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Inverse Compton Scattering (ICS)

Scattered photon hυ’
Electron θ• Scatter of a photon by a relativistic electron

• The photon increases its energy in the process

• For head-on collision (α = 0) and backscatter (θ = 0)
→ 4γ2 energy boost 

α
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→ hυ’ = 22 keV 

Incident photon EL= hυ 

Scattered photon hυ’
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Inverse Compton Scattering (ICS)

Scattered photon hυ’Electron 
• Based on the backscatter of a photon by a relativistic electron

• The photon increases its energy in the process

• For head-on collision (α = 0)  and backscatter (θ = 0)
→ 4γ2 energy boost on the photon

hυ’
Incident photon EL= hυ 

→ hυ’ = 22 keV → hυ’ = 22 keV 
Elaser = 1.5 eV (infrared)Ee = 30 MeV (γ = 60)
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ICS source

Incident photon EL= hυ 

Scattered photon hυ’
Electron θ

• Due to the relativistic boost the emission is peaked in the direction 
of motion of the electron (1/γ cone)

• The energy decreases as the angle of emission increase
→ The bandwidth can be adjusted by changing the 

acceptance angle (collimation)

α
hυ’

→ hυ’ = 22 keV 

• Interaction accelerated electron beam and laser → ICS source
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ICS source 

• Due to the relativistic boost the emission is peaked in the direction 
of motion of the electron (1/γ cone)

• The energy decreases as the angle of emission increase
→ The bandwidth can be adjusted by changing the 

acceptance angle (collimation)

hυ’

→ hυ’ = 22 keV 

• Interaction accelerated electron beam and laser → ICS source
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• (Quasi-)monochromatic (energy bandwidth depends on angular acceptance)
• Tunable  (varying electron energy or laser-electron interaction angle)
• Small focal-spot size →  coherence (depends on beams overlap region)
• Possibility of ultrafast pulses (the x-ray duration = duration of laser pulse)

• Compact (compared to synchrotron)
→ Access higher energies (100 keV - 100 MeV+) → Nuclear, astrophsyics, NdT..
→ synchrotron-like features with lab-sized sources (10-100 keV energy range)

ICS source characteristics

hυ’
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→ bridge the gap between synchrotron and conventional X-ray tubes 
→  implement advanced X-ray imaging techniques on a laboratory base
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Low absorption features generating no signal

Coherence → Phase contrast

Advanced X-ray imaging techniques

One of the limitation of conventional X-ray imaging is often 
the visibility (signal to noise ratio) of the features of interest

Absoprtion indistinguishable from surrounding tissues 

Monochromaticity  → K-edge subtraction imaging 

→ enhance features or region of the patient/sample
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K-edge energy subtraction (KES) imaging

● details of interest are perfused with a contrast agent having a K-edge (iodine, K-edge @ 33.17 keV)

● two images with X-ray beams having energies above and below K-edge are acquired

K-edge 
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K-edge energy subtraction (KES) imaging

L.E. H.E.

H.E.L.E.

● details of interest are perfused with a contrast agent having a K-edge (iodine, K-edge @ 33.17 keV)

● two images with X-ray beams having energies above and below K-edge are acquired
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K-edge energy subtraction (KES) imaging

● Two basis materials (X and T) are selected → e.g., contrast agent and water/soft-tissue

● By knowing the linear mass attenuation coefficient of 2 basis materials at the LE and HE 
→ Obtain two images mapping the distribution of the two basis materials

H.E.L.E.
CONTRAST AGENT

TISSUE
Lehmann, L. A., et al. Medical physics 8.5 (1981): 659-667.
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K-edge subtraction imaging @ synchrotron

Lung ventilation,  contrast agent: Xe
Coronary angiography,  contrast agent: Iodine

Dynamics of mineralization in growing bones 
contrast agent: Ba/Sr

Physica Medica 49 (2018) 58-76

● Several applications of KES to biomedical imaging with different contrast agents have 
been tested and demonstrated at various synchrotron facilities 
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Prospects of KES imaging with an ICS source ?

● Hard X-rays with smaller electron energies (lower γ )
 → compact accelerator 

● symmetrical and larger emission angle (1/γ )
→ symmetrical 2d irradiation field → no scan required

● larger energy bandwidth (1-10%) related to emission angle

● Spatial distribution of energy and intensity

● Lower photon yield / brilliance 

ICS emission is different from synchrotron 
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Prospects of KES imaging with an ICS source ?

● Hard X-rays with smaller electron energies (lower γ )
 → compact accelerator 

● symmetrical and larger emission angle (1/γ )
→ symmetrical 2d irradiation field → no scan required

● larger energy bandwidth (1-10%) related to emission angle

● Spatial distribution of energy and intensity

● Lower photon yield / brilliance 

Is a dual-energy configuration (fast switch between two energy levels) available?

ICS emission is different from synchrotron 
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MariX_rad project (INFN)

Italian collaboration: INFN divisions of Ferrara, Milano, Napoli and Bologna + San 
Raffaele Hospital (Milano) and Rizzoli Orthopaedic Institute (Bologna)

Started in 2019, in the context of the proposal for a new facility: 
MariX*, which included an ICS source: 
BriXS with a layout enabling dual-energy emission

*(ww.marix.eu – MariX proposal CDR)

Project main goals:
1. R&D Tunability → quick switch between two energies level (INFN-Milano)
2. Feasibility and study performance of KES techniques (INFN-Ferrara)
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Optical cavities MariX_rad / BriXSino R&D

Laser spot at 10 kW (goal 200 kW)

Courtesy of Simone Cialdi et al.

● two X-ray energies → interaction of the same electron beam with laser at 2 different angles, stored in 2 optical cavities
● Prototype was realized and is being tested at Milano laboratories 
● The preparation of a BriXS demonstrator (BriXSino) TDR were funded, currently TDR is in the final revision phase
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135 μmm
50 ms

● A new technique to shift the focus of the cavities while they are stabilized, based on 
mirror rotation was developed and tested
→ It is possible to move the laser focus position on/off beam in ~50 ms

Focus imaging before
and after the shift

Optical cavities: shift focus

Transmitted power during the 
shift

Courtesy of Simone Cialdi et al.
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Energy distribution for KES imaging

To optimize the dual-energy KES reconstruction:
1) minimize the overlap of the two spectra 
2) minimize the “leakage” of each spectrum across the K-edge
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Limitations of narrow bandwidth with ICS

● By reducing the acceptance angle → very narrow bandwidth (comparable to 
synchrotron)

● Very small divergence → flux reduction and large distance from IP to cover the 
required field of view

● High flux is fundamental for demanding applications with high absorption 
→ coronary angiography ~ 108 ph/mm2 on a surface at least 10 cm of diameter
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KES imaging with ICS emission

Also, several other application, which are not so demanding in terms of absorption/flux, would benefit from a 
relaxation of bandwidth constraints

In particular if a wide field of view is required (radiology ~tens of cm) → reduce distance / exposure time 

M. B.I. Lobbes, J Cancer 2015; 6(2):144-150.

Contrast enhanced dual-energy mammography (CEDEM)
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Energy distribution for ideal reconstruction

BW

ΔEp

How much can we “play” with peak energy separation and bandwidth

How this affect the reconstruction of contrast and tissue image?
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Energy bandwidth

The process is strongly dependent on the foreseen imaging task, there is not a good-for-all recipe

Not an easy task

Max divergence

Size of irradiation field

Distance from IP

Flux at sample

Energy peaks 
separation
 (HE Vs LE)

All the parameters at play are interconnected and difficult to disentagle
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Study of the performance

Crystals, 10(9), 834. (2020)

Analytical studies for specific imaging tasks (mammo and coronary angiography), 
by simulating known phantom compositions and absorption images →  monitoring the 
reconstruction performance
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Simulation of the performance for specific imaging tasks

Simulated mammography phantom

E-= 32 keV   E+= 36 keV
BW =3%
 Φ=5 106 ph/mm2

Iodinated 
vessels

E-= 32.5 keV, E+= 34.5 keV, 
BW =3%
Φ = 1 107 ph/mm2

Simulated angiography phantom

Iodinated 
details

bone

SNR studies on simulated phantom images versus X-ray beams parameters



“CompactLight Complementary Use and Opportunities"  –  8 November 2021

● Previous experimental results at synchrotron and ICS sources simulations showed the potential of KES techniques

● Major limitations of ICS implementation are related to applications which demand high-flux / broad irradiation field

● Demanding imaging task (coronary angiography) → higher energies K-edge (gadolinium) accessible by ICS sources

● Many tasks less demanding
absorption → mammography, 
size → pre-clinical, 
size / exposure time → ex-vivo samples (biology/ tissue reconstruction engineering),

are accessible with X-ray beam parameters of current operating/foreseen machines (dual-energy configuration required)

Summary
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Preliminary experimental testing of KES with ICS sources

No experimental testing yet, due to the lack of operating facility with an available dual-energy configuration.
Nonetheless..
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● ICS sources can brigde the gap between table-top sources and synchrotron facilities
● implementation of advanced imaging techniques for specific imaging tasks

● Dual-energy emission technological solutions are available and very promising

● Preliminary experimental results and simulations showed the potential of KES techniques

Conclusions


