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Self-seeding free electron lasers (FELs) are capable of generating fully coherent X-ray pulses.
However, the stability of output pulse energy of hard X-ray self-seeding (HXRSS) FEL is
poor. This letter reports the seed energy stability investigation of HXRSS FEL. For the
purpose of a more stable HXRSS FEL, this work suggests a relatively broad bandwidth ρt of
crystal monochromator, a relatively long electron bunch with energy jitter(r.m.s.) down to a
quarter of FEL Pierce parameter ρ, and a larger Bragg angle θB to improve the seed energy
stability. Moreover, the angle jitter (r.m.s.) between the SASE pulse incident direction
and the crystal surface should be less than (ρ tan θB)/2, and the relative time jitter (r.m.s.)
between the electron bunch and the seed should be less than half of the seed bump duration
Tt.

I. INTRODUCTION

The successful operation of X-ray free electron lasers
(FELs)1–3 have offered unparalleled approaches for sci-
entific study in many areas such as chemistry, biol-
ogy, material science, atomic and molecular physics.
As compared to the traditional third-generation syn-
chrotron radiation light sources, FELs are character-
ized by ultra-short pulse length, high power output, and
outstanding transverse coherence, tunable wavelength.
To date, most of the existing short-wavelength FEL fa-
cilities, such as the Free-Electron LASer in Hamburg
(FLASH)4, the Linac Coherent Light Source (LCLS)2

and SPring-8 Angstrom Compact Free Electron Laser
(SACLA)3, operate in the self-amplified spontaneous
emission (SASE)5,6 mode, which can generate stable out-
put power (∼ 5% r.m.s. fluctuations). For SASE FEL,
the transverse coherence is excellent, but the temporal
coherence is poor because of starting from shot noise.
In order to realize fully coherent FEL7, the external

laser-seed FEL is proposed8. However, it is difficult to
carry out external laser seeding in the X-ray regime.
Therefore, self-seeding scheme was proposed in soft X-
ray regime by employing a grating monochromator9, and
later a self-seeding scheme with four-crystal monochro-
mator was proposed in hard X-ray regime10. After-
wards, a more compact single crystal monochromator
self-seeding scheme was proposed11, and has been suc-
cessfully demonstrated at LCLS in 201212. Although self-
seeding scheme can generate fully coherent X-ray pulse,
the stability of the output pulse energy is poor (∼ 50%
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r.m.s. fluctuations)12. Such a large fluctuation still limit
the application of HXRSS FEL.

In this work, we focus on the seed energy fluctuation
investigation for a more stable single-crystal HXRSS FEL
by numerical simulation. The pulse energy measured in
experiment is after the saturation where includes the non-
linear effect and the SASE contrast. That means it is
difficult to find the reasons leading to the fluctuation of
HXRSS FEL based on the measurement data. Therefore,
we trace back to the monochromatic seed at the entrance
of the FEL amplifier. The seed energy fluctuation can be
caused by the intrinsic fluctuations of SASE, the band-
width of the crystal monochromator, the electron bunch
length, the electron bunch energy jitter, the jitter of the
SASE incident angle on the crystal surface attributing to
the crystal vibrations and SASE propagation direction
jitter, the transverse and longitudinal overlap between
the electron beam and seed.

TABLE I. Parameters of electrum bunch and undulator.

Parameter Value Unit
Electron beam energy 9.5064 GeV
Energy spread 1.5 MeV
Peak current 3000 A
Normalized emittance 0.4 mm-mrad
Average beta function 15 m
Pierce parameter ρ 6.91×10−4 -
Undulator parameter K 2.4385 -
Undulator period 2.6 cm
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II. THEORETICAL AND NUMERICAL ANALYSES

The simulation parameters are based on the LCLS-II
Cu-Linac electron beam with an ideal Gaussian distribu-
tion. We obtain the FEL pulses with the help of FEL
simulation code GENESIS13. The seed is produced by
the approach proposed by Geloni et al11. Te SASE part
consists of 10 undulator cells. The thickness of diamond
monochromator is 110 µm. The relevant simulation pa-
rameters are summarized in Table 1.
There are some numerical analyses showing the SASE

pulse energy fluctuation decreases as a function of the
ratio of the pulse length l over the coherence length lc

14.
Yu et al. develop a theory of the SASE fluctuation15, and
the fluctuation is theoretically given by
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where N , σE , Ē, l, and lc are the number of FEL pulses,
the standard deviation of the pulse energy, the average
pulse energy, the bunch length, the longitudinal coher-
ence length of SASE pulse, respectively. For HXRSS
FEL, the seed derives from the SASE pulse generated in
the first undulator. Therefore, the seed has an intrinsic
fluctuation inheriting from the SASE.
The seed energy fluctuation is firstly investigated as a

function of the bandwidth of the crystal monochromator.
Here, ρt and ρr are the normalized bandwidth (normal-
ized by Bragg resonant photon energy) corresponding to
the transmissive seed and the reflected seed16–18. The
transmissive seed and the reflected seed are usually ap-
plied in HXRSS and X-ray FEL oscillator (XFELO)19–23,
respectively.
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where, θB , P , b, d, Λ0 are the Bragg angle, the polar-
ization factor, the asymmetry ratio of crystal, the crys-
tal thickness, and the extinction length, respectively. χh

and χh̄ are the Fourier coefficients of electric susceptibil-
ity. Figure 1 shows the seed energy fluctuation decreases
as a function of the ratio of the crystal bandwidth ρt over
the FEL Pierce parameter ρ.
The well-known FEL resonance condition is given by

λs = λu
1 +K2/2

2γ2
er

, (3)

where λu, γer are the undulator period and the resonant
electron energy, respectively. The radiation frequency
shift caused by electron energy jitter can be expressed as

σ∆ν

νs
= 2

σ∆γe

γer
, (4)

where νs, σ∆ν , σ∆γe are the resonance frequency, the
r.m.s. of central frequency jitter of SASE and the r.m.s
of electron energy jitter, respectively. If there is no elec-
tron energy jitter, the photons corresponding to central

FIG. 1. Seed energy fluctuation decrease as the function of
the ratio of ρt/ρ. Here, the crystal bandwidth ρt varies with
the asymmetry ratio γ for the (111) reflecting atomic planes.
We neglect other factors leading to the seed fluctuation.

FIG. 2. (a) The seed energy fluctuation is induced by the
electron beam energy jitter σ∆γe (r.m.s). (b) The seed energy
fluctuation is caused by the angle jitter σ∆θ (r.m.s.). Here,
σl is the standard deviation of electron bunch length. We use
symmetry (γ = −1) diamond (004) reflecting atomic planes,
and the seed fluctuation caused by other factors are neglected.

photon energy of the radiation spectrum will contribute
to the monochromatic seed. However, once the elec-
tron beam energy jitter is considered, the FEL spectrum
would have a jitter. For this case, the photons contribut-
ing to the seed are not always the photons corresponding
to the central photons.

Figure 2 (a) shows the seed energy fluctuation changes
as a function of electron beam energy jitter for differ-
ent bunch lengths. In order to reduce the seed energy
fluctuation, the central frequency jitter should be within
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the FEL bandwidth. In other words, the electron energy
jitter(r.m.s.) should be less than ρ/4. Figure 2 also in-
dicates that the seed energy fluctuation of long bunch is
smaller than that of the short bunch.
For the investigation of seed energy fluctuation caused

by angular jitter, we start from Bragg condition.

2d sin θB = λB , (5)

where d, θB, λB are the lattice constant, the Bragg angle
and the Bragg resonant wavelength, respectively. The
Bragg resonant frequency shift caused by the incident
angle deviation can be expressed as

σ∆ν

νB
= − cot θBσ∆θ, (6)

where νB , σ∆ν , σ∆θ are the Bragg resonant frequency, the
r.m.s of Bragg resonant frequency jitter, and the r.m.s of
the angle jitter between the SASE incident direction and
the crystal surface (angle jitter).
Figure. 2 (b) shows the seed energy fluctuation vari-

ations as a function of the angle jitter. For the purpose
of more stable HXRSS FEL, the angle jitter σ∆θ is less
than (ρ tan θB)/2. Moreover, we find that the average
bandwidth of the seed is broadened because of the angle

FIG. 3. (a) The average bandwidth of seed is broadened
because of the angle jitter between the SASE propagation
direction and the crystal surface. The red curve is the sin-
gle shot. The green and blue curves refer to σ∆θ ≈ 92µrad
and σ∆θ ≈ 554µrad. (b) The seed fluctuation resulting from
the relative time jitter σt (r.m.s). Here, we used symmetry
(γ = −1) diamond (004) reflecting atomic planes, and the
seed fluctuations induced by other processes are ignored.

jitter shown in Fig. 3 (a). Of particular concern, the
angle jitter(r.m.s.) should be smaller than half of the
Darwin width for XFELO and cascade HXRSS FEL24.
In addition, a larger Bragg angle θB can help to improve
the tolerance of the angle jitter of the machine.

The longitudinal and transver overlap between the seed
and electron beam can also contribute to the seed energy
fluctuation. It should be noted that the seed has a spa-
tiotemporal coupling17,18, which is described by

∆x = c∆t cot θB , (7)

where ∆x, c, ∆t are the transverse shift of seed, the speed
of light, and the time delay, respectively. A larger Bragg
angle θB benefits the transverse overlap between the seed
and electron beam.

As for the longitudinal overlap between the electron
beam and seed, we assume the relative time jitter obeys
normal distribution. Figure 3 (b) shows the simulation
result. To improve the stability of HXRSS, the time
jitter(r.m.s) should be less than half of the seed bump
duration Tt/2 (Tt = 1/(ρtνB)). For XFELO, the time
jitter(r.m.s) should be less than Tr/2 (Tr = 1/(ρrνB)).

III. SUMMARY AND DISCUSSION

In conclusion, we have reported the factors that
affect the seed energy stability in HXRSS FEL. The
numerical analyses show that a crystal monochromator
with relatively broad bandwidth ρt(ρr) can reduce the
fluctuation of seed energy. Furthermore, a relatively
longer electron bunch length l can also benefit to improve
the stability of seed energy. Moreover, a larger Bragg
angle θB not only improves the tolerance of the angle
jitter, but also elevates the transverse overlap between
the electron bunch and seed. In addition, in order to
further improve the stability of seed energy, the electron
beam energy jitter(r.m.s.) should be less than ρ/4, and
the angle jitter should be less than (ρ tan θB)/2, and the
relative time jitter between the electron beam and seed
should be less than Tt/2. We also found that the angle
jitter broaden the average bandwidth of the seed. In
our simulation case, the Bragg resonance photon energy
is 8300 eV, and diamond (004) is chosen. The Pierce
parameter ρ ≈ 6.91 × 10−4. Hence, the electron energy
jitter (r.m.s.) should be less than ρ/4 ≈ 0.017%. The
Bragg angle θB ≈ 21.27◦, and the angle jitter (r.m.s)
should be less than (ρ tan θB)/2 ≈ 130µrad. The seed
bump duration Tt ≈ 14fs, and the time jitter (r.m.s.)
should be less than Tt/2 ≈ 7fs. However, for LCLS
machine, the electron energy jitter is 0.04%, and the
time jitter is 50fs. The two parameters are larger than
the limits given in this paper, which results in the large
fluctuation of HXRSS FEL. Therefore, a more stable
HXRSS FEL calls on a more stable accelerator system
with smaller electron energy jitter, time jitter, and
angular jitter.
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