
 

Continuously tunable narrow-band terahertz generation with a dielectric
lined waveguide driven by short electron bunches
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A continuously tunable narrow-band terahertz source based on Cherenkov wakefield generation in a
dielectric lined waveguide driven by short sub-picosecond electron bunches has been experimentally
demonstrated. A large tunability range of 0.55–0.95 THz was achieved by implementing the waveguide
design as a planar structure with variable 0.15–1.10 mm gap and thin 25 μm dielectric layers. The source
operates essentially in a single mode regime with higher order modes of negligible intensity. THz pulse
energy was measured across the tunable range and compared with theory.
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Dielectric lined waveguides (DLW) driven by short
electron bunches have been demonstrated to be powerful
sources of THz radiation. The underlying physical mecha-
nism is coherent Cherenkov radiation (CCR) that takes place
when the bunch length is shorter than the radiation wave-
length [1]. Such short sub-picosecond electron bunches are
now routinely generated by modern photoinjector based
accelerators. Cylindrical DLWs in the form of a dielectric
capillary with outer metallic coating are normally considered
for CCR generation [2–5]. Coupling of radiation into free
space is achieved either by horn [2] or via an angled cut in the
capillary waveguide [6,7]. Metallic corrugated structures
sharing similar physical principles with DLWs are also used
for generation of THz radiation [8–10].
Unlike other methods of generating high power THz

radiation (laser based [11,12], coherent transition radiation
(CTR) based [13] etc.), the CCR sources are essentially
narrow-band devices operating in single- or multimode
regimes. This advantage ideally should be complimented
by the provision of frequency tunability. Stepwise tuna-
bility can be achieved by interchanging cylindrical DLWs

with different frequency spectra [2]. Resonant excitation
of different CCR modes by bunch trains in multimode
structures has also been studied [3]. Continuous tunability
with DLWwith a ferroelectric layer has been demonstrated,
albeit in a very narrow range [14]. With a low energy (few
MeV) electron beam, some continuous tunability can be
attained through varying the beam energy as demonstrated
in [10] using a fixed gap metal corrugated waveguide.
Planar DLW and metallic corrugated waveguides are

normally considered as accelerating structures allowing for
a greater transverse stability of the electron beams [15,16],
or as energy dechirpers that increase efficiency of free
electron lasers [17,18]. The rectangular DLW can also be
employed as continuously tunable narrow-band THz source
with the provision of variable structure gap and correct
choice of dielectric liner. As follows from the wakefield
theory of planar dielectric structures [19], DLWs with thick
dielectric layers, more than 100s of μm, exhibit CCR
spectra with multiple modes and very low frequency
dependence on structure gap. In contrast, DLWs with thin
dielectric layers of a few 10s of μm operate effectively in a
single mode regime with high tunability as a function of the
structure gap. The latter is the subject of the experimental
investigation presented in this paper.
The rectangular DLW designed for these experiments

was 2 mm wide and 60 mm long overall and is shown
schematically in Fig. 1. The dielectric layer was 40 mm
long and made of 25 μm thick quartz plates with assumed
dielectric permittivity of ϵr ¼ 3.8. The dielectric plates
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were recessed into copper substrates leaving the first
10 mm of the structure to act as a beam collimator.
Several options for the output coupling antenna were
simulated in CST Microwave Studio and a simple horn
of 10 mm long and 12° half angle opening in the vertical (y)
plane was found to be satisfactory in terms of gain and
directivity. The radiation was emitted in two lobes with the
same forward angle as the angle of the taper. The structure
tunability caused only a weak decrease in gain with
increasing structure gap. The gap (2a) between the quartz
plates was controlled by two in vacuum picomotors and
was evaluated using high resolution CCD cameras. This
method resulted in a precision of �20 μm in setting the
structure gap.
Experiments were conducted on CLARA/VELA facility

at Daresbury Laboratory, STFC [20]. An electron beam
with 10 Hz bunch repetition frequency was generated in the
3 GHz RF photoelectron gun of the CLARA front end
followed by a normal conducting linac. The 35 MeV
electron beam was then injected into the VELA beamline
via a short dog-leg section where longitudinal compression
of the electron bunch from ≈2 ps down to ≈0.3 ps RMS
took place. Bunch compression could be varied by chang-
ing the linac off-crest accelerating phase. The beam was
transported to an experimental area equipped with large
2.3 m long vacuum chamber and a set of standard
diagnostics (energy spectrometer, YAG screens, and beam
position monitors). Transverse beam size at the interaction
point was typically 70–100 μm RMS at bunch charges of
up to 100 pC. The DLW structure was mounted on a multi-
axis in-vacuum motorized assembly to ensure its transverse
position and angular alignment to the electron beam.
The THz radiation measurement system is shown sche-

matically in Fig. 1. CCR was collected using an off-axis
parabolic (OAP) mirror with a hole at the center for the
electron beam to pass through. The OAP mirror was
positioned such that the output of the DLW was at its
focal point (101.6 mm). The OAP collimated the radiation
and transported it out of the vacuum chamber through a
z-cut quartz window. The radiation was either focussed by a
TPX lens onto the pyroelectric detector for direct meas-
urement of the pulse energy, or transported further to a
Martin-Puplett interferometer (MPI) [21]. The MPI is
operationally similar to a Michelson interferometer used
in a number of other CCR studies, but uses wire grid
polarizers as beam splitters for increased efficiency and
therefore requires the input radiation to be polarized. As the
CCR from our DLW is polarized vertically, along the
variable gap axis (y), the MPI accepts the radiation through
the input polarizer without substantial losses. It is worth
noting that previous similar experiments [2,3] have employed
liquid helium cooled bolometers for THz detection. It was
established in these experiments that pyroelectric detectors
(Gentec THZ5I-BL-BNC-D0) had sufficiently high sensitiv-
ity and signal to noise ratio for interferometric measurements.

Two techniques were employed to increase the signal to
noise ratio from the pyroelectric detectors. First, a third
pyroelectric detector was used to record and subtract the
environmental background noise on a shot-by-shot basis.
Second, multishot averaging (50 successive shots) was used
to accurately resolve the signal at low pulse energies and in
the interferograms, resulting in a detector noise floor of
≤2 mV. Detectors were placed in both output arms of the
MPI and the interferogram was normalised to the signal
difference divided by the signal sum [22].
The CCR is excited as a set of discrete longitudinal

section magnetic (LSM) and longitudinal section electric
(LSE) wakefield modes in the DLW by the electron beam.
The dispersion relation for the LSMm;n modes [19] is:

coth ðkx;maÞ cot ðky;nδÞ −
ky;n
ϵrkx;m

¼ 0; ð1Þ

with kx;m ≡ ð2mþ 1Þ π
wx

(we consider only odd modes,
m ¼ 0, 1, 2, because even modes do not couple efficiently
to the electron beam in a symmetric system) and x, y
defined in Fig. 1. The mode frequencies, fm;n are given by

f2m;n ¼
c2

4π2

�
k2x;m þ k2y;n
ϵr − 1

�
: ð2Þ

Following the notation of [19], the lowest order wakefield
mode is LSM0;0 (also referred to as LSM1;1 in [23] and
other published studies), with ky;0 given by the first solution
to Eq. (1). For brevity we denote the fundamental CCRmode
(LSM0;0) frequency as f0. The contribution of longitudinal

FIG. 1. Experimental setup. The CCR was collected by a
51 mm diameter off axis parabolic (OAP) mirror with a hole
to pass the electron beam. TPX lenses were used for focusing of
the CCR onto the detectors. All mirrors were gold coated and
polished to optical finish. An additional pyroelectric detector (not
shown) was used for shot-to-shot subtraction of environmental
noise. Inset i), cross-section of the DLW with coordinate system
and parameter notation.
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section electric (LSE) modes is negligible due to the high
structure aspect ratio, i.e., wx > 2a.
The total emitted CCR energy depends strongly on the

bunch length that, in turn, is determined by the linac off-
crest phase as demonstrated in Fig. 2(a). A coherent
transition radiation (CTR) target was installed alongside
the DLW structure to evaluate the electron bunch length
using the MPI and to confirm the machine setup repro-
ducibility on a daily basis by measuring the CTR total
power as a function of the linac phase. The RMS bunch
length, σt, of 0.3 ps at maximum compression with the linac
set to −9° off-crest phase was measured using an estab-
lished CTR interferogram fitting technique [24,25]. Longer
bunch lengths were evaluated from induced energy modu-
lation along the bunch similar to that reported in [26].
At −16° off-crest phase, the bunch length at 10% level was
estimated as 3.3 ps using the modulation method. The
coherent nature of CCR generation mechanism was con-
firmed by the enhancement of the signal as the bunch was
compressed, see Fig. 2(a).
The variation of CCR signal, I, with bunch charge, Q, is

shown in Fig. 2(b). Tominimize the effect of space charge on
the longitudinal beamdynamics, the bunchchargewas varied
byoccluding thebeam in the injector of the accelerator before
compression in the dog-leg section; instead of varying the
photoinjector laser power. However, computer simulations
indicate that the length of the bunch arriving to experimental
area still depends slightly on the bunch charge and this may
account for the observation that the dependence of CCR
energy on bunch charge does not follow a pure quadratic
function. The experimental data in Fig. 2(b) was fit with the

expression I ∝ Q2jFðσtÞj2, with the Gaussian form factor
F ∝ exp ð−2π2σ2t f20Þ. The frequency f0 was calculated from
Eq. (2) and σt was varied linearly with charge from 0.30 ps at
70 pC to 0.25 ps at 10 pC. The assumption of a Gaussian
bunch profile is corroborated by the fact that the variation of
RMS bunch length in fitting is in agreement to that measured
experimentally using CTR. Beam dynamics simulations
also predict the bunch profile should be quasi-Gaussian at
maximum compression.
The pyroelectric detector used in the pulse energy mea-

surements presented in Fig. 2(b) was not directly calibrated
in the THz frequency range. The detector responsivity was
estimated via calibration with a 532 nm CW diode laser
chopped at 10 Hz with 1.5% duty cycle and assuming the
absorption spectrum as that given by the manufacturer data
for this detector. The maximum observed signal of 110 mV
in Fig. 2(a) was found to correspond to a THz pulse energy
of approximately 0.3 μJ. The losses from the quartz window
were independently measured to be ≈50%. Disregarding
other potential transport losses that were largely unknown,
the pulse energy at source exit can be estimated as exceed-
ing 0.6 μJ.
A representative interferogram registered at 300 μm gap

and corresponding CCR spectrum are shown in Fig. 3.
Figure 3(b) also shows spectra at 480 and 910 μm gaps. The
interferograms were collected by averaging the response of
the pyroelectric detector for 50 successive shots at each delay
step. The standard error for each data point is smaller than

(a)

(b)

FIG. 2. Variation of CCR pulse energy with machine param-
eters. (a) CCR signal as a function of the linac off-crest phase at
bunch charge of 90 pC and 2a ¼ 540 μm. (b) Dependence of the
CCR energy on bunch charge at maximal bunch longitudinal
compression; 2a ¼ 590 μm.

(a)

(b)

FIG. 3. (a) Interferogram for structure gap 2a ¼ 300 μm.
(b) Example CCR power spectra calculated from corresponding
interferograms for structure gaps of 300 μm, 480 μm, and 910 μm.

CONTINUOUSLY TUNABLE NARROW-BAND … PHYS. REV. ACCEL. BEAMS 22, 091302 (2019)

091302-3



the size of the pointmarker. TheCCRspectrawere calculated
from fast Fourier transform of the interferograms without the
use of apodization or zero-padding to smooth and increase
the apparent spectral resolution. Broadband coherent dif-
fraction radiation (CDR) could make a significant contribu-
tion to theCCRspectra [9]. Thiswas not investigated in detail
but the absence of a peak at 0 ps delay in Fig. 3(a) clearly
indicates that the contribution of CDR is negligible due to
our experimental configuration, similar to [2], with output
horn at the exit of the DLW and the fact that CDR from the
OAP hole is largely lost during transport to the MPI.
The continuous tunability of the CCR source under

investigation with thin δ ¼ 25 μm dielectric is demon-
strated in Fig. 4(a). The fundamental mode frequency
varies from 0.55 to 0.95 THz, as the gap of the DLW
structure varies from 150 to 1100 μm. For comparison,
experimental data obtained with quartz layers of 100 μm
and 200 μm thickness and the same planar geometry of
the DLW structure is also given in Fig. 4(a). As expected,
the tunability of structures with thicker dielectrics was
greatly reduced and the intensity of HOMs was higher.
The measured frequencies agree, within experimental errors,
with the theoretical predictions fromEq. (2). The analytically
calculated frequencies are corroborated by CST Wakefield

Solver simulations that are shown with open circles in
Fig. 4(a). Higher order modes (HOMs) are noticeable in
the CCR spectra, with horizontal HOMs (LSM1;0) excited at
frequencies approximately 0.1 THz higher than the funda-
mental mode. Vertical HOMs were also excited, in the
frequency range 1.2 to 1.4 THz (LSM0;1). All HOMs
exhibited very low intensity that could be further reduced
in amplitude by increasing the transverse electron beam
aspect ratio from 1∶1 (horizontal to vertical) to 5∶1, as was
observed in these experiments.
Vertical error bars shown in Fig. 4(a) represent FWHM

values of the measured spectral lines [Fig. 3(b)] that
amount to 50–60 GHz across the whole DLW gap range
with the exception of the smallest gap of 140 μm at which
the FWHM is approximately 150 GHz. At this gap, the
signal to noise ratio was low in the interferogram thus
affecting accuracy of the spectrum calculation. With the
limited interferometer stage travel range used in Fig. 3(a),
the lower limit of the measured width of the spectral lines
is ≈50 GHz. In reality, the bandwidth of the spectral line
should vary significantly over the tunability range of the
DLW. This can be estimated from the time-bandwidth
product assuming a rectangular envelope of the THz pulse.
The radiation pulse length is given by

Δt ¼ L
1 − βg
βgc

ð3Þ

where L is the structure length and βg is the group velocity
of the LSM0;0 mode (normalized to c) which, in turn, is
calculated from the dispersion relation in [23]. Both the
group velocity and the pulse length are presented in Fig. 4(b)
as a function of the structure gap. At larger gaps of
≈1000 μm, the minimum theoretical bandwidth is expected
to be 50–70 GHz which is consistent with the measurements
[Fig. 4(b)]. At lower gaps, 2a < 200 μm, the minimal
bandwidth should reduce to below 10 GHz. Dielectric and
waveguide losses and dispersion within the structure would
also affect the actual bandwidth of the radiation. Investigation
of these effects and improvement of the interferometer
spectral resolution is the subject of further studies.
The CCR pulse energy varied significantly across the

DLW tunability range as shown in Fig. 5. The absorption
spectrum of the pyroelectric detector is approximately flat
across the frequency range of Fig. 5, as follows from the
data provided by the manufacturer. These measurements
were made with the pyroelectric detector within the inter-
ferometer as opposed to direct measurements in Fig. 2. The
electron beam in thesemeasurements had a finitevertical size
of σy ¼ 70 μm that caused effective beam losses through
the structure with gaps lower than 500 μm (f0 > 0.7 THz).
Assuming a Gaussian transverse distribution and quadratic
dependence of the CCR pulse energy on bunch charge,
the experimental data in Fig. 5 (red dots) was adjusted to
show the expected signals without beam losses (black dots).
The detector peak signals are plotted against frequency of

(a)

(b)

FIG. 4. (a) Measured frequency of the fundamental mode as a
function of the structure gap at three dielectric thicknesses of 25,
100, and 200 μm. Vertical error bars represent FWHM width of
spectral lines. Solid lines are solutions of the dispersion relation
in Eq. (1). (b) Calculated CCR group velocity, relative to the
speed of light in vacuum, and corresponding CCR pulse length
[Eq. (3)] as a function of the structure gap for the case of 25 μm
thick dielectric.
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radiation using the measured relation between the structure
gap and frequency as shown in Fig. 4(a). Maximal CCR
power was registered at f0 ≈ 0.65 THz. Reduction of power
at lower frequencies can be attributed primarily to the lower
strength of wakefields at larger structure gaps [19,23]. At
higher frequencies, the dominant factor would be a reduced
coupling into the fundamental mode due to the finite length
of the electron bunch. To estimate theoretically the CCR
pulse energy as a function of structure gap (and therefore
frequency), the both relative power and pulse length of the
LSM mode were calculated. The relative power of the
LSM0;0 mode as a function of structure gap was calculated
from the 2DPoynting vector integrated across thewaveguide
cross section. This accounts for both relative spatial variation
and amplitude variation of the fields as a function of structure
gap. The equations used are given in [19]. The pulse length
was calculated from Eq. (3), using the variation of βg with
structure gap [Fig. 4(b)]. To account for coupling of the
bunch to themodewith frequency f0, a Gaussian form factor
was used with σt ¼ 0.3 ps. This expression was normalized
to fit the measured power as a function of structure gap.
Equations (1) and (2) were used to write the final expression
as a function of CCR frequency f0. The measured data in
Fig. 5 is plotted against the measured frequency [Fig. 4(a)],
hence the discrepancy at low frequencies (0.5 to 0.6 THz)
where the measured CCR frequency was higher than the
theoretical predication. To demonstrate the sensitivity of the
CCRpower to bunch length the predictionwith σt ¼ 0.25 ps
is included in Fig. 5.
Whilst this source requires a relatively high energy

electron beam to produce THz radiation, it should be
considered as part of the overall accelerator facility adding
a highly compact and cost effective component. In the
context of an accelerator facility, this source benefits
strongly from intrinsic synchronisation to the electron beam,
which is an advantage for pump-probe type experiments.

This tunable source could be incorporated into relatively
compact and cheap accelerator based THz sources similar
to [10]. Alternatively, it could be incorporated into future
high energy laser plasma accelerators, which are capable
of producing high energy ultrashort electron beams suitable
for CCR generation.
A number of THz applications would require high

instantaneous radiation power as well as high pulse energy.
These requirements may not be fully satisfied at high
frequency end, >0.8 THz, of the tunability range because
of reduced pulse energy [Fig. 5] and increased pulse length
[Fig. 4(b)]. The former can be alleviated by decreasing bunch
length to sub-100 fs levels and increasing the bunch charge
to nano-Coulomb range. Both parameters can be achieved
withmodern accelerators. Significant increase inTHz energy
per pulse with shorter bunches is illustrated in Fig. 5 where
theoretical predictions of the pulse energy are given for
bunch lengths of 0.3 ps and only slightly reduced 0.25 ps.
The CCR pulse length can be reduced, and instantaneous
power increased, by introducing a frequency chirp along the
pulse followed by a dispersive pulse compressor as discussed
theoretically in [27]. With planar DLW structures, this chirp
could be readily implemented by making the structure gap
longitudinally tapered, with the taper also being tunable.
With the DLW parameters used in these experiments,

the tunability range is limited at both high and low frequency
ends. At high frequencies, the limitation stems from
decreased coupling between the beam and wakefield and
increased beam losses due to the smaller structure gaps
required. The low frequency limit is effectively governed by
the dielectric thickness andoccurswhenno further frequency
change takes placewhile varying the structure gap [Fig. 4(a)].
For the structure used this occurs at 2a > 2 mm with a
fundamental frequency of f0 ¼ 0.45 THz. Extending the
frequency range beyond demonstrated in these experiments
is feasible by manipulating the DLW parameters, primarily
dielectric thickness δ and the dielectric constant of the
material. For example, decreasing δ to ∼10 μm and below
can extend the frequency to 2–3 THz. This however can be
achieved only at the expense of the reduced THz pulse
energy, which can be offset by reduction of the bunch length
and transverse beam size. Detailed analysis of these options
is the subject of further investigation.
In conclusion, we have demonstrated continuously tuna-

ble THz coherent Cherenkov radiation from a planar dielec-
tric lined waveguide with variable gap driven by sub-ps
electron beam in a wide frequency range of 0.55–0.95 THz.
The strong agreement demonstrated between experimental
results and theoretical predictions—across a wide range of
dielectric thicknesses and gaps validates these analytical
models,which can be used in the design of bothCCRsources
and future DWA accelerators. With the thin 25 μm dielectric
layers employed, the output radiation is narrow-band and
predominantly in a single fundamental mode. Excited
higher order modes are of negligible intensity. The THz

FIG. 5. Variation of CCR pulse energy as a function of
fundamental frequency. The data (red dots) is also adjusted for
loss of charge due to finite transverse electron beam size (black
dots). Solid and dotted lines are theoretical dependencies for two
bunch lengths of 0.30 ps and 0.25 ps.
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pulse energy varies across the frequency range due to
variation in the structure gap and coupling coefficient to a
fundamental structuremode peaking at f0 ≈ 0.7 THz. Given
the relatively small bunch charge of 70–90 pC available for
these experiments and largely unknown losses of the
quasioptical THz transport, we did not aim to demonstrate
high levels of THz pulse energy and estimate it to be a
fraction of a micro-Joule across the tunability range.

The authors thank CLARA/VELA commissioning team
for preparation of the accelerator for these experiments and
Mark Surman at STFC for help with THz diagnostics.
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