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Abstract
Experiments using a THz pump and an x-ray probe at an x-

ray free-electron laser (XFEL) facility like LCLS-II require
frequency-tunable (3 to 20 THz), narrow bandwidth (∼10%),
carrier-envelope-phase-stable THz pulses that produce high
fields (> 1MV/cm) at the repetition rate of the x rays and
well synchronized with them. In this paper, we study a two-
bunch scheme to generate THz radiation at LCLS-II. We
describe the two-bunch beam dynamics, the THz wiggler
and radiation, as well as the transport system bringing the
THz pulses from the wiggler to the experimental hall.

INTRODUCTION
The effective coupling of advanced THz sources with

XFEL capabilities will open many new science opportunities.
THz oriented workshops at SLAC [1], FERMI, Eu-XFEL [2]
and elsewhere in the past eight years have highlighted the de-
mand for the ability to carry out these types of experiments.

The new science opportunities presented by a high-
repetition rate FEL such as the LCLS-II create new oppor-
tunities, demands, and challenges for THz sources that go
beyond what has been considered in previous workshops.
Some critical capability gaps can already be identified that
appear to be beyond the projected achievable properties of
table-top sources. Among them are the intense sources in
the well-known THz gap between 3-15 THz. For field driven
effects, a broadband, single-cycle THz pulse with a peak
electric field strength of 10 MV/cm can approach the atomic
bonding strength in matters. For resonant excitation, a tun-
able, narrow bandwidth (∼ 10%) source with at least 10 µJ
pulse energies are desired. These required THz characteris-
tics are summarized in Table 1.

Table 1: Required THz Characteristics

Waveform Single cycle 10 cycles
E-field 10 MV/m 1 MV/m
Frequency 5 THz 15 THz 5 THz 15 THz
Spot Size 200 µm 100 µm 200 µm 100 µm
Pulse Duration 100 fs 33 fs 1000 fs 330 fs

Although a dedicated accelerator with tens of MeV beam
energy can achieve some of these capabilities [3, 4], it be-
comes increasingly difficult to reach 10 THz and higher
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76SF00515.
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frequencies with significant pulse energies. In addition, a
high-repetition rate stand-alone accelerator with the tech-
nical issues of synchronization and the associated machine
protections becomes rather complex. Inspired by the pio-
neering work of the FLASH THz beamline [5], we propose
to install a permanent-magnet or electromagnet wiggler after
the LCLS-II undulators and to use a two-bunch scheme to
produce intense THz pulses for high-rep rate pump-probe ex-
periments. We note that an earlier study of a THz source for
Eu-XFEL has a similar two-bunch scheme while employing
a high-field superconducting wiggler [6].

TWO-BUNCH SCHEME
Figure 1 shows a schematic of the two-bunch concept at

LCLS-II to produce intense THz radiation. Both bunches
are generated by the LCLS-II injector with suitable time
separation (∼110 ns). Because the THz pump must arrive
before the X-ray probe, a first bunch is used to produce THz
in the wiggler and a second bunch is for FEL lasing. In
our design, the THz bunch will be accelerated to 4 GeV and
then kicked out to the bypass line. For THz generation, a
higher bunch charge and a shorter bunch length are always
desirable. The beam parameters of the THz bunch will be
optimized to cover the frequency range from 3 to 20 THz.
Moreover, stronger compression of the THz bunch results in
poorer beam quality and hence suppress its FEL lasing in
the SXR undulator.

The accelerator settings of the LCLS-II are optimized to
deliver electron bunches for FEL lasing. The control of the
THz bunch cannot be allowed to alter the beam dynamics
of the FEL bunch. The compression of the THz bunch can
be adjusted by the laser injection time, which changes the
acceleration phase in the SRF linac (L1) before the first
magnetic chicane (BC1). Figure 2 shows that offsetting the
laser injection time changes the beam arrival time of 200-pC
bunch at the start of L1. The simulations were performed
with ASTRA [7]. The change of arrival time at the start of
the L1 varies the beam energy chirp and beam compression
downstream. An earlier laser pulse shortens the first bunch
for better THz generation. Figure 3 shows the final RMS
bunch length at the undulator entrance for the 200-pC THz
bunch at different offsets of the relative laser injection time.

Figure 4 shows the bunching factors of the THz beam
(100 pC and 200 pC) at different frequencies. The bunching
factor of the 200-pC bunch damps quickly with increasing
frequency. In practice, we can optimize the bunch charge
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Figure 1: LCLS-II layout showing the linac, soft and hard x-ray undulators, the proposed THz wiggler and transport line,
and the Near and Far Experimental Halls.
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Figure 2: The change in arrival time and RMS bunch length
of a 200-pC THz bunch for various laser injection timing
offsets at the start of L1 compared with the nominal 100-pC
FEL beam. A negative time means arriving ethe laser pulse
arrives earlier in its RF period than does the laser pulse for
a nominal 100-pC bunch.
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Figure 3: RMS bunch length of the 200-pC THz bunch at the
undulator entrance for different laser injection time offset.
Insert shows the simulated longitudinal phase space (blue)
and the projected peak current (red) for the -1.7 ps laser
injection time offset.

to produce THz pulses with high radiated energy at any
frequency in the 3- to 20-THz range.

THz WIGGLER AND RADIATION
The parameters of the THz wiggler are optimized for a 4-

GeV electron beam energy. We choose 10 wiggler periods to
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Figure 4: Bunching factors of the nominal LCLS-II 100-pC
FEL bunch and the 200-pC THz bunch for 3∼20 THz.

produce THz radiation with 10% bandwidth. Figure 5 shows
the required peak magnetic field for different wiggler periods.
The main limitation in practice is the available magnetic field
with a reasonable wiggler gap. We consider two wiggler
technologies for THz generation, based on hybrid permanent
magnets and electromagnets.
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Figure 5: Magnetic field at different wiggler periods when
using 4 GeV beam to generate 3, 5 and 10 THz radiation.

In a hybrid permanent-magnet wiggler, the peak field can
be numerically fitted as a function of gap g and period λu [8]

B0 = a exp

(
b
g

λu
+ c

(
g

λu

)2
)

(1)

with a = 3.381, b = −4.730, c = 1.198. Based on this, the
wiggler gap is shown in Fig. 6. Note that the equation is
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valid in the range 0.1 < g/λu < 1. When λu = 0.77 m, the
required wiggler gap is ∼50 mm at 3 THz.

In an electromagnet wiggler, the gap is fixed and the mag-
netic field is varied by the current in the coils. The conven-
tional electromagnet can reach 2.5 T with a clearance gap
of 50 mm. In this case, we can produce 3-THz radiation
when the wiggler period is 78 cm. An additional advantage
of the electromagnet wiggler is that the magnetic field can
be independently controlled by separate power supplies.
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Figure 6: Gap of hybrid-type permanent magnetic wiggler at
different wiggler period when using 4 GeV beam to generate
3, 5 and 10 THz radiation.

The transverse distribution can be calculated from angu-
lar distribution of undulator radiation. The long wiggler
length and small gap limit the THz output due to diffraction,
especially at low frequency. Figure 7 shows the transverse
distribution of the radiation at 10 THz (with 10% bandwidth
from 9.5 to 10.5 THz) for the 77-cm wiggler period. We
also present the energy density profiles along the two axis.
It can be seen that most of the radiation is emitted within
a ∼4 mrad angle. The collection angle in the wiggler can
be estimated by θ = g/Lu where Lu = Nuλu is the total
wiggler length. With a 50-mm gap in a 10-period wiggler,
θ = 6.5 mrad, which is larger than the angular divergence of
the 10-THz radiation.

Figure 7: Transverse distribution of 10 THz radiation and
the corresponding energy density profiles along two axis.

The total achievable THz pulse energy depends on the
specific layout of wiggler and transport system (THz mir-

rors). Here we can estimate the pulse energy by the bunching
factor spectra and the simplified equation as [9]

dW
dω/ω

= 1.43 × 1014Nu I[A]
hK2[JJ]2

h

1 + K2/2
photons

0.1% BW
. (2)

The pulse energy from the 100-pC and 200-pC THz beam
in Fig. 4 is presented in Fig. 8.
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Figure 8: The estimated THz energy of the 100-pC and
200-pC THz bunch for at different radiation frequency.

THz TRANSPORT
Soft X-rays follow a nearly straight path from the un-

dulator to the user hutches in the Near Experimental Hall.
The strongly diffracting THz requires optical relay imag-
ing through large-diameter tubing (200 mm) with frequent
reimaging (every 12 to 15 m). The imaging uses reflective
optics, due to the wide bandwidth and the lack of good re-
fractive materials. Either off-axis paraboloidal (OAP) or
toroidal mirrors may be used, with 45° incidence. Imaging
is maintained by separating adjacent mirrors by a distance
equal to the sum of their focal lengths. Since water vapor
absorbs THz, the tubing should be evacuated to 1 Pa or be-
low. Alternatively, the tubing could be filled with nitrogen
or another inert gas. A preliminary layout requires a combi-
nation of 12 focusing and 22 flat mirrors to reach one of the
principal hutches. Fortunately, reflection losses at this fre-
quency are below 1% per surface, which would provide 70%
transmission. The time between the two electron bunches
is determined by the extra path of the THz compared to the
straight x-ray path. The path through the maze requires an
additional 108 ns.
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