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•  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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Journey to the „known Unknown“	


Crab Nebula	


Hubble ST	



SN 1987A	


Hubble ST	



Need well-tested nuclear models	


for prediction of astro-relevant	


nuclear input.	



courtesy of N. Pietralla (Darmstadt)	
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ELI-NP γ beam: the quest for narrow 
bandwidths (from 10-2 down to 10-3) 

Courtesy V. Zamfir – ELI-NP!
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How do we produce a narrow bandwidth high spectral density (1-20 
MeV) gamma ray beam?	


	


Compton back-scattering of high quality lasers by high phase space 
density electron beams (low energy spread, low transv. momentum – 
cold longitudinally, cold transversally) are good candidates	


	


We need electron beams with 10 micron size focal spots at collision 
point (to achieve luminosity), with angular divergence smaller than 
30 micro-radians (to achieve small bandwidth), energy spread lower 
than 0.1% (bandwidth…) and pointing stability better than 10 micro-
radians (to produce a physical gamma ray beam via collimation)	


	


We need high quality (M2<1.2) psec laser pulses with 1 J at 100 Hz 
synchronized to 0.5 psec with the electron beam, pointing stable to 
better than 10 microradians at collision point	
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1-25 GeV	


electrons	



100-0.5 Å	


photons	



cm und. period λu	



FEL’s and Thomson/Compton Sources���
common mechanism:���

collision between a relativistic electron and a 
(pseudo)electromagnetic wave	



 

20-150 MeV electrons	

 0.8 µm laser λ	

 20-500 keV	


photons	



3 km	



20 m	





FEL resonance condition 

€ 

λR = λw
1+ aw

2( )
2γ 2

(magnetostatic undulator ) 

Example : for λR=1A, λw=2cm, E=7 GeV 

€ 

λR = λ
1+ a0

2 2( )
4γ 2

(electromagnetic undulator ) 

Example : for λR=1A, λ=0.8µm, E=25MeV 

€ 

a0 ∝
λ µm[ ] P TW[ ]

R0 µm[ ]

laser power	



laser spot size	



€ 

aw = 0.93λw cm[ ]Bw[T]
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Compton/Thomson generalities, 3 

The Physics of Compton Inverse Scattering is quite straightforward	



Courtesy V. Petrillo – Univ. of Milan!

3 regimes: a) Elastic, Thomson b) Quasi-Elastic, Compton with 
Thomson cross-section c) Inelastic, Compton, recoil dominated	
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Δ	
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νγ =ν0
4γ 2

1+ γ 2θ 2 + a0
2 2

1− Δ( )

€ 

Δ =
4γhν 0

mc 2    Δ <<1 Compton  recoil

€ 

σCompton =σThomson 1− Δ( )
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If the Physics of Compton/Thomson back-scattering is 
straightforward….	


	


The Challenge of making a Compton Source out of an electron-
photon beam Collider, and maximizing the spectral flux and quality 
of the generated X/gamma ray beam,  is a completely different issue!	
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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	



negligible diffraction	


0 crossing angle	


	


electrons	

 laser	



•  Scattered flux 
•  Luminosity as in HEP collisions	



–  Many photons, electrons 
–  Focus tightly 
 

–  ELI-NP  

σ T =
8π
3
re
2Nγ = Lσ T

 L = NLNe−

4πσ x
2

€ 

σT = 0.67 ⋅10−24cm2 = 0.67  barn

f	



€ 

L =
1.3⋅ 1018 ⋅ 1.6⋅ 109

4π 0.0015cm( )2
3200(s−1) = 2.5⋅ 1035cm−2s−1

cfr LHC 1034 SuperB-fac 1036	

€ 

LS ≡
L
Δνγ
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A Compton/Thomson back-scattering Source without Collimation	


is (probably) no better than a bremmstrahlung radiation source w.r.t. 
large divergence (natural within 1/γ angle), poor mono-chromaticity 
(rms bdw. 20-30%), low brilliance (1014), unpolarized, etc	
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 Courtesy C. Barty - LLNL!
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Spectral broadening due to ultra-focused beams:	


Thomson Source classically described as a	


Laser Syncrotron Light Source	



€ 

θ hν 50%( ) =
1
γ

Scattering angle in Thomson limit (no recoil) is small, i.e. < 1/γ	





X	



Spectral broadening due to ultra-focused beams:	


Thomson Source classically described as a	


Laser Syncrotron Light Source	



€ 

θ hν 50%( ) =
1
γ

focus	



€ 

" σ =
εn
σ 0γ

€ 

" σ =
εn
σ 0γ

<<
1
γ

 ⇒  εn
σ 0

<<1 ⇒  σ 0 >> εn

Limit to focusability due to max acceptable bandwidth	
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νγ =ν
4γ 2

1+ γ 2θ 2 + a0
2 2

1− Δ( )

Bandwidth due to collection angle, laser and 
electron beam phase space distribution 
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Optimized  Bandwidth ≅ 2(εn /σ x )
2

€ 

Maximum  Spectral  Density ∝ Luminosity /(εn /σ x )
2 ∝Q /εn

2

€ 

Maximum  Spectral  Density ∝ Phase  Space  density  ηn€ 

γϑ = normalized
collection  angle

electron beam	

 laser	



€ 

Δ =
4γ hν mc 2

1+ 2γ hν mc 2    Δ <<1 Compton  recoil



FEL CONDITIONS FOR EXPONENTIAL GROWTH	



€ 

Δνγ
νγ

≥ 2 ε n
2

σ x
2

€ 

2 εn
2

σ x
2 = p⊥rms

2 = γσ x '( )2

€ 

Δνγ
νγ

≤ 0.3%

σ x =15  µm
ε n ≤ 0.58  mm⋅ mrad

€ 

Δνγ
νγ

≤1%

σ x =1 µm
ε n ≤ 0.071 mm⋅ mrad

€ 

ΔνFEL νFEL ≤ ρ   ρLCLS = 5⋅ 10−4

Independent on electron energy !	
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€ 

σx,y ≅ 80  µm  @ 15  GeV



ELI-NP  Beam     φ = 0    T = 360 MeV  	


Δγ/γ = 0.0007  εn = 0.46 µm  Δν/ν=0.005	



€ 

SPDopt

€ 

σx  µm[ ]

 

Ν.Β. with SPD(per shot)=25 we have 2500 photons/s.eV	


at fRF=100 Hz,  so we need only nRF=4 to reach the ELI-NP	


specs at SPD=104 photons/s.eV	
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ELI-NP GBS (Extreme Light Infrastrucutre Gamma Beam System) 
as an example of Compton Source based on collisions of	



two cold beams of electrons and photons	



€ 

Gamma − ray  Energy :   1− 20  MeV

€ 

rms  Bandwidth :   0.3%

€ 

Spectral  Density :   104  photons /s⋅ eV

€ 

Q = 250pC  ; εn = 0.4  mm⋅ mrad  ; Δγ
γ

= 8⋅ 10−4

outstanding electron beam @ 720 MeV with high phase space density	


(all values are projected, not slice!)	



Scattering off a high quality J-class psec laser pulse	



€ 

UL = 400  mJ  ; M 2 =1.2  ; Δν
ν

= 5⋅ 10−4



108 Authors, 327 pages	


published today on ArXiv	



http://arxiv.org/abs/1407.3669	
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ELI-NP Gamma Beam System	
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STRATEGY for Optimization:	


	


1)   RF Linac as per Linear Collider and FEL’s machines (max rep 

rate, multi-bunch, max ph. Sp. density per average beam power)	



2)   High average power, high quality J-class 100 Hz psec Collision 
Laser (strategic investment in new Yb:Yag laser technology)	



3)   Laser recirculation with µm and µrad and sub-psec alignment/
synchronization (metrology/interferometry optical cavities) 	



	

	


4)   Multi-bunch and laser recirculation make the Compton Source 

run at 3.2 kHz rep rate	
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Accelerator and Equipments	


in ELI-NP Building	





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	



ELI Damped structure: Mechanical drawings, realization and prototype	
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Laser Recirculator	







Main Parameter Tables of ELI-NP-GBS	
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•  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 Δ is small	



€ 

Δ =
4γ hν mc 2

1+ 2γ hν mc 2    0.005 < ΔELI −NP −GBS < 0.025

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


      True for linear, diagonal, circular (checked with CAIN)	



€ 

νγ =ν
4γ 2

1+ γ 2θ 2 + a0
2 2

1− Δ( ) Δ<<1	
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Pγ ≅ Plas 1− 3
2
Δ2& 
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2
& 
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( 
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* 
+    ⇒   Pγ −ELI −NP −GBS > 0.995Plas−ELI −NP −GBS
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Initial Stokes parameters (0,0,1)	


linear polarization	



€ 

 Pγ −ELI −NP −GBS 13 MeV( ) ≈ 0.995Plas−ELI −NP −GBS
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•  Polarization: we conducted a study with CAIN on the nominal 13 MeV beam	



Initial Stokes parameters (1,0,0)	


diagonal polarization	
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Initial Stokes parameters (0,1,0)	


circular polarization	





Summary on Challenges of���
Compton Sources for Nuclear Physics/Photonics!

•  Very small radiation bandwidths are requested: < 0.5%, going down to 10-3	



•  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 µrad), 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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CAIN (quantum	


 MonteCarlo)	


Run by I.Chaichovska	


and A. Variola	



TSST (classical)	


Developed by	


P. Tomassini	



Comp_Cross (quantum	


 semianalytical)	


Developed by V.Petrillo	



COMPARISON between classical (TSST), quantum	


semianalytical (Comp_cross) and quantum MonteCarlo (CAIN)	



Number of	


photons	



bandwidth	



V. Petrillo et al., NIM-A693 (2012) 109	
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Quantum shift  ΔE	



A part from the quantum shift, the spectra are very similar	
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€ 

Δ = 4γ hν mc 2


