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Transverse Brightness of Electron Beams

Quality Factor :  beam peak current density   
normalized to the rms beam divergence angle
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Schematic View of the Envelope Equations
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ρ>>1

ρ<<1

Laminar Beam

Thermal Beam

The beam undergoes two regimes along the accelerator:
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Simple Case: Transport in a Long Solenoid

σ ' ' + ks
2σ =

K
σ
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qB

2mcβγ

σeq ξ( )=
K ξ( )
ks

σ ' ' = 0 ==> Equilibrium solution ? ==>
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σ = σ eq + δσ δσ ' ' + 2ks
2δσ = 0

Small perturbations around the equilibrium 
solution

Plasma frequency

σ ξ( )= σ eq ξ( )+ σ ξ( )−σ eq ξ( )( )cos 2ks z( )
σ ' ξ( )= − 2ks σ ξ( )−σ eq ξ( )( )sin 2ksz( )
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Perturbed trajectories oscillate with the 
same frequency but with different amplitudes
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Beam subject to strong acceleration
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Cauchy Transformation: z ==> y = ln
γ
γ o
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This solution represents a beam equilibrium mode that 
turns out to be the transport mode for achieving minimum 
emittance at the end of the emittance correction process
(L.S  and J.B.R., PRE 55 (1997) 7565) 

Back to Real World: Invariant Envelope Solution
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Small perturbations around the equilibrium 
solution
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Emittance Oscillations
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Typical  X-FEL Beam

If  εnth = 0.3 mm.mrad @ 1 nC

      I0 = 17  kA      Ω2 ≅1 8  (SW  acc.  str.)

′ γ = 50  m−1  ⇔  Eacc = 25  MV / m

0 1 2 3 4 5 6

T   [GeV]

0.1

1

10

100

Ι=100 Α

Ι=1 kΑ

Ι=4 kΑ

Potential space charge emittance growth

Gas  Beam

ρl



The New working Point 

for a Split RF Photoinjector

Adopted by LCLS, TESLA-XFEL, ORION, SPARC,...
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Realistic Case

Slice emittance
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The SPARC FEL Project
On behalf of the SPARC study group
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Frequency: 2856 MHz Normal Conducting

GUN PARAMETERS LINAC PARAMETERS

Peak Field: 120-140 MV/m   (15 MW) Accelerating Field: 25-30 MV/m (50 MW)

Solenoid Field: 0.3 Tesla Solenoid Field: 0.1 Tesla

Charge:      1 nC Beam Energy: 150 MeV

Laser:        10 ps x 1 mm (Flat Top)

34 m

150 MeV Photo-injector R&D Project to investigate 
High Brightness e- Beam Production

for SASE-FEL experiments

14.5 m1.5m

20º
1.5 m

5.0 m
Diagnostics

10.0 m 6.6 m6.0 m

photo injector
RF sections

quadrupoles
dipoles Diagnostics

1-6 Ondulator modules

solenoid



Ź 1st  year 2nd  year 3rd  year
1.1 Laser Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź
1.2 RF Gun Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź
1.3 Linac Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź
1.4 Diagn.-contr. Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź
1.5 Commiss. Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź Ź

design acquisition assembling test

SPARC Linac:  the Time Table

We are waiting for delivery of the funding to our Institutions:
released by a Techn. Committee of the Res. Department (MIUR)



A view of the complex with Shielding Ground and 
building roof removed



SPARC-Phase 1
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SPARC-Phase 2



10% Ripple 30% Ripple 

(A)

(B)

Rise time=1ps

Rise time<1ps

Boscolo/Ronsivalle PARMELA



Gun-end linac simulations

0.5810% ripple

0.6230%  ripple

0.58Rise time 1ps

ε
[mm 

mrad]

beam 
distribution

Beam distribution with ripple

B(first linac section)= stack of 11 
Helmoltz coils- Sanelli

NOT expected significant changes!



z=0 @cathode z=15cm end gun z=65cm



z=1.2 m start linac z=3.0m z=8.1 m end linac



Gaussian 
(big rise time)

square distr.
(small rise time)



PARMELA output for SPARC
3 groups of “GENESIS slices” were chosen at different current
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SPARC time – dependent GENESIS simulations;
λ = 485.5 nm; Lsat = 11.0 m

@ 89 A

ε = 0.5·10–6 m rad

σε = 10–4

αx = 1.06

αy = -0.57

αx = 0.76

αy = -0.59

ρ = 7.2· 10–3

slices @ 89 A, 80 A, 61 A
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kw = 1.88
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Velocity Bunching  in Photoinjectors
i.e.  Compression during Acceleration 

• Alternative option of bunch compression ⇒ high brightness 
sub-ps beams (as needed by X-Ray SASE Fel’s)

• Compression is rectilinear (no Coherent Synch. Radiation
effects), based on longitudinal focusing in slow RF waves

• Performed at low energy (10-80 MeV), fully integrated into the 
emittance correction process (for maximum brightness)



A quarter synchrotron oscillation
gives phase compression

• By Injecting at           and extracting at           we 
perform an energy spread enhancement associated 
to a phase spread reduction

Zoo m -in  o f  th e di a gr a m plot t ed in  p r ev i ous tr a nsp .  c or r e s ponding  to γ ≤ 20  .

ξ = 0°γ = γ r
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Transverse Dynamics of a laminar 
plasma-beam subject to Velocity Bunching

• Assuming a current growing at the same rate as the beam energy 
the envelope equation becomes

• and the new (exact) solution is

• with same plasma frequency as the IE

′ ′ σ + ′ σ ′ γ 
γ

+ σ Ω2 ′ γ 2

γ 2 −
I0

2IAσγ 0γ
2 = 0

σ RFC =
1

Ω ′ γ 
I0

2IAγ 0

I =
I0γ
γ 0

kp
RFC =

Ω ′ γ 
2γ

RF Compression Invariant Envelope
No beam confin. without external focusing



Three Conditions to preserve
emittance while bunching

• current growing at the same rate as the beam energy 
(velocity bunching !, not ballistic)

• (additional external focusing to match onto a parallel envelope (I.E. 
RFC solution) 

• RF compressor accelerating section longer than a plasma wavelength 
(2-3 m)

σ RFC =
1

Ω ′ γ 
I0

2IAγ 0

kp
RFC =

Ω ′ γ 
2γ

I
γ

= const.



C. Ronsivalle

First PARMELA Simulation
of RF Compressor
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75 MeV75 MeV
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RF Compression at DUVFEL

(B. Graves & Ph. Piot)



Examined two solutions:
S-band normal conducting and L-band SC

S-band Room-Temperature

S-band Photoinector 
with RF Compressor
RF Gun + 4 SLAC TW

SLAC TW
Acc. Structures

Magnetic
Compressor

1  GeV
700 A

150 MeV
700 A

2.5  GeV
2.5  kA

SLAC TW
Acc. Structures

200 mEacc = 18-20 MeV/m



Start-to-End Simulations (First with RF Compressor!)
Slice Analysis at Linac End. ( T=2.5 GeV )

Irms =2.8 kAΔγ/γrms = 0.13 %

εnx-slice < 1.7 μm εny-slice < 0.8 μm

C. Vaccarezza

Specs for FEL operation satisfied over 60% of bunch slices



3D simulation with GENESIS @ 1.5 nm

Tab. 3: Undulators characteristics

Undulator 1
@1.5 nm

Undulator 2
@13.5 nm

Type Halbach Halbach
Period 3 cm 5 cm

K 1.67 4.88
Gap 12.67 mm 12.16 mm

ResidualField 1.25 T 1.25 T

Tab. 4: FEL-SASE expected performances

Wavelength (λ) 1.5 nm 13.5 nm
Saturation length 24.5 m 14.5 m
Peak Power 1010 W 4 1010 W
Peak Power 3� harm. 2 108 W 5 109 W
Peak Power 5� harm. 3 107 W 2 108 W
Brilliance 1.8 1031 2 1032

Brilliance 3� harm. 1029 1031

Brilliance 5� harm. 9 1028 3 1029
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