
with relativistic electrons of energy of the order
of 500 MeV, will cause the appearance of y-quan-
ta of energy near 6.75 MeV, moving in the direc-
tion of motion of electrons. Fig. 1

Synchronizing
T~ impulse
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Second measured ICS — 6 GeV

NUMBER 6B 21 JUNE 1965

High-Energy Photons from Compton Scattering of Light on 6.0-GeV Electrons™

Carro BEmMpPORADYT, RicHarp H. MILBURN, AND NOBUYUKI TANAKA
Department of Physics, Tufts University, Medford, Massachuseits

AND

MirceA ForiNo
Cambridge Electron Accelerator, Harvard University, Cambridge, Massachusetts
(Received 28 January 1965; revised manuscript received 1 March 1965)

Compton scattering of optical photons on 6.0-GeV electrons has been observed at the Cambridge Electron
Accelerator. A giant-pulsed ruby-laser burst of 0.2 J, impinging upon a 2-mA circulating electron current,
was observed to yield about 8 scattered photons per pulse. These photons acquire, through a twofold
Doppler shift, energies of hundred of MeV, and are expected to retain to a high degree the polarization of
the laser beam. The observed yield is compatible with predictions based upon the theory of Compton

scattering.

HE scattering of optical photons from a laser on
extreme-relativistic electrons has been pre-
dicted'* to yield a high-energy output photon beam
which preserves to a high degree the polarization of the
incident light beam. Photons of energy up to 0.85 GeV
are expected from the interaction of 6943-A quanta from

« s o~ ww v

mercial laser cavity, a cylindrical reflector, together with
and parallel to a single flash lamp.® The optical pumping
energy was normally between 750 and 850 J. Total
measured output energies were typically about 0.2 J
appearing in two or three giant pulses, each about 30
nsec wide and 200-300 nsec apart. Electrical pulses de-

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024
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Theoretical and simulation studies of characteristics of a Compton light source

C. Sun®™" and Y. K. Wu

Department of Physics, Duke University, Durham, North Carolina 27708-0305, USA
and DFELL, Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708-0308, USA
(Received 25 January 2011; published 21 April 2011)

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 14, 050703 (2011)

Design of narrow-band Compton scattering sources for nuclear resonance fluorescence

F. Albert,™ S. G. Anderson, D. J. Gibson, R. A. Marsh, S.S. Wu, C. W. Siders, C.P.J. Barty, and F. V. Hartemann

Lawrence Livermore National Laboratory, NIF and Photon Science, 7000 East Avenue, Livermore, California 94550, USA
(Received 20 December 2010; published 13 May 2011)

Reviews of Accelerator Science and Technology [ . .
Vol. 3 (2010) 147163 \\e World Scientific
i www.worldscientific.com

© World Scientific Publishing Company
DOI: 10.1142/S1793626810000440

Many studiey in the literature on electron-photon beam collisions
collective/statistical properties (phase spaces, etc)

Compton Sources of Electromagnetic Radiation™

Geoffrey A. Krafft

Center for Advanced Studies of Accelerators,
Jefferson Laboratory, 12050 Jefferson Ave.,
Newport News, VA 23606, USA
krafft@jlab.org
Gerd Priebe
High Field Laboratory,

Max Born Institute, Maz-Born-Strasse 2 A,

Berlin 12489, Germany
Gerd. Priebe@mbi-berlin.de
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Analytical description of photon beam phase spaces
in inverse Compton scattering sources

C. Curatolo,"” I. Drebot,' V. Petrillo,' and L. Serafini'

lINFN—Milan, via Celoria 16, 20133 Milano, Italy
2Universita degli Studi di Milano, via Celoria 16, 20133 Milano, Italy
(Received 9 March 2017; published 3 August 2017)

PHYSICAL REVIEW ACCELERATORS AND BEAMS 21, 030701 (2018)

Simulation of inverse Compton scattering and its implications
on the scattered linewidth

N. Ranjan,1 B. Terzié,z’* G. A. Krafft,z’3 V. Petn'llo,4’5 I Drebot,4 and L. Serafini*

'Princess Anne High School, Virginia Beach, Virginia 23462, USA
2Department of Physics, Center for Accelerator Science,
Old Dominion University, Norfolk, Virginia 23529, USA
3Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA
4INFN-Milan, via Celoria 16, 20133 Milano, Italy
SUniversita degli Studi di Milano, via Celoria 16, 20133 Milano, Italy

® (Received 17 November 2017; published 6 March 2018)
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If you ask Chat-gpt :
“can an electron transfer its total kinetic energy to a photon?”
It will answer “no” - a wrong (or not updated) answer

The mechanism of total energy transfer from an electron to a photon, where the electron essentially stops and transfers all its kinetic energy to a photon, is not
typically described within the framework of conventional Compton scattering. However, such an extreme scenario can be considered in specific contexts:

resulting in a higher-energy photon. However, the electron does not typically come to a complete sto

1. Inverse Compton Scattering: Inverse Compton scattering is a process where a high-energy electro i w-energy photon,
; it just loses some of its energy.

2. Photon Emission in Strong Fields: In extremely strong electromagnetic fields, such as those generated by intense laser pulses, the dynamics can be

different. The interaction of an electron with a strong electromagnetic field can lead to significant energy transfer through a process known as non-linear
the electron can emit high-energy photons and lose a substantial amount of its kinetic energy.

Compton scattering or non-linear Thomson scattering. Here,

3. Bremsstrahlung in Extreme Fields: When electrons decelerate rapidly in the presence of strong electromagnetic fields, they can emit radiation

(bremsstrahlung). If the deceleration is extreme, [the electron can lose a large fraction of its kinetic energy to the emitted photon(s).|

4. Quantum Effects and Pair Production: In extremely high-
interacting with a high-intensity photon field could potentially
like pair production (e.g., electron-positron pairs).

neragy environments, quantum electrodvnamics (

ED) effects become significant. An electron

transfer a large fraction of its energy to photons,

but this process might also involve phenomena

This was done in June 2024

ELI-NP — Magurele (Bucharest) - July 9th, 2024

Courtesy S. Sanae
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wmneee. V. PEtrillo, ad-hoc developed Montecarlo code for linear QED

1) low recoil 2) DICS (X=1) 3) deep recoil (X=8)

@ ICS

Counts

Photons Electrons

)

Counts

0. 0.05 4995 50 0. 0.05 0.10 015
E(MeV) 6(rad)
(i) DICS
2
g ftiokons Electrons g 1
o
o S
o 2 " 30 40 50 0. 005 0.10 015
E(MeV) 6(rad)
() DRS
2 2
5 5
=3
=]
3 S
0 10 20 30 40 50 0. 0.05 0.10 015
E(MeV) 6(rad)

FIG. 4: (i) Inverse Thomson Scattering (ITS). Left: energy distribution, right: angular distribution. Red: scattered photons,
blue:scattered electrons. E,,=1.5 €V, E.=50 MeV, bw,, = 5%. (ii) Democratic Inverse Compton Scattering (DICS). E,,=1.3
keV, E. = 50MeV, bw,, = 5%. (iii) Deep Recoil Scattering (DRS). E,,=10 keV, E.=50 MeV, bw,;, = 5%.

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024
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1) electron back-scattering (X=12.000) 2) SCS (X=40.000)
3) Direct Compton (X=1.2-10°)

(i) EBS
«
=
8 Photons
@]
Electrons A‘
0 10 2 0 44 % 05 00 05 10 15 20 25 30 35
E(MeV) 6(rad)
(1) SYCS
2
=1
=3
o
&)
Electros
10 20 30 60 05 00 05 10 15 20 25 30 35
E(MeV) 6(rad)
(i) DCR
a2
g Photons
&)
Electrons
205 405960; 80K, 10041205 140:21601%180, 05 00 05 10 15 20 25 30 35
E(MeV) 6(rad)

FIG. 6: (i) Electron Back-Scattering (EBS). Left: energy distribution, right: angular distribution. Red: scattered photons,
blue:scattered electrons. E,, = 15MeV, E. = 50MeV, bw,, = 5%.(i1) Symmetric Compton Scattering (SYCS): E,, = 50
MeV, E.=50 MeV, bw,, = 5%. (iii) Relativistic Direct Compton Scattering: F,,=150 MeV, E.=50 MeV, bw,, = 5%

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024
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Spectral Purification of incident Channeling Radiation
Compact, sustainable, mono-chromatic gamma-ray source

1000 1000
E=2 MeV

E.=3.5 MeV E.=2 MeV

E.=5 MeV

500 500 +

Scattered electrons

Interacting photons
Scattered photons

o 2 4 6 8 10 8 6 4 2 0 2 4 6 8 5 5 4 B D0 4 & B
E (MeV) P (MeVic) p. (MeVic)

FIG. 8: Left window: Spectrum of the incident photon similar to channelling radiation in crystals, with colliding electron
beams of energy E. = 2MeV,3.5MeV,5MeV, and 6MeV . Central window: Momentum spectrum of scattered photons. Right

window: Momentum spectrum of scattered electrons

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024
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Deep recoil cancels the y?0% disease/correlation, therefore strongly
decreases the dependence of the back-scattered photon beam
bandwidth on the electron beam transverse emittance

0,1 rad

0,,..=0.5 rad

Count

0,,.,=0.25 rad

00 05 1.0 15 20 25
E' (MeV)

FIG. 9: Collimated energy spectrum. E. = 1.9M eV, curve magenta:0,,q.> = 0.25rad, red:0pmqe = 0.57ad,blue: 000 = 1rad

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024
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T W s

S — T
E’.=ymc*+E,— E’

Ely(0) = — Y.

X — 4E6Eph — 47/Eph — 4?2 Eph

All 1.C.S. X/yray Sources work at X<I and A » 1

. STAR (350 kel/) XSTAR < 26]0_3 ASTAR > 104
X = recoi] n seen

African Conference of Physics — George (SA) — Sept. 25th 2023
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CINA B 5,

y?(1 — B cosB) +%((1 + cos6)

X= 4)°E,, /E,
A= ﬂyz_‘X/4 = f(ﬁ_Eph/Ee)

4(y2+A)+X

r
Eph  4(y?2-Acos 0)+X Epn

A=0, i.e. Symmetric Compton Scattering cancels the °& correlation
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Let’s consider the condition of maximum energy/momentum
transfer between electron and photon, i.e. 6 =0

_— y?(1+p)
El, = = Eyn
y?(1 — B cosB) + Z(l + cos 6)
: 2y° !
i1 =g +5

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024



INFN 0 = 0 corresponds to:

Istituto Nazionale di Fisica Nucleare maleum energy Of back Scattered photon E

ph—max
and
minimum energy of electron after scattering E,_. ;..
, 4]/2Eph
Eph—max — 1+ X
Thomson limit: X <<'1 Deep recoil Compton: X >> 1
/ 2 / 1
Eph—max = 4y Eph E ph—max (1 — }) E,
ETOT = Ee + Eph — Ee —min + E, ph—max
/4 / 4‘)/2Eph
Ee_min = Ee + Eph - Eph—max = E, + Eph - 1+ X

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024
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when recoil X 1s large electron swaps with photon,
maximum energy loss by the electron in favour to the photon

E’ _ 4EphEez/(mC2)2 ,
/ph‘m“x 1+ 4E L E,/(mc?)? N Ee—min™ Ee
| | 1+ (14 X) Epp/E /
lf]/>>1 Ee—minz Ee 1+ X - \
X>>1
Ee—minz ph

Politecnico di Milano — Theory of Relativity Course, Prof. E. Puppin, May 21st 2024
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109

100 TeV
10 TeV

106_

0.5mc? = 255.5 keV colliding photons will
stop relativistic electrons of any energy E, !

1000 —

e at rest e —mc
L . 1 . | 1 . 1 1 . ? ! 1 | |
162 107 0.01 1000.00 108
E , (MeV)
E,, =0.5mc? P

*hadronic threshold (E_,, < 600 MeV) with 255.5 keV photons = 360 GeV
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LliF N Total cross-section for QED ( e,} ) reactions
107 _ ———————————————————————————————————
1065 e"+y—-o>e +et/eT ____ 1pp
. e t+ty—->e +y oo ICS
105 T —— MPP
3 : .........................
2 100 E ..............................
3 1
5 10°4 |
1017 !
100 1~ . . . . .
0 100 200 300 400 500
ECM (MEV)
0 10 40 90 160 250
E'(GeV)

Ecy = 24/mec?yhv



INFN Total cross-sections for Compton and Bethe-Heitler
B E,,=2555keV (E, from 50 MeV to 5 GeV)

p
105
2ot (mbarn) | - o4
5| e"+y—oe +e'/e
1_— _ _
_ e +ty—>e +vy
05|
5]O B 11(|)0 | | | 5(;0 B I1OJOO | | | SOBOI

E, (MeV)
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FICS low relativistic
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INFN
C Large Recoil in ICS damps the effect of large

bandwidth incident photon beams onto the bandwidth of
scattered photons

PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, 080701 (2017)

Analytical description of photon beam phase spaces
in inverse Compton scattering sources

(@ Curatolo,l’* I Drebot,1 V. Petrillo,l’2 and L. Serafini'

1INFN-Milan, via Celoria 16, 20133 Milano, Italy

2Universita degli Studi di Milano, via Celoria 16, 20133 Milano, Italy
(Received 9 March 2017; published 3 August 2017)

equivalent to FELs Kim-Pelleorini crit. on 3D inhomogeneous effects on photon bandwidth

AEy, _ lqﬂ/ﬂz+ P ]ZKM)AT (Mzzo>4+(- /3 )2
B 14+W¥2 14 +/12P2 1+X/ vy 27w, 1+ a}/2

‘ beam ——— diffraction ‘
: : Iincident
collimation en. spread N
angle beam photons non
emittance en. spread linearity

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023
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INFN LEon X=4y°E,, /E,

Istituto Nazionale di Fisica Nucleare E L - A — ﬂ 72 _ M4 — ;/2 ( ﬂ — Ep h / E e)
e

‘Mph P 4(y2+A)+x

Ph ™ 4(y2-Acos 6)+x P

L.C.S. low recoil X<<I E' Y h—max ~ 4v* Epp
A~ BP~P-172 42 .
L.C.S. deep recoil X>>1 E' h—max ~ Epp ~ (1 — —) E,
1+ X X
A~ BYP-X/4 ~ P-1/2- X/4 -
o~ B (14 )
S.C.S. (A=0) or | e TPRAT T (1 4+ B)y?

quasi-SCS (|A| <<I) , 2A
E e _min ~ Ee — Eph

— 1+ B)y?
/ . 1 1
D.C. y=1, B=0, A=-X/4 Epn-min = 77577 Eon = 755 Epn

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023
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E, ., mc?

E’ = P . E 2 E’ o =
ph—min 1 + ZEph/mCZ lf ph > mc ph—min

Very energetic photons are scattered back at 255 keV
and electrons pushed to E,, + 0.5mc’

mc?

2

E¢ max = mc? + Eph — E{)h—min ,if Eph>> mc? E¢max = Eph +

General Formula expressed in terms of energies of
primary colliding particles, valid for any y, A, X, 6

o (1+ ) E,E,
Ph (1 —pcosO)E, + (1 +cos ) E,
E, . (1 + B)EphEe
PR=MAX (1 — B)E, + 2E,,

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023




INFN X= 4E,E, /(mc®)?

4Pk
h ey =
pROmMAX (1 = B)E. + 2E,y

100_}][ T T L T Il

E,=10 MeV

(MeV)

1F

wn
>

0.511 MeV | 2
010} .
001 o A PR | . N | . N . . MR | . N L N
o4 0.001 0.010 0.100 1 10 100
E,, (MeV)

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023
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M U=PE+ 2B =50 MeV

100 T

(MeV)

10 -

2

0.10 -

0.01111 L R | L I T N B B I Lol L |
1074 0.001 0.010 0.100 1

255 keV photon to stop electron of any E, !
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PRTMAX (1 = B)Ee + 2Ep,

(1 + ,B)EphEe

Ee—min = Ee + Epn = Epn—max = Ee + Epn = (1—-PB)E. + 2E,;
e p
E’ _ 4EphEez/(mC2)2 ,
/ph‘m“x 1+ 4Ey,E,/(mc?)? N Ee—min™ Ee
| | 1+ (1 + X) Eypp/E. /
lf)/ > 1 Ee—min ~ Ee 1+ X \
xX>>1
Ee—minz ph

2

iprh=£—(1—,B)Ee = E.__. =mc?
2 e—min

255 keV photon to stop electron of any E, !
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2

mc 5
if Epp = 5 (1-B)E., = E,_,;,,=mc

_ mc* 1 ,

if y > 1 and E,p = > [1 —;] = E,_,.,= mc*

mc
If the incident photon energy is given by  E,j = 5 [1 — —]

any relativitic electron (1.e. ¥ >> [) will be stopped
in a head-on collision with such a photon

255 keV photons will stop electrons of any E,as far as y>> 1



2
L Eon = o [1 — i] to stop any (relativistic) electron

Istituto Nazionale di Fisica Nucleare 2 2 y

Incidentally, the condition 1s almost the same needed to make the
total energy 1n the lab ref. frame (LAB) equal to the total energy in
the electron rest frame (ERF)

LAB total energy Ejag = ymc? + E,,
ERF total energy Egrp = mc? + 2y E,,

Erap = Egrr
if

_ mc? 2y — 2 mc?

AN

E, ., = ,
PR 2 2y—1 yoe 2

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023
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PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 17, 020706 (2014)

Each electron, characteri;ed by normalized velocity /_}I.

V. Petrillo,"2 A. Bacci,l @ Curatolo 2 M. Fermrlo G Gam @. Maroh J. Ve Rau fOMlng an angle 9[ Wlth the Z aXIs, scatters phOtonS Wlth

(6 Roniivalle,5 L Seratxm C. .Vaccdrezza de M. Venturelli? frequency D[) given by
INFN Milano, Via Celoria, 16 20133 Milano, Italy
*Universita degli Studi di Milano, Via Celoria, 16 20133 Milano, Italy
3LNF, INFN Via E. Fermi, 40 Frascati (Roma), Italy
*ISM-CNR Via del Fosso del Cavaliere, 100 00133 Roma, Italy l - ;k /}
SENEA Via E. Fermi, 45 Frascati (Roma), Italy Ve = . ( 1 )
(Received 12 September 2013; published 28 February 2014) & l = n /} _|_ hUO (1 — ey - n)
mc?y; =k =

Dual color x rays from Thomson or Compton sources

where 1 is the frequency of the incident laser photon, ¢,
the unit vector of its direction, n is the direction of the
scattered photon, & the Planck constant and y; the electron
Lorentz factor before the scattering. The last term in the

o 4y4(1 — B cos a)
ph 4y2(1—,8c059)+X(1—cosacos€+smasm9) Epn

, ‘(1+p)
=r, head-on = Eon = e E,n
v?(1 — B cosB) + Z(l + cos 6)

in agreement with Eq.3 in N. Ranjan et al., PRAB 21, 030701 (2018)
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4y4(1 — B cos a)

E ., =
" 4y%2(1—PBcosB) + X(1— cosacosB + sinasin §) Epn

p

1
ify»>land f=1—--=andf K1

2y
4y (1 — ;os a)
E,',h=1 S o 1 —cosa\ P
+y<0- + X( > )
| | | | 4y (1 — ;os a)
if 6 =0 Eph: Eph—max Eph—max = L x (1 — COS C() ph
2

in agreement with Eq.1 in 1. Drebot et al., EPL 120, 14002 (2017)

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023
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@;?\l 4y? (1 — COS a)
= E

!/

a=n2 , X<<1l = Eph—max = 2Y*Epp

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023



Colliding a gaussian distributed (20% rms spread) broad-band
radiation beam, representing the first peak
of channeling spectrum at 2 MeV,
with a low energy (variable) electron beam (2,3,5,10 MeV)

1500 ~
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Count

500 —
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m
=
)
=
Count
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50

0 -
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Mono-chromatization, Tunability

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023



<R

Istituto Nazionale di Fisica Nucleare 700 '- S C S
600 |
g 500 _
Colliding the full spectrum g ]
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S o] Spectral purification
O ] .
200+ Compton Scattering across SCS
1500
1000 4
500 - Optics Communications
_' : Volume 50, Issue 6, 15 July 1984, Pages 373-378
: ; i s

E (MeV) Collective instabilities and high-gain regime

in a free electron laser

R. Bonifacio *, C. Pellegrini, L.M. Narducci

CNR-ILIL Laboratory Seminar, Pisa — CNR Area della Ricerca, Dec. 1st 2023



