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Large collaboration 

…real pleasure to have so many guests in control 
room for helping, discussing, speculating, …  ! 
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•  EEHG introduction and motivation of  the experiment 

•  New design: FEL-2 line was adapted for EEHG scheme 

•  Experimental achievements 

•  EEHG characterization: preliminary analysis           

(a complete analysis is work in progress) 

•  Comparison between HGHG vs EEHG 

•  EEHG enabled two-pulse FEL in soft x-ray 

Outline 
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Courtesy of  E. Allaria 

First modulator 

Second modulator 

To the radiator 

Reference: 

•  G. Stupakov, PRL, 2009 

•  D. Xiang, G. Stupakov, PRST-AB, 2009 

present the physical mechanism of the echo effect in
Sec. III. The issues that may affect the performance of
EEHG FEL are studied in Sec. IV. With realistic beam
parameters, we show in Sec. V that 5 nm coherent soft
x ray with GW peak power can be generated directly from
the 240 nm seeding laser using the EEHG scheme. The
conclusions are summarized in Sec. VI.

II. PRINCIPLES OF EEHG FEL

The schematic of the EEHG FEL is shown in Fig. 1. The
EEHG FEL consists of two modulators, two dispersion
sections, and one radiator. Similar to the classic HGHG
scheme, a laser pulse is used to modulate the beam energy
in the first undulator (modulator 1). If the bunch length is
much larger than the wavelength of the modulation, we can
neglect the variation of the beam current within the bunch
and assume a longitudinally uniform beam.

Following the notation of Ref. [8], we assume an initial
Gaussian beam energy distribution with an average energy
E0 and the rms energy spread !E, and use the variable p ¼
ðE# E0Þ=!E for the dimensionless energy deviation of a
particle. The initial longitudinal phase space distribution
can then be written as f0ðpÞ ¼ N0ð2"Þ#1=2e#p2=2, where
N0 is the number of electrons per unit length of the beam.

After passage through the first undulator, the beam
energy is modulated with the amplitude !E1, so that the
final dimensionless energy deviation p0 is related to the
initial one p by the equation p0 ¼ pþ A1 sinðk1zÞ, where
A1 ¼ !E1=!E, k1 ¼ !1=c, and z is the longitudinal coor-
dinate in the beam. The distribution function after the
interaction with the laser becomes f1ð# ; pÞ ¼
N0ð2"Þ#1=2 exp½#ðp# A1 sin#Þ2=2', where we now use
the dimensionless variable # ¼ k1z. Sending then the
beam through the first dispersion section with the disper-

sive strength Rð1Þ
56 converts the longitudinal coordinate z

into z0, z0 ¼ zþ Rð1Þ
56p!E=E0 (where p now refers to the

value at the entrance to the first dispersion section), and

makes the distribution function

f2ð# ; pÞ ¼
N0ffiffiffiffiffiffiffi
2"

p exp
"
# 1

2
½p# A1 sinð# # B1pÞ'2

#
; (1)

where B1 ¼ Rð1Þ
56 k1!E=E0.

The final distribution function at the exit from the sec-
ond dispersion section can be easily found by applying
consecutively two more transformations to (1), similar to
the derivation outlined above. The first of these two trans-
formations corresponding to the modulation of the beam
energy with dimensionless amplitude A2 is p0 ¼
pþ A2 sinðk2zþ$Þ, where $ is a phase of the second
laser beam; and the second one corresponding to the pas-

sage through the second dispersive element is z0 ¼ zþ
pRð2Þ

56!E=E0 (where p now refers to the value at the en-
trance to the second dispersion section). The resulting final
distribution function ff is

ffð# ; pÞ ¼
N0ffiffiffiffiffiffiffi
2"

p exp
"
# 1

2
fp# A2 sinðK# # KB2pþ$Þ

# A1 sin½# # ðB1 þ B2Þp

þ A2B1 sinðK# # KB2pþ$Þ'g2
#
; (2)

where B2 ¼ Rð2Þ
56 k1!E=E0, and K ¼ k2=k1.

Integration of this formula over p gives the beam density
N as a function of # , Nð#Þ ¼ R1

#1 dpffð# ; pÞ. We define
the bunching factor b as

b ¼ 1

N0
jhe#ia#Nð#Þij; (3)

where a is a number, and the brackets denote averaging
over the coordinate # . As we show in the Appendix, the
bunching factor is not zero only if

a ¼ nþ Km; (4)

which means presence of a modulation with the wave
number kE ( ak1 ¼ nk1 þmk2, where n and m are inte-
ger numbers. Note that n and m can be either positive or
negative, with a negative kE meaning a modulation with a
wavelength 2"=jkEj. Using the notation bn;m for the
bunching factor (3) with a defined by Eq. (4), we find in
the Appendix

bn;m ¼ je#ð1=2Þ½nB1þðKmþnÞB2'2Jm½#ðKmþ nÞA2B2'
) Jnf#A1½nB1 þ ðKmþ nÞB2'gj: (5)

We will now show how to choose the dimensionless
parameters A1, A2, B1, and B2 to maximize the absolute
value of the bunching factor bn;m for given n, m, and the
ratio of the frequencies K. Analysis shows that the bunch-
ing factor attains its maximum when n ¼ *1 and de-
creases as the absolute value of n increases. As we will
see below, in order for B1 and B2 to have the same sign

FIG. 1. (Color) Schematic of the EEHG FEL. The beam energy
is modulated in the first undulator (modulator 1) tuned at
frequency !1 due to the interaction with the first laser beam.

After passing through the first dispersion section with Rð1Þ
56 , the

beam energy is then modulated in the second undulator (modu-
lator 2) tuned at frequency !2 due to the interaction with the
second laser beam. The beam passes through the second disper-

sion section Rð2Þ
56 and emits radiation in the last undulator

(radiator).

DAO XIANG AND GENNADY STUPAKOV Phys. Rev. ST Accel. Beams 12, 030702 (2009)

030702-2

A1,2 =
ΔE1,2

σ E
B1,2 =

R56
1,2k1,2σ E

E0
K = k2 k1

kEEHG = k1n+ k2m = k1 n+Km( )

•  For k1=k2 (i.e. K=1) one can demonstrate that max bunching 
is for n*B1~h*B2 (when perfectly satisfied Jn=0, so bn,m=0) 

•  Highest bunching for n=-1 but for high harmonic h this 
means large first R56 

harm number h 

Echo Enabled Harmonic Generation: 
principle 
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•  FERMI FEL-2 layout is very suitable to test this novel scheme in the soft X-ray 

•  EEHG is less sensitive to the electron longitudinal phase space than HGHG: 

•  In HGHG Slice energy spread should be:  

•  In HGHG electron energy-time curvature increases the FEL output bandwidth and 

affects the shot-to-shot stability  

•  As a consequence microbunching instability must be constrained as much as possible 

in HGHG 

•  FERMI FEL-2 is based on a fresh-bunch double-cascade scheme: it requires a “long” 

portion of  electron bunch to accommodate the two-stage emission, making difficult the 

implementation of  two-color schemes. 

σγ

γ
h2 +1 < ρFEL

And finally … “transforming” FERMI has been a fascinating game and 
we enjoyed so much! 

Why EEHG at FERMI?  
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First stage emits coherent harmonic radiation at ~40-20 nm used as a seed for the second stage.  

First stage radiator is not used. A second seed laser is injected after the big dispersion.  
High harmonic bunching is amplified in the final radiator.  

FEL-2 from HGHG-FB to EEHG 
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3.4 m 

EEHG requires a stronger dispersion in the 
delay-line chicane.  

•  New supports for magnets have been installed to 
increase the magnet separation to > 400 mm. 

•  Two power supplies used in parallel to reach the 
required 750 A.  

Modification for EEHG at FEL-2: 
Dispersion 
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2nd laser generated from a 
portion of  IR Seed Laser 
User converted to the 3rd 
harm. 

Monitor 

Actuator insertion 

•  Transv. Align e-beam/seed  
•  Delay-Line calibration 
•  C-OTR measurement 

YAG-Ce 

Modification for EEHG at FEL-2: 
Injection 
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Modification for EEHG at FEL-2:   
Second modulator 

Second modulators is based on a 
existing Elettra undulator:  
Length: ~1.5 m  
Period length:11.3 cm 
Minimum gap: 10 mm 

New undulator allows seeding with 
3rd and 2nd harmonic of  the Ti:Sa 
laser.  
It can also be used for the standard 2 
stages HGHG with the first stage in 
the 40-60 nm spectra range.  
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Start to end FEL simulations 

P. Rebernik Ribič et al. Photonics 4, 19 

•  Main studies done with standard FERMI e-beam 

optimized for FEL-1 and FEL-2 operations.  

•  Long beam is not necessary for EEHG but it 

allows a direct comparison with HGHG-FB.  

•  Higher compression or lower charge beams were 

also studied. 

•  Both simulations and experiments show that µB 

can be detrimental for spectral quality.  

e-beam 

•  The shortest wavelength is around 5nm.  

•  Simulations and experiments indicate >1GW in 

HGHG-FB and similar results were expected for 

EEHG 

•  Simulations of  λ>5nm (as in the experiment) 

•  Reducing beam energy allows to increase the first 

R56 to ~5mm  
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Start to end FEL simulations using 
a smooth e-beam or a mod. e-beam 

P.R. Ribič et al. Photonics 4, 19 

Smooth e-beam profile 

Modulated e-beam 
profile (100keV 

@5um)  
Power modulation are induced by µB instabilities: - 
HGHG resulted more sensible; 
- The strong first R56 transforms initial energy 
modulation into density modulation  

λ=5nm λ=3nm 
For having enough bunching : the first R56 
should be increased to 8mm 
To reach saturation: Ebeam=1.8GeV or more 
radiator sections 

 



EEHG at FERMI experiment 

13 

7 weeks 
e-beam Energy: 0.9-1.1-1.35-1.45 GeV  

* For the slides contact Giuseppe Penco 
Giuseppe.Penco@elettra.eu 
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•  EEHG spectral quality and especially the central wavelength stability are better 

compared to HGHG-FB. 

•  HGHG-FB gives more energy per pulse in the nominal compression (600-700 A); 

however, EEHG can be operated at increased compression (still a better spectrum 

compared to FB). No evidence of  de-bunching (i.e. far from saturation) thus with 

more undulators EEHG will grow. 

•  EEHG tolerates stronger laser heater so µ-bunching can be suppressed more 

efficiently (strong 1st R56 enhances µ-bunching but could be constrained by LH) 

•  EEHG is less sensitive to e-beam properties (energy chirp). 

•  Two soft x-ray pulses have been successfully generated in EEHG at the same 

wavelength. This proof-of-principle opens the way to provide two-color two-pulse 

FEL for pump-probe experiments.  

Conclusions 
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