C Applications and Approaches of

Advanced Gamma ray Compton Sources

Luca Serafini — INFN-Milan

 Mono-chromatic Gamma Ray beams (bdw < 0.5%) are needed
for Nuclear Physics Research / Nuclear Photonics Applications

 Compton (back-scattering) Sources are (mini)Colliders aiming
at achieving these demands

* Similarities with FELs - versus Peculiarities: from the physics
of single electron-photon (back)scattering to electron-photon
colliders with maximum (spectral)luminosity

 USA/Japan are leading (HIgS, MEGa-ray, KeK-ATF), Europe
is following, with good perspectives to catch-up with ELI-NP
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Photonuclear Reactions

What happens?

courtesy of N. Pietralla (Darmstadt)



Photonuclear Reactions

Absorption

A’Y
gs

AX  Nuclear Resonance Fluorescence (NRF)
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i Crab Nebula
Hubble ST

SN 1987A
Hubble ST

Need well-tested nuclear models
for prediction of astro-relevant
nuclear input.

neutron number
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Some Potential Nuclear Photonics NRF Applications of MEGa-rays

—

Nuclear Fuel Assay Waste Imaging & Assay
100 parts per million per Isotope non-invasive content certlfication

- -

Precision Imaging

6

i
_—

Office of Science

US. Departmant of Enargy

Medical Imaging Dense Plasma Science
micron-scale & Isotope specific low density & Isotope specific Isotope mass, position & velocity
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Nondestructive Assay by Nuclear Resonant Fluorescence

4438keV 4618keV
— 3048kaV =

Brems. Nuclear Waste
2312keV
R 1322keV F a
LCS 1967kaly as
Mono-energetic & tunable y-ray beam

(unlike bremsstrahlung)
Energy [keV]

L 3

y Energy

fingerprint of isotopes

Nuclear Resonance Fluorescence
2423 l+l 2410 |
2148 003 L2076
1815
1733

Emission

I 680 AN
Absorption Emission SO

WANTED

0 U2 Yy 0 o+ 0
Flux of gamma-rays 243 A 237 Np 239 Pu 235U 238 U

R. Hajima et al., J. Nuclear Science and Technology, 45, 441-451 (2008).
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(magnetostatic undulator )

Example : for A,=1A, A, =2cm, E=7 GeV
a, =093A [cm|B,[T]
(1+a,/2)
4y*
Example : for A,=71A, A=0.8um, E=25MeV

(electromagnetic undulator )

A, = A

)L[ ,um] P[TW ] ____________ » laser power
a, x
RO[Mm]

Channeling 2014 Workshop, Capri (Italy), Oct. 9th 2014 > laser spot size




Quantum model

me?(y—yo)=h(v—v,) . -
nergy and momentum Yo:1nitial
mc( ﬁy—ﬁ0y0)=—h(l_(—l_(l_)/ 21 conservation laws Lorentz factor

l—¢, P I-n-PB l—e, -
v =v, — h A h e
1_1_1'BO+ 2L (1-¢y -n) —gk-[_.))O Yo _§k’[_30

Channeling 2014 Workshop, Capri (Italy), Oct. 9th 2014 Courtesy V. Petrillo — Univ. of Milan
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INFN - Build up a set of criteria for optimal design of the

Gamma Beam System,
based on the concept of Spectral Luminosity,
i.e. Luminosity per unit bandwidth

~
RN

negligible diffraction
0 crossing angle

electroMr

< —_—

N

o, =0.67-10*cm” =0.67 barn

_ 8w

e Scattered flux N, =Lo;, or=—
e Luminosity as in HEP collisions

— Many photons, electrons
— Focus tightly _ NN, f

2

— ELI-NP

1.3-10"-1.6- 10’
L= —3200(s™") =2.5-10"cm™s™
475(0.0015¢cm)

cfr LHC 10** SuperB-fac 103
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Energy spectrum

12000 T T . 5
I |nitial

Gammas energy vs angles

' ] - Initial
[ After collimator 1 ] - After collimator 1
10000 § [ After collimator 2 ] 4l - After collimator 2 ||
= 8000
- <3
- >
= is

Fig. 184. Drawing of the configuration of low energy collimator made up of 12 tungsten adjustable slits with a
relative 30° rotation each
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- Beam Emittance
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Spectral broadening due to ultra-focused beams:
Thomson Source classically described as a

Laser Syncrotron Light Source 1
. H(hVSO% ) = ;

, & 1 g,
O = << — = <<] = O, >>¢&

OyY Y Oy

Limit to focusability due to max acceptable bandwidth
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Nuclear Instruments and Methods in Physics Research A 693 (2012) 109-116

Contents lists available at SciVerse ScienceDirect e
Nuclear Instruments and Methods in s,
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Physics Research A

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

Photon flux and spectrum of y-rays Compton sources

V. Petrillo®®* A. Bacci?, R. Ben Ali Zinati®, I. Chaikovska €, C. Curatolo®®, M. Ferrario®, C. Maroli®,
C. Ronsivalle9, A.R. Rossi?, L. Serafini?, P. Tomassini®, C. Vaccarezza®, A. Variola®

* INFN Milano, Via Celoria, 16 20133 Milano, Italy
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© LNF, INFN Via E.Fermi, 40 Frascati, Roma, ftaly

4 ENEA Via EFermi, 45 Frascati, Roma, Iraly

= LAL Universite Paris-Sud IN2ZP3/ONRS, Orsay-Ville, France

ARTICLE INFO ABSTRACT
Article history: We analyze the characteristics of the v radiation produced by Compton back-scattering of a high
Received 25 May 2012 brightness electron beam produced by a photoinjector and accelerated in a linac up to energies of
Received in revised form 360-720 MeV and a laser operated at about 500 nm, by comparing classical and quantum models and
1 cJ:el; [232192 July 2012 codes. The interaction produces 4 rays in the range 4.9-18.8 MeV. In view of the application to nuclear
. ' el =] - . . "
Available online 20 July 2012 resonance ﬂuorescence a relative handWLdth'offew 'IU Cis :jeeded. The bandwidth is r«leduced by tlak'lng
advantage of the frequency-angular comrelation typical of the phenomenon and selecting the radiation
Keywords: ' in an angle of tens of prads. The foreseen spectral density is 20-6 photons per eV in a single shot, a
5%?5:: back scattering number that can be increased by developing multi-bunch techniques and laser recirculation. In this

way a final value of 10* photon per eV per second can be achieved.
@ 2012 Elsevier B.V. All rights reserved.
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Bandwidth due to collection angle, laser and
electron beam phase space distribution

47> AN hv/mc’

(1-A) == 2}/hv/mc2 A <<1 Compton recoil

v, =V
T 1+y%0% + a2

<y282> = <y2192> + <y2192> =y + ((Tpl/mc)2 =y’ 9 +2(, /0,)’

rms rms

A
Y EJ(W)Z‘M 4
f

yU = normalized  electron beam laser

collection angle

Optimized Bandwidth =2(e, /0.)’
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The instability can develop only if the undulator length i1s much larger than the power gain

AV, /VFE <SP Pros =9 107

a. Beam emittance of the order of or smaller than the wavelength:

length, and some other conditions are satisfied:

4.21)

b. Beam relative er/frgy spread smaller than the FEL parameter:
c./E<p (4.22)

c. Power gain le shorter than the radiation Rayleigh range:
Tg 18

where the Rayleigh range is defined as Lg=271 & */,, and radiation rms beam radius.

Independent on electron energy !
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Figure 5.4 Power at saturation, P.;, and saturation length, L, as a percentage of 12.2 GW and
87 m, respectively, as a function of the average B-function at a radiation wavelength of
1.5 A (14.35 GeV). The circles indicate the LCLS operating point.







Gamma —ray Energy: 1-20 MeV

rms Bandwidth : 0.3%
Spectral Density: 10* photons/s: eV

outstanding electron beam @ 720 MeV with high phase space density
(all values are projected, not slice!)

A
0=250pC ; & =04 mm- mrad ; =% =8-107

Y

Scattering off a high quality J-class psec laser pulse

A
U, =400 mJ ; M* =12 ; = =5-10™
4%
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E-Gammas proposal for the ELI-NP Gamma beam System
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ELI-NP Gamma Beam System
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Accelerator and Equipments
in ELI-NP Building

Fig. 197. Isometric 3D view of Building Layout of the Accelerator Hall & Experimental Areas




ELI Damped structure: Mechanical drawings, realization and prototype

General procedure we would like to follow:
input/output couplers are fabricated separately
and joined to the cells by a vacuum flange

The fabrication of a prototype with a reduced number of cells is necessary to:
A. Test the effectiveness of the dipole mode damping including the test the
absorbing material performances
B. Test the vacuum properties of the structure with absorbing material
C. Perform the low power tests and the tuning of the structure
D. Test the high gradient performances of the structure



FIG. 2. (Golur) Isometric view of ELI-NP-GBS recirculator. The mirror Mp is used to inject the incident laser beam. The
mirror-pair system (structures positioned on a circular helix) and the laser beam paths (green lines) are located between two
parabolic mirrors My, My, Two of the 32 recirculation passes (green lines) are drawn. The polarization vectors s, and py,
related to the incoming laser beam are also shown. The seven degrees of freedom for the mirror motions are sketched: 2 tilts
for Myp; 2 tilts and 3 translations for My. The inset scheme shows the optical pass ordering.




PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 17, 033501 (2014)

Design and optimization of a highly efficient optical multipass system
for y-ray beam production from electron laser beam Compton scattering

K. Dupraz,” K. Cassou, N. Delerue, P. Fichot, A. Martens, A. Stocchi, A. Variola, and E Zomer
LAL, Université Paris-Sud, CNRS/IN2P3, Orsay, Bitiment 200, BP 34, 91898 Orsay cedex, France
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L. Serafini and P. Tomassini

INFN-MI, Via Celoria 16, 20133 Milano, Taly
(Received 31 December 2013; published 26 March 2014)

A new kind of nonresonant optical recirculator, dedicated to the production of y rays by means of
Compton backscattering, is described. This novel instrument, inspired by optical multipass systems, has its
design focused on high flux and very small spectral bandwidth of the y-ray beam. It has been developed to
fulfill the project specifications of the European Extreme Light Infrastructure “Nuclear Pillar,” i.e., the
Gamma Beam System. Our system allows a single high power laser pulse to recirculate 32 times
synchronized on the radio frequency driving accelerating cavities for the electron beam. Namely, the
polarization of the laser beam and crossing angle between laser and electrons are preserved all along the 32
passes. Moreover, optical aberrations are kept at a negligible level. The general tools developed for
designing, optimizing, and aligning the system are described. A detailed simulation demonstrates the high
efficiency of the device.




Main Parameter Tables of ELI-NP-GBS

Table 1: Summary of Gamma-ray beam Specifications

Photon energy 0.2-19.5 MeV
Spectral Density 0.8-4-10%ph/sec.eV
Bandwidth (rms) < 0.5%

# photons per shot{within FWHM bdw.

£ 26105\

# photons/sec|within FWHM bdw.

= 8.3108

Source rms size 10-30 um
Source rms divergence 25-200 yrad
Peak Brilliance (Npn/secmmZmrad?0.1%) 1020 - 1023
Radiation pulse length (rms, psec) 0.7-1.5
Linear Polarization >99 %
Macro rep. rate 100 Hz

# of pulses per macropulse < 32
Pulse-to-pulse separation 16 nsec
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e Polarization: we conducted a study with CAIN on the nominal 13 MeV beam

*  We know from previous studies that the laser polarization is conserved by
the gamma ray beam if the backscattering is done in the weak recoil regime
(Thomson/Compton), i.e. when the recoil parameter A is small

42
. y

1-A
! V1+y282 +a§/2< ) A=<l

_ 4yhv/mc’
142y hv/mc?

0.005 <A, _vp_cas <0.025

3 y°0°
2
Py = Plas(l — 5 A )(1 - T) = P)/—ELI—NP—GBS > 0'995})las—ELI—NP—GBS

Laser polarization is mapped almost 1:1 into gamma ray beam

True for linear, diagonal, circular (checked with CAIN)
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e Polarization: we conducted a study with CAIN on the nominal 13 MeV beam
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Summary on Challenges of
Compton Sources for Nuclear Physics/Photonics

e Very small radiation bandwidths are requested: < 0.5%, going down to 10
* Build and run a Linear Collider (electron/photon)

* Generate a secondary beam of photons with maximum brilliance, high mono-

chromaticity, tunability, polarization control, micro-round source spot size

Whatever is the acceleration technology under consideration (room temp. RF,
SC ERL, storage ring, LPWA) and the laser technology (high quality high
power psec recirculated lasers, Fabry-Perot storage cavities, etc) you need to
generate low transverse momentum electron beams at IP (typically for 1 GeV
beam intrinsic divergence < 20 urad), with very small energy spread (<10-3)

* Issue: contamination of gamma ray beam by background (collimated photons/
neutrons, other radiation from accelerator producing noise in the detectors ->
use of dog-legs to disalign bremsstrahlung from gamma ray beam)
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A part from the quantum shift, the spectra are very similar
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