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Abstract

We propose and analyze a scheme to achieve a seeded
hard x-ray source based on a two-stage echo-enabled har-
monic generation (EEHG) FEL. In the scheme an 180 nm
seed laser covering the whole bunch is first used to modu-
late the beam when beam energy is 2 GeV. After passing
through a strong chicane complicated fine structures are
introduced into the phase space. The beam is again mod-
ulated by a short 180 nm laser that only interacts with the
rear part of the beam and accelerated to 6 GeV. A chicane is
then used to convert the energy modulation imparted to the
rear part of the beam into density modulation. The density-
modulated beam is sent through a radiator to generate in-
tense 6 nm radiation which will be used to interact with
the front fresh part of the bunch. Finally we generate in the
front part of the beam density modulation at the 1199th har-
monic of the seed laser. We will discuss the issues related
to the realization of the seeded hard x-ray FEL.

INTRODUCTION
LCLS, the world’s first SASE-based hard x-ray FEL at

SLAC, has achieved saturation at 1.5 Å [1] and will pro-
vide unprecedented powerful x-rays for the users this year.
Because SASE starts from electron beam shot noise, such a
source has limited temporal coherence and relatively large
shot-to-shot statistic fluctuations. There are many applica-
tions (e.g. studies of slow vibrational modes in biological
membrane, ultrahigh resolution spectroscopy, etc) that re-
quire or could benefit from an improved temporal coher-
ence in the x-ray pulses.

In this paper we study the feasibility of generating hard
x-ray pulse with good temporal coherence using a two-
stage EEHG FEL [2-3]. In the EEHG FEL, the beam
is first energy modulated in a modulator and then sent
through a dispersion section with strong dispersion strength
after which the modulation obtained in the first modula-
tor is washed out while simultaneously complicated fine
structures (separated energy bands) are introduced into the
phase space. A second laser is used to further modulate
the beam energy in the second modulator. After passing
through the second dispersion section the separated energy
bands will convert to separated current bands which con-
tain considerable higher harmonic of the seed laser.

The EEHG scheme has a remarkable up-frequency con-
version efficiency and allows generation of coherent soft
x-rays in the water window directly from a UV seed laser
in a single stage [4]. In this paper we study the feasi-
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bility of extending the radiation wavelength to hard x-ray
range using a two-stage EEHG FEL integrated in a novel
way. We will discuss the issues related to the realization of
the seeded hard x-ray source using the proposed two-stage
EEHG FEL.

METHODS
The schematic of the two-stage EEHG FEL is shown in

Fig. 1. In the scheme an 180 nm seed laser covering the
whole bunch is first used to modulate the beam in M1 when
beam energy is E1 = 2 GeV. After passing through a strong
dispersion section (D1) the beam is again modulated by a
short 180 nm laser that only interacts with the rear part of
the beam in M2. The beam is then accelerated to E2 = 6
GeV in the linac. After passing through a weak dispersion
section (D2), the rear part of the beam will be bunched at
the 30th harmonic of the seed laser (6 nm). Intense 6 nm
radiation will be generated in a radiator (R1) from the rear
part of the beam. The beam is then time-delayed and the 6
nm radiation is further used to modulate the fresh front part
of the beam in M3. After passing through another weak
chicane (D4), the beam is bunched at the 1199th harmonic
of the seed laser and finally coherent hard x-ray radiation
at 1.5 Å is achieved in the long radiator R2.

Figure 1: Schematic of the proposed seeded hard x-ray
source based on a two-stage EEHG FEL.

The reason why we choose to modulate the beam with
the UV seed laser at 2 GeV is two fold. First, 2 GeV beam
is suitable for soft x-ray FEL. We’d like to reserve the flex-
ibility of extracting the beam after M2 and use it to drive a
seeded soft x-ray FEL. The other reason is to mitigate the
quantum diffusion effect in both the dipoles and undulators
(see next section for detail). The main parameters for the
seeded hard x-ray FEL are listed in Table. 1.

Following the notation of [2,3], we assume an initial
Gaussian beam energy distribution with an average energy
E0 and the rms energy spread σE , and use the variable
p = (E − E0)/σE for the dimensionless energy devia-
tion of a particle. In our scheme, E0 varies after the linac.
The initial longitudinal phase space distribution can then
be written as f0(p) = N0(2π)−1/2e−p2/2, where N0 is
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Table 1: Main parameters for the seeded hard x-ray FEL

Beam energy at M1 and M2 2 GeV
Beam energy at R1, M3 and R2 6 GeV
Peak current 2 kA
Duration of the flat part of the beam 400 fs
Normalized emittance 1 mm mrad
Slice energy spread 300 keV
R

(1)
56 1.50 mm

R
(2)
56 144 µm

R
(3)
56 120 µm

R
(4)
56 4.24 µm

Np × λu for M1 4 ×20 cm
Np × λu for M2 5 ×20 cm
Np × λu for R1 100 ×20 cm
Np × λu for M3 29 ×20 cm
Seed laser peak power for M1 5 GW
Energy modulation in M1 0.90 MeV
Energy modulation in M2 1.20 MeV
Energy modulation in M3 1.45 MeV
Radiation power at the exit of R1 1.2 GW

the number of electrons per unit length of the beam. After
some mathematical manipulations, the longitudinal phase
space for the rear part of the beam at the exit of the second
dispersion section is,
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where ζ = k1z, k1 is the wave number of the UV
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the dispersion strength for D1, D2 and the linac, E1 and
E2 are the beam energy at the first dispersion and second
dispersion section, respectively. The optimized bunching
factor for the rear part beam is,
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To generate the 30th harmonic of the seed laser in R1, we
choose Ar

1 = 3, Ar
2 = 4, Br

1 = 7.85 and Br
2 = 0.28. The

longitudinal phase space evolution for the bunch in M1,
M2, D1 and D2 are simulated with our 1-D code and the
results are shown in Fig. 2. Fig. 2c shows the phase space
of the beam at the exit of M2 where one can see that the rear
part of the beam is energy modulated with Ar

2 = 4 while
the phase space for the front part of the beam is almost un-
changed. A linac is further used to boost the beam energy
to 6 GeV. Note p is defined as the dimensionless energy
deviation of a particle with respect to the reference parti-
cle, therefore p does not change after the linac. The 6 GeV

beam is then sent through D2 after which the rear part of
the beam is effectively bunched while only separated en-
ergy bands are present for the front part of the beam, as
illustrated in Fig. 2d. The rear part of the beam will gen-
erate intense radiation at 6 nm when sending it through R1
tuned to the 30th harmonic of the UV seed laser.

Figure 2: Longitudinal phase space evolution (z<(>)0 for
the rear (front) part of the beam): (a) at the exit of M1; (b)
at the exit of D1; (c) at the exit of M2; (d) at the exit of D2.

The phase space for the electrons in the front part of the
beam at the entrance to the final radiator can be similarly
found,
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where κ = k2/k1, k2 is the wave number of the radiation
in M3, Bf
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where R
(L)
56 = L/γ1γ2 is the dispersion strength of the

linac, L is the length of the linac, γ1 and γ2 are the beam
energy at the entrance and exit of the linac; R

(M2)
56 and

R
(R1)
56 are the dispersion strength in M2 and R1, respec-

tively. The optimized bunching factor for the harmonic
number h = n + κm is,
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The front part of the beam is energy modulated with the 6
nm radiation generated in R1, so we have κ = 180/6 = 30.
Take n = −1, m = 40, one can maximize the bunching
factor for the 1199th harmonic using Eq. (5). The disper-
sion strength of an undulator is 2Npλr, where λr is the res-
onant wavelength of the undulator. The dispersion strength
for the delay chicane is about 2ctd, where td is the delay
time introduced by the chicane. In our example the delay
time is about 200 fs which corresponds to half the length
of the flat part of the beam. For the front part of the elec-
trons, we have Af

1 = 3 and Bf
1 = 8.35. Using Eq. (5)

we found that the bunching factor for the 1199th harmonic
is maximized when Af

2 = 4.82 and Bf
2 = 0.00741. The

longitudinal phase space for the front part of the electrons
and the corresponding bunching factor at various harmonic
numbers are shown in Fig. 3 where one can see the bunch-
ing factor is about 0.1 for the 1199th harmonic. It can be
anticipated that powerful coherent radiation at 1.5 Å will
be generated when sending the beam to R2.
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Figure 3: Phase space at the entrance to R2 (a) and the
corresponding bunching factor (b).

PRESERVATION OF THE FINE
STRUCTURES

To make the proposed seeded hard x-ray FEL work,
the fine structures must be preserved from the exit of M1,
through M2, the linac, D1, D2, etc and up to the final radia-
tor. The finite size of the laser and the quantum fluctuations
in the process of ISR lead to diffusion in energy. Analysis
shows that the spacing of the adjacent energy bands is on
the order of (π/B1)σE , corresponding to about 120 keV in
our example. If the rms value of the energy spread caused
by these diffusions exceeds the spacing of two adjacent en-
ergy bands, it may result in the overlapping of the bands,
which will wash out the fine structures of the longitudinal
phase space and thus degrade the FEL performances. The
second order transportation effect from the transverse emit-
tance also tends to wash out the fine structures which de-
serves special attention considering the long transportation
distance in the linac.

Finite laser and radiation size

Due to the finite size of the laser beam, electrons with
different radial positions will see the laser field of various
amplitudes, which will cause a local energy spread growth

which is found to be,
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where we assumed a round beam and σx and σr are the
horizontal rms size of the electron beam and laser beam,
respectively. In order to make the condition ∆σE <
(π/B1)σE satisfied, one typically requires the laser size to
be much larger than the electron beam size. The condition
can be easily satisfied for the UV seed laser. But for the 6
nm radiation whose size is comparable to the electron beam
size in R1, one may need to use a relatively large electron
beam size in R1 and reduce the electron beam size in M3 to
make the condition satisfied. In our example the beam size
in R1 is about 90 µm and the distance between R1 and M3
are comparable to the Rayleigh length so that in M3 the ra-
diation size is about 180 um, much larger than the electron
beam size in M3 which is about 40 µm.

Quantum diffusion

The quantum diffusion effect in D1, D2 and D3 are most
serious: D1 has the largest R56 among all the dispersive
elements; as for D2 and D3, even though their R56 are
much smaller than that of D1, the beam energy is much
higher. In D1 the required dispersion strength is Br

1 = 7.85
corresponding to R

(1)
56 = 1.50 mm. As an example, we

consider a 4-dipole symmetric chicane. The length of the
dipole Lb and the distance between dipoles Ld are as-
sumed to be 0.4 m and 0.5 m, respectively. The energy
spread growth caused by ISR for D1 is found to be about
∆σE = 1.4 keV. For the delay chicane, assuming a 200 fs
delay time, its strength is about R

(3)
56 = 0.12 mm. Assum-

ing Lb = Ld = 1 m for both D2 and D3, the local energy
spread growth is found to be about 2.6 keV and 2.2 keV for
D2 and D3, respectively.

The quantum diffusion in the undulators is also able to
wash out the separated energy bands [5]. Analysis shows
that the quantum diffusion strongly depends on beam en-
ergy and undulator strength. Assuming an undulator pe-
riod length of 20 cm, the local energy spread growth in M2
is about 0.73 keV. The quantum diffusion in R1 and M3
are, however, much more serious, because of the high beam
energy. The longer radiator gives higher power which re-
quires a shorter modulator to achieve the required energy
modulation. Similarly a short radiator gives lower power
and thus needs a long modulator to achieve the same en-
ergy modulation level. The criterion to determine the ra-
diator and modulator lengths is to find a set of parameters
that give a small energy spread growth from quantum diffu-
sion while also limiting the undulator length to a reasonable
value. After some optimization, the length of R1 and M3
are chosen to be 20 m and 5.8 m, and the corresponding
local energy spread in R1 and M3 are found to be 13.6 keV
and 4.2 keV, respectively. The total local energy spread
growth is found to be ∆σE,tot ≈ 14.7 keV.



High order transportation effects
In addition to the energy diffusion, the second order

transportation effects from transverse emittance also tends
to wash out the fine structures [6]. If the longitudinal posi-
tion change caused by second order effect exceeds the spac-
ing of the fine structures, it will cause significant degrada-
tion. The spacing of the fine structures for the rear part
of the beam is comparable to the harmonic radiation wave-
length (6 nm) and that for the front part of the beam is com-
parable to the laser wavelength (180 nm), therefore the fine
structures in the rear part of the beam is more vulnerable.

ELEGANT [7] is used to address the high order trans-
portation effects in the linac which boosts the beam energy
from 2 GeV to 6 GeV. We used the standard SLAC 3-meter
S-band acceleration structure and assume an acceleration
gradient of 18 MV/m. A FODO lattice is used to focus the
beam in the linac with an average Beta function of 100 m.
The total transportation length from M2 to D2 is assumed
to be 250 m.

To mitigate the smearing from finite laser size, the beam
has an average Beta function of 20 m in M1 and M2. A
matching section is used to match the beam to the linac
where the average Beta function is 100 m. Efforts have
been devoted to make a smooth transition of the Beta func-
tion in the matching section to reduce the second order
aberration. The beam is tracked with ELEGANT from M1
to D2 and the phase space of the beam at the exit of D2 is
shown in Fig. 4.

Figure 4: Longitudinal phase space of the beam at the exit
of D2.

It is found that the emittance does have some smearing
effect on the fine structures, but with proper design of the
lattice, one can still get sufficient bunching at the 30th har-
monic of the seed laser after D2. Detailed tracking stud-
ies indicate that the smearing is mainly due to the particles
that have large Betatron amplitude which tends to lag be-
hind the reference particle. In principle it can be compen-
sated by beam conditioning technique [8] which gives the
particle that has large Betatron amplitude more energy to
compensate the average velocity difference.

S/N RATIO DEGRADATION
While the theory of noise amplification in the EEGH

FEL is not available at this time, we can try to estimate
the signal to noise (S/N) ratio in this case using HGHG for-
mula from Ref. [10],

Psn ≈ λuNureσ
2
L

8σ4
x

K2[JJ ]2

1 + K2/2
mc2

e
I , (7)

where λu is the undulator period in the modulators and σL

is the rms laser size. Eq. (7) indicates that it is desirable
to modulate the beam at moderate energy to reduce the ef-
fective shot noise power and simultaneously increasing the
laser power and laser size does not increase the S/N ratio.
For a 2 GeV beam with 2 kA peak current and average Beta
function of 20 m, the effective shot noise power at 180 nm
in the modulator is about 1 kW. The S/N ratio will be re-
duced by at least 11992 [9,10], so a seed laser with peak
power of a few GW is needed in order to generate coherent
hard x-ray pulse with S/N ratio much larger than unity. In
our example rough estimation gives a S/N of about 4 for
the 1.5 Å radiation. It is worth pointing out that the signal
radiation has a much narrower bandwidth than the noise ra-
diation. Therefore one can in principle use a monochroma-
tor to filter out most of the noise radiation and significantly
increase the S/N ratio.

More systematic work is being conducted to study the
FEL performances and analyze the S/N degradation for the
EEHG FEL and will be reported elsewhere.
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