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Abstract

The initial design for LCLS-II incorporates both SASE
and self-seeded configurations. Increased stability and/or
coherence than is possible with either configuration may be
provided by seeding with external lasers followed by one or
more stages of harmonic generation, especially in the soft
x-ray regime. External seeding also allows for increased
flexibility, for example the ability to quickly vary the pulse
duration. Studies of schemes based on high-gain harmonic
generation and echo-enabled harmonic generation are pre-
sented, including realistic electron distributions based on
tracking through the injector and linac.

INTRODUCTION

In addition to SASE [1] and self-seeding [2, 3] schemes,
LCLS-II [4] may also incorporate seeding using external
lasers. Benefits include more control over the x-ray pulse,
better shot-to-shot stability, and possibly a narrower spec-
trum. The use of external lasers may have an impact on
repetition rate and tends to reduce the energy of the final x-
ray pulse. In addition, upshifting by very large harmonics
from the laser wavelength introduces new challenges. Here
we discuss designs for both the two-stage high-gain har-
monic generation (HGHG) and single-stage echo-enabled
harmonic generation (EEHG) seeding schemes, and com-
pare their performance. Two-stage HGHG with a fresh-
bunch delay has been demonstrated at FERMI@Elettra [5]
with excellent performance down to the 65th harmonic (4
nm). EEHG has been demonstrated at NLCTA [6] up to
the 15th harmonic (160 nm).

ELECTRON BEAM AND UNDULATOR
PARAMETERS

The simulations shown below use particles obtained from
two start-to-end (S2E) simulations of the linac accelerating
the beam to 4 GeV. One simulation uses a 100 pC bunch
and the other a 300 pC bunch. Not all aspects of longitudi-
nal dynamics have been modelled, however. The nominal
parameters for the electron beam and the main undulator
sections for producing radiation are given in Table 1. Local
parameters will vary with position along the bunch. The
longitudinal phase space of the beams are shown in Fig. 1,
and the current profiles are shown in Fig. 2. Compared to
the 100 pC bunch, the 300 pC bunch is longer, has a larger
emittance and a slightly lower peak current.

The final undulators have a period of 39 mm and cover
the desired tuning range from 250 eV to 1.3 keV. Here, we
focus on producing radiation at 1 nm, which is the most
challenging part of the tuning range. The external laser is

fixed at a wavelength of 260 nm. The large overall harmonic
jump presents certain challenges which will be noted below.

Table 1: Beam and undulator parameters for soft x-ray pro-
duction at LCLS-IIL.

Parameter Symbol Value
Electron Beam:

Bunch charge (0] 100 — 300 pC
Electron energy E 4 GeV

Peak current 1 1 kA
Emittance EN 0.3 —0.43 ym
Energy spread OE 0.5 MeV

Beta function B 15m

Final undulators:

Undulator period Ay 39 mm
Undulator segment length ~ Lge, 34m

Break length Ly, 1.2m

Min. magnetic gap Zmin 7.2 mm

Max. undulator parameter  Kpax 5.48

Max. resonant wavelength ~ Ajpax 5.1 nm
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Figure 1: Longitudinal phase space for 100 pC (left) and
300 pC (right) electron bunches.
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Figure 2: Current profiles for 100 pC and 300 pC electron
bunches.



HGHG AND EEHG SCHEMES

The layouts for the two main schemes are shown in Fig. 3.
Additional undulator sections may be placed at the end,
tuned to a shorter wavelength. FEL simulations were per-
formed using GENESIS [7]. These and other schemes have
previously been considered in Chapter 18 of the LCLS-II
Conceptual Design Report [8] for idealized beams and with
a focus on producing radiation at 2 nm.
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Figure 3: Beamline layouts using EEHG (top) and two-
stage HGHG with a fresh bunch delay (bottom).

HGHG design and layout

The initial HGHG design uses one laser with a 260 nm
wavelength. One stage of harmonic generation is followed
by a fresh-bunch delay and a second stage of harmonic gen-
eration to reach wavelengths as low as 1 nm. The nominal
peak power to reach 1 nm is 800 MW, but the laser power
has to be adjusted differently for the two beams because radi-
ation production at the intermediate wavelength is sensitive
to the electron properties. Because of the fresh-bunch de-
lay the pulse duration must be short in order to have the two
stages fit within the core of the electron bunch.

The undulator used for the initial modulation has a pe-
riod of 100 mm and is 3.2 m long. The resulting energy
modulation can be as large as 6 MeV. The next five undu-
lator sections have a period of 80 mm, each 3.2 m long.
These undulators have helical polarization to increase the
coupling at the intermediate wavelength; all other undula-
tors have planar polarization. The first three are used to
radiate through the narrow bunching produced at a 260 nm
wavelength. This is followed by a delay chicane, and the
next two undulator sections modulate electrons in a region
which is located further to the head of the bunch. The large
total undulator length is required to be able to reach a final
wavelength of 1 nm. The intermediate wavelength in that
case is 13 nm, the 20th harmonic.

The third chicane yields bunching at 1 nm of the order of
1%. The final set of undulators, with a 39 mm period, radi-
ate at this wavelength to saturation. The final stage of har-
monic generation must produce significant bunching at the
13th harmonic, so the energy modulation must be quite large
as well, but at the same time radiation at 1 nm will be sup-

pressed if the energy spread grows beyond around 3 MeV.
Note that both bunches have a minimum energy spread of
0.5 MeV.

The chicanes are fairly modest, and are all about 2 m in
length. The first chicane has Rsg = 22 um. The fresh-bunch
delay can be as small as 25 fs, corresponding to Rsg = 15
pm, in order to fit the entire process into the 100 pC bunch
length. For the 300 pC bunch, the delay could be as large
as 100 fs. The weaker end of this range for the delay chi-
cane is not enough to suppress bunching at the intermediate
wavelength. The bunching towards the tail of the bunch will
radiate in the undulator sections immediately following the
fresh bunch delay, although not enough to produce signifi-
cant bunching after next stage of harmonic generation.

EEHG design and layout

Echo-enabled harmonic generation (EEHG) [9] operates
through a form of wave-mixing, where two energy modula-
tions are used instead of one for standard HGHG. The first
modulation is followed by a chicane which strongly over-
bunches the modulation, creating well-separated bands in
longitudinal phase space. Each band has a reduced energy
spread. The second modulation is also followed by a chi-
cane but in this case they are tuned so as to perform a stan-
dard phase rotation of each band. The overall bunching fac-
tor can be significant even at very high harmonics.

For the EEHG example, we consider two seed lasers both
with a wavelength of 260 nm. The first undulator section is
3.2 m long, with a period of 0.1 m, identical to the first
undulator used for HGHG. The laser pulse going into this
undulator has a peak power of 47 MW, and generates an
energy modulation of 1.5 MeV. This is followed by a chicane
with Rsq = 14.37 mm. The second undulator is also 3.2 m
long but with a period of 0.4 m. The laser pulse going into
this undulator has a peak power of 900 MW, and generates
an energy modulation of 2 MeV. Both lasers have a Rayleigh
length of 1 m. The pulse duration can be anywhere from 10s
to 100s of fs. This is followed by a chicane with Rsg = 53
um. Bunching is generated directly at 1 nm.

The reason for the difference in undulator periods is that
in the second undulator the phase space bands in the beam
are particularly sensitive to energy scattering. Increasing
the period lowers the magnetic field and reduces incoher-
ent synchrotron radiation (ISR). For the same reason, the
large dispersion required for the first chicane is obtained by
increasing the length of the magnets rather than increasing
the magnetic field. Thus, the first chicane is 9 m long with
2 m dipole magnets, while the second chicane is only 2 m
long. Even without magnetic fields, there is intra-beam scat-
tering (IBS) which pushes the design towards being as short
as possible. The combined effect of both ISR and IBS re-
duces the bunching factor at 1 nm from an ideal value of
5.2% to roughly 1.4%. Without taking into effect the im-
pact of scattering, the optimal bunching parameter would



be given by the magnitude of

b = Z el(Pva=—myn) (_yp (1)
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where C; = kxRy — kymRy, Co = kx Ry, 1,2 are the

laser phases, ki are the laser wavenumbers, and kx is
the target output wavenumber. The relative energy spread
oy, = og/E, the relative height of the two energy mod-
ulations are 7,,; and 1,,2, and 77 is the local relative en-
ergy offset. Usually only one term in the summation con-
tributes significantly to the bunching, and this term is gen-
erally selected to correspond to m = 1. Note that normally
|C1| < |C;], which results in reduced sensitivity to both
energy spread and energy chirps.

After the bunching is generated, the electron beam goes
directly into undulator sections with a 39 mm undulator pe-
riod. Radiation is produced at 1 nm and amplified to satu-
ration.

SIMULATION RESULTS

We show results for producing radiation at 1 nm. Shorter
wavelengths and higher harmonics are in general more chal-
lenging. Performance improves dramatically for longer
wavelengths, but 1 nm (1.2 keV) has been selected because
it is the upper end of the tuning range for soft x-rays at
LCLS-II.

For two-stage HGHG, we present results when going
from a 260 nm external laser to a 13 nm intermediate wave-
length to 1 nm. The final x-ray properties are shown in
Fig. 4 for both 100 pC and 300 pC bunches. The output
pulse energy at 1 nm is 7 pJ for the 100 pC bunch and 4 pJ
for the 300 pC bunch. There are several major differences
in the parameter settings for these examples. The 100 pC
bunch offers a very short interval in which to perform each
stage of harmonic generation, thus the fresh-bunch delay is
set to only 25 fs. Even with a short pulse duration, the exter-
nal laser tends to blow up the energy spread in the second
half of the bunch. Therefore, a super-Gaussian distribution
is used with power o exp(—*/1) having a fwhm duration
of 20 fs. For the 300 pC bunch, the fresh bunch delay can
be increased to 100 fs, and the external laser is a regular
Gaussian with 40 fs fwhm. Because the 300 pC bunch has
larger transverse emittances and suffers from more longitu-
dinal variations than the 100 pC bunch, the peak power must
be increased to 900 MW to compensate.

In both examples, short pulses are generated, although
the 300 pC case shows significant SASE background oc-
curring in those regions where the energy spread has not
been increased. If the beamline were made longer, the total
pulse energy would increase but the contrast becomes sig-
nificantly worse. Fig. 5 shows step-by-step profiles of the
radiation at different wavelengths in the various stages of
the FEL. The importance of slippage and the motivation for
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Figure 4: Power and spectral profiles of the final x-ray
pulses for HGHG.
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Figure 5: Power profile of the radiation at various stages in
the HGHG beamline, for a 100 pC electron bunch.

using a super-Gaussian external laser can be clearly seen in
this example.

The spectrum is quite broad in both cases, many times
more than the transform limit. This is partially due to SASE
background. More importantly, the large harmonic jump
makes the beamline highly sensitive to any longitudinal
variations in the electron beam. The performance improves
greatly at wavelengths 2 nm or longer.

For EEHG going from a 260 nm external laser directly
to 1 nm, the final x-ray properties are shown in Fig. 6 for
both 100 pC and 300 pC bunches. Here, the configuration



was not changed at all except for the external lasers, which
have a 100 fs fwhm duration for the 100 pC bunch and a
200 fs fwhm duration for the 300 pC bunch, in order to take
advantage of the longer bunch length. For the 100 pC bunch
the output pulse energy at 1 nm is 18 uJ with a 22 fs fwhm
duration. The fwhm bandwidth is 0.13 eV, which is about
1.5 times the bandwidth limit. For the 300 pC bunch the
output pulse energy at 1 nm is 25 uJ with a 45 fs fwhm
duration. The fwhm bandwidth is 0.07 eV, which is also
less than a factor of 2 from the transform limit. In both
cases, the ratio of the duration of the output pulse to that of
the second seed laser is roughly 1.4(1;/1x)"/3.
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Figure 6: Power and spectral profiles of the final x-ray
pulses for EEHG.

CONCLUSION

The main limitation of the HGHG scheme is that the cur-
rent bunch profile barely has enough length to support a
fresh-bunch delay. However, pulses with several fs dura-
tion can be produced even for the 100 pC bunch. Longer
bunches should allow for longer pulses. Further study
is needed to determine what minimum bandwidth can be
achieved; at 1 nm it may be only a modest reduction com-
pared to SASE.

The EEHG seeding scheme should produce long pulses
with good coherence, assuming that the second seed laser
can be tightly controlled. The parameter settings, especially
the chicane strengths, must be carefully set but are not de-
pend much on the electron bunch properties. Not only small

variations in beam quality but even large changes, such as in
the bunch charge, should be able to be accomodated without
re-adjustment. However, commissioning may be challeng-
ing, especially to reach 1 nm.

In both the two-stage HGHG and single-stage EEHG
schemes, the energy spread is increased to above 2 MeV.
The minimum energy spread generated in the seeded por-
tion of the beam grows as the target wavelength is reduced.
At the same time, the FEL bandwidth decreases. This in-
creases the required undulator length to reach saturation,
and reduces the final peak power. Competition with SASE
from unseeded portions of the bunch also becomes a con-
cern.

For the EEHG scheme, 1 nm seems to be approaching
the limit for using EEHG. The two-stage HGHG scheme
with a fresh bunch delay more sensitive to pre-existing en-
ergy chirps and energy modulations than the EEHG scheme.
Therefore, for HGHG 1 nm may be at or even past the limit
for producing pulses with stable temporal structure shot-to-
shot. If stable or narrow spectral structure is required as
well, that limit may be closer to 2 nm.
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