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A challenging, next generation radiation source: realistic 
feasibility considerations.



  

All optical FEL

Andrea R. Rossi The Physics and Applications of High Brightness Beams, March 30th, Habana, Cuba

All Optical FEL in a nutshell
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“Simply” collide a plasma generated beam with an electromagnetic undulator (laser):
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10-25 GeV electrons, few kA beam current

100-0.5 Å photons
(0.5 Å 1  24 KeV)

und. period λu: ~cm
und. length: ~ 100 m

Scale down linac AND undulator sizes (and costs)! 

 

30-150 MeV electrons, tens of kA beam current
laser λ: ~ 1- 10 µm

interaction area ~ few cm

few km Linac

~ few cm Linac

All optical FEL
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From FEL to AOFEL
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AOFEL: e.m. undulator
RESONANCE CONDITIONS:

Magnetostatic undulator 

Example : for λR=.1nm, λυ=3cm and aw  1

E  7.5 GeV

All optical FEL
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AOFEL: e.m. undulator
RESONANCE CONDITIONS:

Magnetostatic undulator 

Example : for λR=.1nm, λυ=3cm and aw  1

Electromagnetic undulator 

Example : for λR=.1nm, λu=0.8µm and a0  0.3* 

Example : for λR=.1nm, λu=10 µm and a0  0.3* 

E  7.5 GeV

E = 22 ~ 23 MeV2
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* for many practical reasons, a0  1
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E  82 ~ 83 MeV
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AOFEL: electron bunch
FEL PIERCE PARAMETER:

RF linac

Example : for λR=.1nm, λυ=3cm and aw  1 
  16000, σ  50 µm, Ib  3 kA

All optical FEL
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ρ  3  10-4 Lg 4.6 m
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AOFEL: electron bunch
FEL PIERCE PARAMETER:

RF linac

Example : for λR=.1nm, λυ=3cm and aw  1 
  16000, σ  50 µm, Ib  3 kA

Plasma acceleration (internal injection) 

Example : for λR=.1nm, λu=0.8µm and a0  0.3 
  45, σ  1 µm, Ib  30 kA 

Example : for λR=.1nm, λu=10 µm and a0  0.3 
  165, σ  1µm, Ib  30 kA  

ρ  1.2  10-3 Lg 31 µm

All optical FEL
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ρ  1.8  10-3 Lg 270 µm

ρ  3  10-4 Lg 4.6 m
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AOFEL: electron bunch
FEL PIERCE PARAMETER:

RF linac

Example : for λR=.1nm, λυ=3cm and aw  1 
  16000, σ  50 µm, Ib  3 kA

Plasma acceleration (internal injection) 

Example : for λR=.1nm, λu=0.8µm and a0  0.3 

Example : for λR=.1nm, λu=10 µm and a0  0.3 

assuming w0 = 30 EL < 6 J, PL < 3 TW @ sat

All optical FEL
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assuming w0 = 100 EL < 3 J, PL < 0.2 TW @ sat

ρ  3  10-4 Lg 4.6 m



  

Andrea R. Rossi

AOFEL: is it really feasible?

All optical FEL
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AOFEL: is it really feasible?

All optical FEL
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AOFEL: is it really feasible?
Lets add transverse dimension (Ming Xie, NIM A, 445, 59 (2000)):

All optical FEL
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AOFEL: a closer look at diffraction issues

All optical FEL
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Radiation diffraction:
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AOFEL: a closer look at diffraction issues

All optical FEL
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TiSa CO2

Radiation diffraction:
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AOFEL: a closer look at diffraction issues

All optical FEL
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TiSa CO2

However this contribution is correctly evaluated if the beam 
dimension is roughly constant (i.e. there is a focusing channel). 
Otherwise the radiation diffracts as the electron beam, so this 
term would be included in the emittance term (later on).

Radiation diffraction:
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AOFEL: a closer look at diffraction issues

All optical FEL
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Radiation diffraction: ?
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AOFEL: a closer look at energy spread issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Well known relation.

?
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AOFEL: a closer look at energy spread issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

TiSa CO2

Well known relation.

assuming

?
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AOFEL: a closer look at energy spread issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Well known relation.
Challenging for a whole plasma beams. However, it suffices to hold true for slices 
and simulations give similar results. Since bunches produced by bubble regime do 
possess a linear chirp, it is possible to Chirp & Taper by chirping the laser pulse

?
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AOFEL: a closer look at energy spread issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Well known relation.
Moreover, producing hard X-rays (1 - 12 KeV) with relatively low energy electrons (few 
tens of MeV) means 

?



  

Andrea R. Rossi

AOFEL: a closer look at energy spread issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

So electrons may go out of resonance very soon.... 

25 m 500 m 3 mm

?
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AOFEL: a closer look at energy spread issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

So electrons may go out of resonance very soon.... 

?
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AOFEL: a closer look at energy spread issues

All optical FEL
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Radiation diffraction:

Beam energy spread: OK?

?
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AOFEL: a closer look at emittance issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Beam emittance:

OK?

?
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AOFEL: a closer look at emittance issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Beam emittance:

@
 source

OK?

?
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AOFEL: a closer look at emittance issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Beam emittance:

After some manipulations:

or...

a0 < 1

OK?

?
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AOFEL: a closer look at emittance issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Beam emittance:

After some manipulations:

or...

a0 < 1

….

OK?

?
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AOFEL: a closer look at emittance issues

All optical FEL

The Physics and Applications of High Brightness Beams, March 30th, Habana, Cuba

Radiation diffraction:

Beam energy spread:

Beam emittance: Extremely challenging!

OK?

?
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AOFEL: a closer look at emittance issues

All optical FEL

The Physics and Applications of High Brightness Beams, March 30th, Habana, Cuba

Radiation diffraction:

Beam energy spread:

Beam emittance:

This is our core business and THE problem to solve for driving AOFEL!

HARDLY verified for plasma beams @ source! 

There comes the need to adiabatically (i.e. at constant emittance) defocus the beam 
while keeping energy spread as low as possible. This works because

OK?

?

Extremely challenging!



  

Andrea R. Rossi

AOFEL: a closer look at emittance issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

This is our core business and THE problem to solve for driving AOFEL!

Also, this would allow for an easier beam manipulation with conventional beam optics. 
In turn, we could employ advanced beam techniques like supermatching if need be. 

Courtesy A. Loulergue

OK?

?

Beam emittance:

HARDLY verified for plasma beams @ source! 

Extremely challenging!
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AOFEL: a closer look at emittance issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

For example, if we can magnify the beam 50x we get, for both situations considered

still challenging, but possible at least “slice”!

OK?

?

Beam emittance:

HARDLY verified for plasma beams @ source! 

Extremely challenging!
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AOFEL: a closer look at emittance issues

All optical FEL
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Radiation diffraction:

Beam energy spread:

Beam emittance:

This requires the energy spread to be lower by one order of magnitude...

What do we pay for defocusing? A decrease in x
-2/3!  

challenging, but maybe possible at least “slice”!

Extremely challenging!

Extremely challenging!

Extremely challenging!
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Adiabatic defocusing: state of the art

All optical FEL
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Stand alone, active or passive plasma lenses...

Experimental data!
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Adiabatic defocusing: state of the art

All optical FEL
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Integrated, passive plasma lenses...

Linear regime
Negligible beam loading Bubble regime

Small beam loading
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Adiabatic defocusing: state of the art

All optical FEL
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Integrated, passive plasma lenses...
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Adiabatic defocusing: state of the art

All optical FEL
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Integrated, passive plasma lenses...

Need experimental proof!
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AOFEL: beam dynamics

All optical FEL
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Beam diffraction (by solving coupled envelope equations): x green, z red

With the given beam parameters we have

TiSa CO2
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All optical FEL
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Beam diffraction (by solving coupled envelope equations): x green, z red

With the given beam parameters we have

TiSa CO2

Needs focusing!

AOFEL: beam dynamics
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All optical FEL
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Assuming focusing (uniform focusing channel, discharge capillary): x green, z red

With the given beam parameters we have

TiSa
3500 T/m

CO2

260 T/m

Feasible with more conventional devices: PMQ

AOFEL: beam dynamics
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AOFEL: laser diffraction

All optical FEL
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Laser diffraction (assuming longitudinal flat top):

The first requirement also enforces the condition for preventing electrons defocusing by 
ponderomotive force, since

The second requirement is determined by the first. In general, it is sufficient for attaining 
saturation if emittance and energy spread are reasonably good.
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AOFEL: laser diffraction

All optical FEL
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Laser diffraction (assuming longitudinal flat top):

This means that, generally speaking, we DO NOT NEED to 
guide the laser!
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AOFEL: laser diffraction

All optical FEL
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Laser diffraction (assuming longitudinal flat top):

However, with present beam parameters, we need 

…. 
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AOFEL: an alternative scheme 1

All optical FEL
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Allows to relax laser power/energy requirements and employ higher energy e-beams

Still, requires unavailable e-beam quality.
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AOFEL: an alternative scheme 2

All optical FEL
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Allows to relax laser power/energy requirements and employ higher energy e-beams

Still, requires unavailable e-beam quality.
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So, what could we do?

All optical FEL
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Two options: 

1) Assume  we can produce beams with nm emittance  and 0.01% order energy 
spread  and reduce beam current  to few hundreds Amps. Then beam dynamics 
becomes easier and we can operate an FEL with power of few tens MW and an 
energy of some fractions of J needing a CO2 laser with some tens of GW power 
and some J energy.
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So, what could we do?
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Two options: 

1) Assume  we can produce beams with nm emittance  and 0.01% order energy 
spread  and reduce beam current  to few hundreds Amps. Then beam dynamics 
becomes easier and we can operate an FEL with power of few tens MW and an 
energy of some fractions of J needing a CO2 laser with some tens of GW power 
and some J energy.

1) Go along with what we have in term of 
beams and give up saturation. Back to 
the beginning:

i.  Growth starts

i.  Growth is killed 
by 3D effects and 
beam dynamics
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Maybe also ...

All optical FEL
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 Pursue the construction of mm wavelength undulators, much like in
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Conclusions

All optical FEL
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All Optical FEL seems to still be out of reach despite all the progresses attained 
since its first proposal.
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Conclusions

All optical FEL
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All Optical FEL seems to still be out of reach despite all the progresses attained 
since its first proposal.

At present, we would need laser with lots of J energy and W power. It is good to 
push research on high power, high energy lasers, but this does not help in spreading 
FELs by reducing costs. Also, detuning due to recoil should be better evaluated  
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Conclusions

All optical FEL
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All Optical FEL seems to still be out of reach despite all the progresses attained 
since its first proposal.

At present, we would need laser with lots of J energy and W power. It is good to 
push research on high power, high energy lasers, but this does not help in spreading 
FELs by reducing costs. Also, detuning due to recoil should be better evaluated  

We MUST go on improving plasma beam quality and their control and manipulation 
by conventional and innovative techniques. Then we will completely exploit the full 
potential of plasma based acceleration.
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Conclusions
All Optical FEL seems to still be out of reach despite all the progresses attained 
since its first proposal.

We MUST go on improving plasma beam quality and their control and manipulation 
by conventional and innovative techniques. Then we will completely exploit the full 
potential of plasma based acceleration.

The EuPRAXIA project was conceived to reach exactly those goals:

All optical FEL
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http://www.eupraxia-project.eu/

At present, we would need laser with lots of J energy and W power. It is good to 
push research on high power, high energy lasers, but this does not help in spreading 
FELs by reducing costs. Also, detuning due to recoil should be better evaluated  



  

Thanks for your attention

… and a special thank you to Vittoria Petrillo for 
enlightening discussions and invaluable advices! 
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