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Geometry

Scattering between relativistic electrons and laser light
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Geometry

Classical effect
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Geometry

Classical + Quantum effect
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Effect

Considering electrons and laser perfectly counterpropagating:

λE =
λL

4γ2
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Examples
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SPARCLAB

SPARCLAB (Pulsed and Amplified Source of Coherent Radiation LAB)
at National Laboratories Frascati (Rome)
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SPARCLAB

Charge
Q = 0.25− 1 · 10−9C

Energy
E = 30− 150MeV

Energy spread
∆γ
γ

= 7 · 10−4

Emittance
ε = 0.8− 1.5mm −mrad

Camilla Curatolo: Physics and applications of Thomson/Compton back scattering



Introduction Thomson/Compton SPARCLAB ELI-NP Conclusions

SPARCLAB
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Thomson Source

Thomson source

Electrons energy
E = 30MeV

Laser wavelenght
λL = 0.8µm

High brilliance X rays
λE = 6.2 · 10−11 m

Emitted radiation energy
Ef = 20 keV

Number of Photons
N = 2 · 109

Luminosity

L = NLNe

2π(σ2
x+

w
02
4

)
f = 1038 1

sm2
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Thomson Source

Classical Electrodynamics: from the electron orbits and the Lienard-Wiechert
potential in the far zone, the radiation field for one electron is

d2Wi

dωdΩ
=

e2

4π2c

∣∣∣∣∣∣∣
∫ +∞

−∞
dte iωt

~n ×
[
~n − ~β(t′)× ~̇β(t′)

]
(1− ~n · ~β(t′))3

∣∣∣∣∣∣∣
2

= ~ω
d2Ni

dωdΩ

where ~β and ~̇β are respectively the velocity and the acceleration of the incoming
electron, ~n the direction of the emitted radiation and t′ = t − 1

c
[~nr −~r(t′)], with

~r position of the electron, is the retarded time.

Summing over all of the electrons constituting the beam, we obtain the double

differential spectrum d2N
dωdΩ

.

Integrating over the solid angle and taking into account the characteristics of the
beams we obtain the spectrum of the emitted radiation.
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Thomson Source

It is very important to predict and evaluate the qualities of the emitted radiation:
number of photons, energy, bandwidth, brilliance...

These qualities depend in a critical way from the characteristics of the electron
beam: we developed a code, to be implemented directly on the machine, based
on a Genetic Algorithm in order to set the optimal parameters of the beam line.

Distincitive feature of this kind of sources is the strong correlation between the
emission angle of the radiation and the energy of the emitted photons: from a
broad total sprectrum it is possible to select, by using irides or collimators, a
highly monochromatic radiation.

Camilla Curatolo: Physics and applications of Thomson/Compton back scattering



Introduction Thomson/Compton SPARCLAB ELI-NP Conclusions

Thomson Source

It is very important to predict and evaluate the qualities of the emitted radiation:
number of photons, energy, bandwidth, brilliance...

These qualities depend in a critical way from the characteristics of the electron
beam: we developed a code, to be implemented directly on the machine, based
on a Genetic Algorithm in order to set the optimal parameters of the beam line.

Distincitive feature of this kind of sources is the strong correlation between the
emission angle of the radiation and the energy of the emitted photons: from a
broad total sprectrum it is possible to select, by using irides or collimators, a
highly monochromatic radiation.

Camilla Curatolo: Physics and applications of Thomson/Compton back scattering



Introduction Thomson/Compton SPARCLAB ELI-NP Conclusions

Thomson Source

It is very important to predict and evaluate the qualities of the emitted radiation:
number of photons, energy, bandwidth, brilliance...

These qualities depend in a critical way from the characteristics of the electron
beam: we developed a code, to be implemented directly on the machine, based
on a Genetic Algorithm in order to set the optimal parameters of the beam line.

Distincitive feature of this kind of sources is the strong correlation between the
emission angle of the radiation and the energy of the emitted photons: from a
broad total sprectrum it is possible to select, by using irides or collimators, a
highly monochromatic radiation.

Camilla Curatolo: Physics and applications of Thomson/Compton back scattering



Introduction Thomson/Compton SPARCLAB ELI-NP Conclusions

Thomson Source

The main applications foreseen for the Thomson technology in development at
SPARCLAB are advanced imaging techniques for biomedical use.

The Thomson source set to produce 20 keV X-rays is optimal for mammography:

High monochromaticity → ratio between the signal and the dose absorbed by
the patient is much higher than the one of Röntgen tubes.

Reduced dimension → quality of the radiation similar to synchrotron light but
the machine is much smaller, easy to install in a hospital.

Different settings of the machinary allow to perform fundamental physics
experiments: investigate the distribution of the electrons after the scattering.
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Electrons distribution

Thomson at 150MeV

dNph

dE
≈

3

∆E

[(
E − Emin

∆E

)2

−
E − Emin

∆E
+

1

2

]
· H(Emax − E) · H(E − Emin)

V. Petrillo et al., J. Appl. Phys. 114, 043104 (2013).
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Electrons distribution

Electron distribution P after the scattering.
Model: Chapman-Kolmogorov master equation for Markov processes

∂P(E , t)

∂t
= α

(∫
dE ′W (E ,E ′)P(E ′, t)− P(E , t)

)
with

W =
dNph

dE

V. Petrillo et al., J. Appl. Phys. 114, 043104 (2013).
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Electrons distribution
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Compton Source

ELI-NP (Extreme Light Infrastructure - Nuclear Physics)
to be developed at Magurele (Romania)

Electrons energy
E = 360− 720MeV

Laser wavelenght
λL = 0.5µm

High brilliance γ rays
λE = 10−13 m

Emitted radiation energy
Ef = 1− 20MeV

Number of Photons
N = 2 · 105

Luminosity

L = NLNe

2π(σ2
x+

w
02
4

)
f = 1039 1

sm2
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Theory

The high energy of the electron beam implies that the recoil of the electrons at
the collision is not negligible: theoretical frame is QED.

Determine the differential Inverse Compton Cross section:
Klein-Nishina + Lorentz transformations or pure QED calculation.

Extending to realistic beams and integrating over the solid angle we get the
spectrum: the interesting radiation is concentrated in a very narrow angle 1

γ

around the direction of the incoming electron beam.

Codes: semi-analytical classical non-linear code TSST, semi-analytical quantum
code Comp-cross and quantum code CAIN based on a Monte Carlo method.
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Simulations
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V. Petrillo et al., Nucl. Instrum. Methods Phys. Res. A 693, 109-116 (2012).

A. Bacci et al., J. App. Phys.l 113, 194508 (2013).

V. Petrillo et al., J. Appl. Phys. 114, 043104 (2013).

J. D. Jackson. Classical Electrodynamics. John Wiley & Sons, Inc. (1998).

Thank you for your attention!
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SPARCLAB: S-band Gun operating at 120MV /m
+

2 S-band TW accelerating cavities,
each 3m long operating at 22MV /m

Same design proposed for ELI-NP.
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Study: C-band Gun operating at 170MV /m
+

3 C-band TW accelerating cavities,
each 1.5m long operating at 35MV /m

No velocity bunching

Next SPARCLAB upgrade.
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Electron-photon system is described by the initial state

|Ψt1 〉 =

∫∫
d3q′

q′0
d3k ′

k ′0
e

i
~ (q′0+k′0)ct1

2∑
r′λ′=1

Ψ1e(q′, r ′)Ψ1γ(k ′, λ′)b̂r
′†(q′)ĉλ

′†(k ′)|0〉

Transition from (~qi , ~ki ) at t1 to ( ~qf , ~kf ) at t2 with Ψ1e(qf , r)Ψ1γ(kf , λ) ' 0

Ê rλ(M) =

∫∫
M

d3q

q0

d3k

k0
b̂r†(~q)ĉ†λ(~k)|0〉〈0|ĉλ(~k)b̂r (~q)

∑
rλ

Ê rλ(R6) = P̂e,γ

To calculate the probability ||Ê rλ(M)Û inter (t2, t1)Ψt1 ||2 we are interested in

Πrλ(~q, ~k; t2, t1) = |〈Φt2 |Û
inter (t2, t1)|Ψt1 〉|

2 1

k0q0

〈Φt2 |T
(
e
− ie

~c

∫ ct2
ct1

dx0 ∫
R3 d3x :Ψ̂(x)γµΨ̂(x)Âµ(x):

)
|Ψt1 〉
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(~k ′)

]

· γµ1v r′ (~q′)
e−

i
~ q′x1

(2π~)
3
2

Ψ1e(~q′, r ′)Ψ1γ(~k ′, λ′)

Camilla Curatolo: Physics and applications of Thomson/Compton back scattering



Introduction Thomson/Compton SPARCLAB ELI-NP Conclusions

〈Φt2 | − i
( e

~c

)2
∫∫ ct2

ct1

dx0
1dx

0
2

∫∫
R3

d3x1d
3x2Ψ̂

(−)
(x2)γµ2

·
(
Â
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To put in evidence the energy conservation we consider the long time behavior of
the system evolution.

Since

SF (x) = lim
ε→0+

∫
dk0d3k

e−ikx

(2π)4

kγ + mec
~ I

k2 − m2
e c

2

~2 + iε

we integrate on k and develop the calculation of the integral on k0 utilizing the
complex analysis methods.

We set the initial wave functions to be peaked around initial momentum ~qi for
the electron and ~ki for the photon, so that the initial momentum of the particles
is in good approximation ~qi and ~ki .

The wave function of a single particle describes the momentum of the particle
through its modulus and is related to the position through the phase. The
position of the photon is hardly determined, so it is necessary to take an average
over the infinite possible choices of ~x0 in a macroscopic space region ω, inside the
bunch, symmetric around the origin, where the density of the photons is constant.
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P(λi , λf , ~kf ∈ dΩ(θ, φ)) =
dΩ(t2 − t1)c

V

e4m2
e

(4π~)2

1

|~ki |
1√

m2
ec

2 + |~qi |2

·
1√

m2
ec

2 + |~qi + ~ki − ~kf (θ, φ)|2

|~kf (θ)|
(√

m2
ec

2 + |~qi |2 + |~ki | − |~kf (θ)|
)

√
m2

ec
2 + |~qi |2 + ki − |~qi + ~ki | cos θ

· TrC4

{[(
/eλf

(~kf (θ, φ))/k i/eλi
(~ki ) + /eλf

(~kf (θ, φ))qi · eλi
(~ki )
) ~

2qi · ki

+
(
/eλi

(~ki )(−/k f )/eλf
(~kf (θ, φ)) + /eλi

(~ki )qi · eλf
(~kf (θ, φ))

) ~
−2qi · kf (θ, φ)

]
·

1

2

(mecI + /qi
2mec

)
·
[(
/eλi

(~ki )/k i/eλf
(~kf (θ, φ)) + /eλf

(~kf (θ, φ))qi · eλi
(~ki )
) ~

2qi · ki

+
(
/eλf

(~kf (θ, φ))(−/k f )/eλi
(~ki ) + /eλi

(~ki )qi · eλf
(~kf (θ, φ))

) ~
−2qi · kf (θ, φ)

]
·
mecI + γ(~qi + ~ki − ~kf (θ, φ))

2mec

}
where /a = a · γ

Camilla Curatolo: Physics and applications of Thomson/Compton back scattering



Introduction Thomson/Compton SPARCLAB ELI-NP Conclusions

P(λi , λf , ~kf ∈ dΩ(θ, φ)) =
dΩ(t2 − t1)c

V

e4m2
e

(4π~)2

1

|~ki |
1√

m2
ec

2 + |~qi |2

·
1√

m2
ec

2 + |~qi + ~ki − ~kf (θ, φ)|2

|~kf (θ)|
(√

m2
ec

2 + |~qi |2 + |~ki | − |~kf (θ)|
)

√
m2

ec
2 + |~qi |2 + ki − |~qi + ~ki | cos θ

·TrC4

{[(
/eλf

(~kf (θ, φ))/k i/eλi
(~ki ) + /eλf

(~kf (θ, φ))qi · eλi
(~ki )
) ~

2qi · ki

+
(
/eλi

(~ki )(−/k f )/eλf
(~kf (θ, φ)) + /eλi

(~ki )qi · eλf
(~kf (θ, φ))

) ~
−2qi · kf (θ, φ)

]
·
1

2

(mecI + /qi
2mec

)
·
[(
/eλi

(~ki )/k i/eλf
(~kf (θ, φ)) + /eλf

(~kf (θ, φ))qi · eλi
(~ki )
) ~

2qi · ki

+
(
/eλf

(~kf (θ, φ))(−/k f )/eλi
(~ki ) + /eλi

(~ki )qi · eλf
(~kf (θ, φ))

) ~
−2qi · kf (θ, φ)

]
·
mecI + γ(~qi + ~ki − ~kf (θ, φ))

2mec

}

Camilla Curatolo: Physics and applications of Thomson/Compton back scattering



Introduction Thomson/Compton SPARCLAB ELI-NP Conclusions

σλi ,λf
(θ, φ) =
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(4π~)2

1

|~ki |
1√

m2
ec

2 + |~qi |2

·
1√

m2
ec

2 + |~qi + ~ki − ~kf (θ, φ)|2

|~kf (θ)|
(√
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√
m2
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(~kf (θ, φ))/k i/eλi
(~ki ) + /eλf

(~kf (θ, φ))qi · eλi
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2qi · ki
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/eλi

(~ki )(−/k f )/eλf
(~kf (θ, φ)) + /eλi
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) ~
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2qi · ki

+
(
/eλf

(~kf (θ, φ))(−/k f )/eλi
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If ~qi = 0 we get the Klein and Nishina formula:

(σλi ,λf
(θ, φ))~qi=0 =

1

4

( e2

4πmec2

)2( mec

mec + |~ki |(1− cos θ)

)2

·
[
4(~eλf

· ~eλi
)2 +

|~ki |2(1− cos θ)2

mec(mec + |~ki |(1− cos θ))

]

Since |~ki | � mec, for not polarized photon beam and not observed polarization of
the scattered photons:

(σλi ,λf
(θ, φ))~qi=0 =

( e2

4πmec2

)2 1

2
(1 + cos2 θ) = r2

0

(1 + cos2 θ)

2
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In the general case of ~qi 6= 0 the result is much more complicated:

σλi ,λf
(θ, φ) = A · B

where

A =
( e2

4πmec2

)2 mec√
m2

ec
2 + |~qi |2

mec√
m2

ec
2 + |~qi + ~ki − ~kf (θ, φ)|2

·
|~kf (θ)|

(√
m2

ec
2 + |~qi |2 + |~ki | − |~kf (θ)|

)
√

m2
ec

2 + |~qi |2 + |~ki | − |~qi + ~ki | cos θ
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B =
1

2

{
ki · kf

[~qi · ~eλf
~eλf
· ~ki − ~qi · ~eλi

~eλi
· ~kf

qi · kiqi · kf
+

1

2

( 1

qi · kf
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)
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)2
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−
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)2
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+
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~qi · ~eλf
~eλi
· ~eλf

)( 1

qi · ki
−
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( 1
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−

1

qi · kiqi · kf
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(~qi · ~eλf
)2~eλi
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−
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+
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Let’s consider electron and photon perfectly counterpropagating.

|~kf (θ)| =
|~ki |
√

m2
ec

2 + |~qi |2 + |~qi ||~ki |
|~ki |+

√
m2

ec
2 + |~qi |2 − |~qi + ~ki | cos θ

|~qi | � mec � |~ki |

A ≈
( e2

4πmec2

)2 8|~qi |2

m2
ec

2

1(
1 + 2|~qi |2

m2
e c

2 (1− cos θ)
)2

=
8r2

0 γ
2(

1 + 2γ2(1− cos θ)
)2

θ = 0 A ≈ r2
0 8γ2

θ < 1
γ

A ≈ 8r2
0 γ

2 1
(1+γ2θ2)2

θ = 1
γ

A ≈ 2r2
0 γ

2

1
γ
< θ < 1 A ≈ 8r2

0
1

γ2θ4

θ > 1 A ≈ 2r2
0

1
γ2(1−cos θ)2
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Realizing the sum and the average on the polarization for small θ angles

B ≈ 1−
θ2

2
−
(1

2
−
θ2

4

) θ2

θ2 +
m2

e c
2

|~qi |2

+
1

2

 θ2

θ2 +
m2

e c
2

|~qi |2

2

−
(

1−
θ2

4

) |~ki |
|~qi |

θ2

θ2 +
m2

e c
2

|~qi |2

There is a critical dependence on the angle θ for both A and B.
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