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Abstract
In the self-seeding scheme, the longitudinal coherence

and spectral density of an unseeded FEL can be improved

by placing a monochromator at a location before the radi-

ation reaches saturation levels, followed by a second stage

of amplification. The final output pulse properties are de-

termined by a complex combination of the monochroma-

tor properties, undulator settings, variations in the electron

beam, and wakefields. We perform simulations for the out-

put of SASE and self-seeded configurations for a soft x-ray

FEL using both idealized beams and realistic beams from

start-to-end simulations.

INTRODUCTION
The longitudinal coherence and spectral density of a

SASE FEL can be improved without using an external seed

by introducing a monochromator in the middle of the un-

dulator beamline [1]. The narrow bandwidth selected by

the monochromator will act as a seed in the following un-

dulators, leading to a final bandwidth that can be much

narrower than the original SASE bandwidth. A hard X-

ray version of such a device [2] has been implemented and

tested at LCLS [3]. A soft X-ray self-seeding beamline is

currently under development for implementation at LCLS

as well [4]. Here, simulations of a soft x-ray self-seeded

beamline are presented using a beam tracked from an RF

injector through a superconducting (SC) linac.

SELF-SEEDING SCHEME
The self-seeding scheme, shown in Fig. 1, breaks the

SASE configuration into two parts, with a monochromator

and chicane in between. The noisy SASE bunching is elim-

inated by the chicane, and the monochromator selects a nar-

row bandwidth to seed the second stage. The monochroma-

tor should be roughly in the middle of the undulator length,

constrained to be far enough downstream so that enough

power gets through the monochromator to overcome shot

noise, but not too far that the increased energy spread of

the beam entering the second stage seriously degrades the

FEL performance. To reach saturation, the total undulator

length must be increased from that of a SASE beamline by

enough to compensate for the following effects: the reduc-

tion in radiation power due to both the narrower bandwidth;

losses or mismatch in the radiation transport; an effective

loss in power by a factor of roughly 9 as some of the radia-

tion field couples to FEL modes which do not get amplified;

and the increased gain length in the second stage due to the

increase in energy spread. For a monochromator with a
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bandwidth selection of around 20 meV, for a relative band-

width of a few times 10−5, and a 10% transport efficiency

in this bandwidth, an extra 5 undulator sections (16 m of

undulator) are required. Overall, there is a factor of almost

104 in power amplification, which corresponds to around 9

gain lengths, that must be added to the FEL beamline.

Only planar undulators are considered; polarization con-

trol can be obtained through the use of cross-planar un-

dulators at the very end of the beamline [5]. The current

design places two such undulator sections at the end of the

beamline for maximum flexibility. The possibility of ad-

ditional undulators are added to the beginning and end of

the beamline to account for expected imperfections, such as

undulator field errors and steering errors which are allowed

a budget of a 10% increase in gain length, and unknown

effects which may degrade the electron beam quality or the

efficiency of the monochromator.

BEAMLINE PARAMETERS
The nominal parameters and those obtain in full start-

to-end (S2E) simulations starting from the injector [6] and

passing through a SC linac [7] are shown in Table 1. How-

ever, the beamlines are designed to be able to handle a

worse beam emittance, of up to 0.9 μm, as well as an en-

ergy spread of 150 keV. The energy spread is adjustable by

the use of a laser heater [8], to damp out microbunching

instabilities.

Table 1: Electron beam parameters, both original nominal

parameters and results from S2E simulations. Except for

bunch charge, parameters correspond to typical values in

the core region of the bunch.

Nominal S2E core

Bunch charge 300 pC 300 pC

Electron energy 2.4 GeV 2.4 GeV

Slice energy spread 100 keV 90 keV

Slice transverse emittance 0.60 μm 0.75 μm

Peak current 600 A 450 A

The beamline is designed to cover the range in photon

energies from 270 eV (just below the Carbon K-edge) up

to 1.24 keV. We focus on undulators using superconduct-

ing (SC) technology with relatively short undulator period,

to provide the full tuning range with reasonably large (not

much smaller than unity) dimensionless undulator param-

eter at the highest photon energy. SC undulators have the

advantage of being able to produce higher magnetic fields

for a larger gap, especially for undulator periods shorter
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Figure 1: A schematic of the self-seeding configuration. The last two undulator sections are for polarization control. The

two before that are contingency in case the beam quality is worse than expected, as are the first three undulator sections.

An additional undulator before and after the monochromator are to make up for steering and undulator errors, which have

not been included in the simulation.

than 30 mm. This allows for more compact beamlines,

and lower energy beams, and larger undulator parameters.

There is also the possibility that SC undulators will be

more robust to the environment resulting from a high aver-

age beam power that could approach 1 MW. The undulator

period is taken to be 19.4 mm, and the magnetic gap be-

tween undulators is 7.5 mm, which allows the inner diam-

eter of the beampipe to be 6 mm. Each undulator section

has a length of 3.3 m, with breaks of 1.1 m containing a

quadrupole, phase shifter, diagnostics, and orbit correctors.

At a resonant photon energy of 1.24 keV, the gain length

is 2.0 m, and the effective FEL parameter is 4× 10−4. The

effective shot noise power is 35 W. To ensure that shot noise

is strongly suppressed in the second stage, we intend to

keep the seeding power delivered by the monochromator

above 100 times this value, or 3.5 kW.

START-TO-END SIMULATIONS
Simulations for a 300 pC electron bunch have been per-

formed from the injector through the first set of cryomod-

ules for acceleration using the ASTRA code. These parti-

cles have then been tracked through the linac and spreader

using Elegant. The longitudinal beam distribution at the

entrance of the undulators is shown in Fig. 2. Although a

model for the laser heater has been included in these stud-

ies, the full range of self-forces which lead to longitudinal

instabilities have not been included, so the microbunch-

ing instability is not accurately modelled. Nevertheless,

the FEL performance should not be significantly affected

if a modest additional increase in initial energy spread is

required.

The FEL itself is modeled using the GENESIS simula-

tion code [9], plus a simplified model for the monochro-

mator which assumes a narrow enough selected bandwidth

that the resulting radiation pulse is nearly coherent both

longitudinally and transversely. At the entrance to the

monochromator, the radiation at 1.24 keV has of order 100

SASE spikes, with peak powers at the level of 10 MW.

The total pulse energy is 1.8 μJ. If continued to saturation,

the total pulse energy would grow to 140 μJ. The assumed

monochromator performance reduces the bandwidth to the

point where the seed pulse going in to the next undulator is

close to the transform limit, the pulse energy is reduced to

1.8 nJ, and the peak power is roughly 4 kW. In contrast to

SASE radiation, the temporal profile is smooth as well.

Figure 2: Longitudinal phase space of the beam entering

the FEL. Insignificant power is generated for t > 0, and

this region is not included in simulations.

In the second stage, the radiation remains mostly coher-

ent and grows to 210 μJ. The resulting spectrum is shown

in Fig. 3, with a FWHM bandwidth of 25 meV; most of the

power lies within a range of 70 meV. By contrast, the spec-

trum for an equivalent SASE simulation is shown in Fig. 4.

Without the monochromator, the bandwidth is of the order

of 1 eV, and the individual spikes will vary shot to shot.

Even the strongest spikes in the spectrum are over an order

of magnitude below the self-seeded spectrum in terms of

spectral density.

To understand the reason for the presence of radiation

outside of the monochromator bandwidth, it is necessary

to look at the variation of the slice average energy with

longitudinal position. In addition to the initial longitudi-

nal distribution at the first undulator, resistive wall wake-
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Figure 3: Spectrum from a full S2E run for the self-seeded

beamline.

0

2.0×108

4.0×108

6.0×108

8.0×108

1.0×109

1.2×109

1.4×109

1.6×109

1.8×109

 1238  1239  1240  1241  1242

# 
ph

ot
on

s 
/ m

eV

photon energy (eV)

Figure 4: Spectrum from a full S2E run for a basic SASE

beamline. The total length of undulator used is 36 m. Note

the difference in horizontal scale.

fields induce additional energy chirps in the electron beam

as it propagates through the undulators. The small beam

pipe diameter of 6 mm causes these wakes to be signifi-

cant. In these simulations, the wakes were calculated using

a model for cold copper (∼ 4K) which takes into account

the anomalous skin depth effect.

These energy variations lead to position-dependent shifts

in radiation phase, as seen in Fig. 5. The regions where

the radiation phase is flat correspond to the flat regions in

the original energy profile and in the resistive wall wake

fields. The beam used here had less bunch compression ap-

plied to it than in the nominal configuration. One benefit

of lengthening the bunch is to lengthen the flat regions in

the bunch. Additionally, the peak wake field near the head

of the pulse due to the “impulse” of the onset of the bunch

mostly misses the target region of the beam where the cur-

rent is high. These two benefits together allow for a long

section of the output pulse with a fairly flat phase. Finally,

reducing the peak current reduces the magnitude of both

the wakes and energy offsets. The amplitude of the en-

ergy variations maps directly to the amplitude of the phase

modulations, which in this case are mostly held to a range

of ±1 radian, except for the region around −100 fs where

there is a “knee” in the longitudinal distribution. This re-

gion near the tail of the high-current core of the beam is the

largest contributor to the distortion of the laser seed coming

out of the monochromator.

A good approximation for the shift in phase due to en-

ergy deviations in the electron bunch is given by:

Δθ � 0.6× 4π
Lu − 1.5Lg

λu
η , (1)

where η is the relative energy offset from the optimal value.

This expression holds in the exponential regime where the

growing mode dominates over the other modes, but before

saturation. At saturation, and even near saturation, not only

does the rate of phase slippage decrease but the energy off-

sets themselves begin to damp out due to nonlinear effects.

Linear 1D theory yields a factor of 2/3 rather than 0.6. The

phase shift of an electron relative to a nominal plane wave

is given by the same expression without the factor of 0.6.

Thus, the actual phase drift can be viewed as the electrons

and radiation field adopting a compromise phase between

their natural values. Because wake fields lead to a linear

change in energy with propagation distance, they will intro-

duce a quadratic dependence of phase on undulator length,

but the process is the same.

CONCLUSIONS
A start-to-end example of a soft x-ray self-seeded FEL

has been studied based on an electron beam simulated from

the injector to the final beam energy. This example has

been shown to yield only a small increase of the bandwidth

beyond that selected by the monochromator. The good co-

herence of the x-ray pulse was achieved by reducing the

bunch compression in the linac from the nominal value, in

order to make the slice energy more uniform through the

high-current portion of the pulse. Other techniques for im-

proving the coherence of the output pulse should be evalu-

ated, in order to allow for higher peak current in the core of

the electron bunch if so desired.
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Figure 5: Temporal profile of electron beam current and

slice energy deviation, resistive wall wakefield forces, and

laser pulse power and phase.
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