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Abstract
LCLS capabilities can be significantly extended with a

second undulator aiming at the soft X-ray spectrum (1- 5
nm). To allow for simultaneous hard and soft X-ray opera-
tions, 13.6 GeV beams at the end of the LCLS accelerator
can be intermittently switched into the SLAC A-line (the
beam transport line to End Station A) where a second un-
dulator may be located. Recently, a new optics has been
designed to transport the LCLS beam through the A-Line
while preserving the beam brightness. In this paper, we dis-
cuss the A-Line soft X-ray FEL design — parameter selec-
tion and performance expectations with an energy-chirped
LCLS beam as required by the A-Line optics. Start-to-end
simulations using realistic LCLS beams show that it is pos-
sible to generate 70 GW FEL power with a pulse duration
as short as 2 fs at 20 pC charge.

INTRODUCTION
The Linac Coherent Light Source (LCLS) has recently

achieved lasing and saturation at 1.5 Å [1], and it will soon
start supplying light to users. At any given time the new
laser will be able to produce light in the spectral range
15–1.5 Å by adjusting the final beam energy in the range
4.3–13.6 GeV. Initially the LCLS will be a single undula-
tor X-ray source that will provide either hard or soft X-rays
of a specific wavelength to users at a time. As there is a
great demand for both hard and soft X-rays, however, it is
worth considering a future expansion of the LCLS to pro-
vide both types of X-rays at the same time, in a scenario
where a 13.6 GeV beam can be shared between the current
LCLS undulator—where it generates hard X-rays—and a
new beamline and undulator—where it will generate soft
X-rays. The existing SLAC A-Line [2] is a prime candi-
date location for such a soft X-ray beamline and undulator.

The A-Line was designed to deliver high energy elec-
tron beams (up to 50 GeV) to fixed target experiments in
the End Station A experimental hall. The tunnel and all ex-
isting magnets in the A-Line can be used for the new soft
X-ray FEL, and no new civil construction is necessary. A
major difficulty with using the A-Line for an FEL is that
it bends through a total angle of 24.5◦, therefore transport-
ing a high current, high brightness LCLS beam through it
without degrading beam quality is a major challenge. Inco-
herent and Coherent Synchrotron Radiation (ISR and CSR)
in the bending section will generate energy spread, which
may couple to the transverse (bending) plane and increase
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the beam emittance, and thus degrade the free electron laser
performance.

The possibility of installing an undulator in the A-Line in
order to create a soft X-ray FEL aiming at the spectral range
(1–5 nm) has been considered in a recent report [3]. In
that report the transport of a 13.6 GeV LCLS beam through
the A-Line was studied in detail, considering both single-
particle and collective effects. A new lattice was designed
for transporting the LCLS beam through the existing tunnel
while preserving the beam quality. The new lattice requires
an over-compressed beam after the second bunch compres-
sor of the LCLS. The beam is then further compressed in
the bends of the A-line. Simulations show that the ISR and
CSR effects are well suppressed in the new lattice. Note
that in this scheme the beam arrives at the undulator with a
linear energy chirp.

In the present paper, we continue the work of designing
a Soft X-ray FEL in the A-Line but focusing on the undula-
tor region: we transport the beam through to the end of the
undulator and study the FEL performance. At the end we
also compare the effectiveness of using a permanent mag-
net, planar undulator vs. a superconducting helical type.

In Table 1 we present beam and photon parameters for
the A-Line soft X-ray FEL assuming a planar, variable gap,
permanent magnet undulator. For our simulations we con-
sider bunch charges of Q = 250 pC—the nominal LCLS
value—and Q = 20 pC—a low charge option that promises
a single spike radiation pulse [4]; in both cases the beam
energy is 13.6 GeV.

PARAMETER SELECTION
The A-Line soft X-ray FEL should meet the following

requirements: First, the radiation spectrum should cover 1-
5 nm at a fixed electron energy of E0 = 13.6 GeV, to be
compatible with the LCLS hard X-ray program. Second,
the FEL saturation length should be no more than 80 meters
due to the space limitation in the A-Line.

The radiation wavelength of an FEL is determined by
the resonant condition: λs = λu

2γ2 (1 + K2/2), where
λs is the radiation wavelength, λu is undulator period, γ
is the electron beam energy relative to its rest mass, and
K = 0.934λu[cm] ·Bu[T ] is the undulator parameter with
Bu the peak magnetic field of the undulator. The period
and range of magnetic field in the undulator are signifi-
cantly constrained by the combination of beam energy of
13.6 GeV and the radiation wavelength of λr = 5 nm.
A conventional planar (hybrid) permanent magnet undu-
lator with a peak magnetic field of 1.7 T (near the practical
limit for this technology) will have a period of λu = 8 cm.
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Table 1: Main arameters for A-Line Soft X-ray FEL
Parameter symbol value unit
Electron energy E0 13.6 GeV
Repetition rate f 60 Hz
Norm. rms emittance εnx,y ∼ 1 μm
Peak current Ipk 3–5 kA
Bunch charge Q 20–250 pC
Final bunch length σzf 1–10 μm
Slice energy spread σδs 0.01–0.04 %
Undulator period λu 8 cm
Undulator parameter K 5–13
Mean undulator β func. 〈β〉 10 m
FEL wavelength λr 1–5 nm
Photon energy �ω 0.25–0.12 keV
FEL power PFEL ∼100 GW
FEL bandwidth(FWHM) Δω/ω 0.3–1 %
Pulse length (FWHM) Δτ 2–50 fs
Energy per pulse EFEL 0.1–2 mJ
# of photons/0.1%BW Nγ 1 − 10 1012

Peak brightness Bpk 5–30 1031∗

*# of photons/mm2/mrad2/sec/0.1%

Shorter wavelength radiation can be produced by opening
the gap of the undulator. However, the longitudinal space
available for the undulator, 80 meters, limits the “harder”
end of the undulator radiation spectrum to about 1 nm, as
will be shown later.

We choose a FODO lattice for focusing in the undulator
region because of its simplicity. The smaller the beam size,
the larger the electron density and the FEL parameter ρ [5],
and therefore the better the FEL performance. However,
3D effects, especially diffraction, will begin to degrade
FEL performance when the beam size becomes too small.
Therefore, the beam size—and thus the β-function—needs
to be chosen properly to optimize the FEL performance.
Using Ming-Xie’s FEL fitting formula [6] we find that the
shortest gain length for our case is obtained when average
β = 6 m; for our simulations, however, we back off and
choose β = 10 m. To accommodate this choice we place
quads between undulator sections, where each section is
taken to be 2 m long, with breaks of 30 cm between sec-
tions.

SIMULATIONS
For both cases of charge (Q = 250, 20 pC) the beam was

first tracked, using the computer program ELEGANT [7],
from the beginning of the linac to the beginning of the un-
dulator, as was described in [3]. The peak current at the
A-Line undulator can be adjusted by setting the rf phase
of Linac-2 of the LCLS (upstream of BC2, the 2nd bunch
compressor [1]). An important feature of the linac is that
this phase can be set independently for the A-Line beam
and the main (hard X-ray) LCLS beam. In this way the
peak current is set independently for the two beams. In fact,
unlike the main beam, the A-Line beam is over-compressed

Figure 1: Radiation energy along the undulator for the
250 pC beam. The temporal profile of the pulse at sat-
uration is given in the inset. The radiation saturates at
z = 70 m with an energy of EFEL = 2 mJ. The peak
power reaches to more than 100 GW at saturation.
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Figure 2: The radiation spectrum (top) and longitudinal
phase space (bottom) at saturation for the 250 pC beam.
A frequency chirp, derived from the energy chirp of the
electron beam, can be seen clearly in the bottom plot.

in BC-2, in order to mitigate CSR effects (see Ref. [3]).
Note also that because the arc in the A-Line is used for fi-
nal compression, the electron bunch arrives at the undulator
with a roughly linear residual energy chirp. The magnitude
of the chirp is dictated by the charge and bunch length de-
sired at the entrance to the undulator. For the 250 pC case,
at the beginning of the A-Line undulator, the bunch lon-
gitudinal distribution is approximately Gaussian with peak
current Ipk =3.5 kA, rms bunch length σzf = 10 μm, and
slice emittances εxs = 1.0 μm, εys = 0.7 μm; the slice
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energy spread σδs = 10−4 while the beam energy spread
σδ = 5 × 10−3 [3]. The beam quality has been well pre-
served during transport.

After tracking to the beginning of the A-Line undulator,
the beam properties are passed from ELEGANT to GEN-
ESIS [8], a 3D time-dependent FEL code, in order to eval-
uate the FEL performance. Figure 1 shows the FEL radi-
ation energy along the undulator length at λs = 1.5 nm.
The FEL energy saturates at z = 70 m with a saturation
energy of EFEL = 2 mJ. The temporal profile of the ra-
diation pulse at saturation is also shown in Fig. 1 (the
inset). The peak power PFEL ∼ 100 GW and the radi-
ation pulse length (FWHM) Δτ = 50 fs. The residual
energy chirp in the beam is not expected to inhibit lasing;
however, it will induce a corresponding frequency chirp
Δλs/λs ∼ 2Δγ/γ ∼ 1% here. This phenomenon can
be seen from the radiation spectrum (top plot) and longi-
tudinal phase space (bottom plot) shown in Fig. 2. It is
possible that the chirp can be accommodated and perhaps
even used to advantage in the design of experiments.

For the 20 pC configuration the bunch longitudinal dis-
tribution at the entrance of the undulator is again approxi-
mately Gaussian but with a peak current Ipk =4.0 kA, rms
bunch length σzf = 1 μm, and slice emittances εxs =
0.7 μm, εys = 0.2 μm; the slice energy spread σδs = 10−4

and the beam energy spread σδ = 5 × 10−3 (the beam
again has a residual energy chirp) [3]. For this configura-
tion Fig. 3 shows the FEL radiation energy as function of
z at wavelength λs = 1.5 nm. The FEL energy saturates
at z = 50 m with a saturation energy of EFEL = 0.1 mJ,
much less than the 2 mJ we found for the 250 pC case, due
to much smaller bunch charge. The temporal profile of the
radiation pulse at saturation is also shown in Fig. 3 (in the
inset). The peak power PFEL ∼ 70 GW and the radiation
pulse length (FWHM) Δτ = 2 fs.

The radiation spectrum and longitudinal phase space are
shown in Fig. 4 (respectively in the top and bottom plots).
Note that, unlike in the 250 pC case, there is no frequency
chirp in the longitudinal phase space of the radiation. This
is because the beam energy spread (∼ 10−4) is now much
less than the FEL bandwidth (∼ 0.2% FWHM), and there-
fore the frequency chirp becomes smeared by the FEL pro-
cess.

For the 20 pC case we also studied the pulse-to-pulse
fluctuation in radiation at a wavelength of 1.5 nm using a
1D FEL simulation code that we have written. The beam
parameters were slightly modified from the ones used in
Genesis, so that the radiation has comparable gain lengths
in 1D and 3D. The result was obtained by doing statistics
over 1000 independent runs. The rms variation in power
vs. z/Lg, with Lg the 1D gain length, is shown in Fig. 5,
the blue curve. The radiation at 1.5 nm is not quite a single
spike. A single longitudinal mode, however, can be ob-
tained at longer wavelength, such as at 3 nm. Fig. 5 also
gives the rms variation in power for this wavelength (the
red curve). We can see that in the exponential gain region
the fluctuation at 3 nm is much higher than at 1.5 nm; af-

Figure 3: Radiation energy along the undulator for the
20 pC beam. The temporal profile of the pulse at saturation
is given in the inset. The radiation saturates at z ∼50 m
with a saturation energy of EFEL ∼0.1 mJ. The peak
power reaches more than 70 GW at saturation.
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Figure 4: The radiation spectrum (top) and longitudinal
phase space (bottom) at saturation for the 20 pC beam. No-
tice that, in this case, there is essentially no chirp in the
radiation.

ter saturation, however, they both quickly drop to the same
level, ∼ 15%.

Finally we performed simulations for a 250 pC beam and
for the shortest wavelength under consideration for the A-
Line, λs = 1 nm. In this case we find that the radiation
reaches saturation at Lg ∼ 80 m. A shorter saturation
length could be achieved by compressing the beam more,
to a higher current. With the more advanced technology of
a superconducting undulator, the radiation wavelength may
even be able to be pushed further down, to 0.5 nm, with a
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Figure 5: Fluctuation in the power along the undulator for
radiation wavelengths λr = 1.5, 3.0 nm, when Q = 20 pC.
The plot gives the rms variation in power obtained from
1000 independent runs. The abscissa is normalized to the
1D gain length Lg.

saturation length of just ∼ 40 m (as will be shown in the
following section).

SUPERCONDUCTING HELICAL
UNDULATOR

A helical undulator produces circularly polarized X-
rays. The high peak field of a helical device would produce
more spontaneous radiation than has been experienced with
LCLS undulator; however, the radiation spectrum for a he-
lical undulator will have no harmonics of the fundamental
wavelength.

For the purposes of this study, we have based our calcu-
lations on a 4 cm period, superconducting helical undulator
that can reach 3.55 T on axis. Figure 6 shows the estimated
(using Ming Xie’s fitting formula [6]) saturation length for
a radiation spectrum of λs = 0.5–5 nm, assuming energy
E0 = 13.6 GeV, peak current Ipk = 3.5 kA, slice emittance
εxs = 1.0 μm, slice energy spread σδs = 10−4, and beta
function 〈β〉 = 10 m. We can see that the wavelength range
0.5–5 nm can be spanned with an undulator that occupies
only ∼ 40 m.

Figure 6: Saturation length vs. wavelength as obtained by
Ming Xie’s fitting formula for the Q = 250 pC case.

We are aware that superconducting undulator technol-
ogy is presently not ready for FEL use, due to the tight
tolerances on phase error, trajectory straightness, and other
factors [9]. But if an investment is made in developing a su-

perconducting helical undulator that satisfies all the toler-
ances, the short-wavelength limit of the A-Line soft X-ray
FEL may be able to be extended to 0.5 nm with an undu-
lator that is only 40 meters long. Then one could consider
using the extra 40 m of free space for a second harmonic
afterburner [10], polarization control [11], or FEL seeding.

CONCLUSION
We have investigated the use of the SLAC A-Line as

a new, soft X-ray FEL (1–5 nm) that would share beam
pulses with and complement the spectral range of the ex-
isting LCLS hard X-ray FEL. In an earlier report, beam
transport from the SLAC linac up to the position of a new
undulator in the A-Line was studied; in the present report,
the actual performance of the new FEL was investigated.
The undulator we consider is a conventional planar, perma-
nent magnet type, with a period of 8 cm and a total length
of 80 m. We have performed simulations for a radiation
wavelength of 1.5 nm. We have shown that for the nomi-
nal LCLS bunch charge (250 pC), lasing can be achieved
with peak power 100 GW, pulse length 50 fs, and radiation
energy 2 mJ, and the radiation possesses a 1% frequency
chirp. In a low charge configuration (20 pC), we have peak
power of 70 GW, pulse length of 2 fs, and energy of 0.1 mJ,
and in this case there is no frequency chirp.

Finally we studied the possibilities of using a supercon-
ducting helical undulator to increase the wavelength reach
of the A-Line FEL. Assuming an improvement in toler-
ances available with superconducting undulators, we en-
vision in the near future in the A-Line a spectrum reach of
0.5–5 nm and a saturation length of only 40 m by using
such technology.
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