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Generation of coherent Smith-Purcell (cSPr) and transition/diffraction radiation using a single
bunch or a pre-modulated relativistic electron beam is one of the growing research areas aiming at
the development of radiation sources and beam diagnostics for accelerators. We report the results
of comparative experimental studies of terahertz radiation generation by an electron bunch and
micro-bunched electron beams and the spectral properties of the coherent transition and SP radia-
tion. The properties of cSPr spectra are investigated and discussed, and excitations of the funda-
mental and second harmonics of cSPr and their dependence on the beam-grating separation are
shown. The experimental and theoretical results are compared, and good agreement is demon-
strated. © 2018 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1063/1.5009396

There is a growing interest in the generation of high
power (kW level), narrow-band terahertz (THz) radiation
(frequency ranging from 0.3 THz to 10 THz). The studies of
different mechanisms of THz lasing is an active research
area which addresses challenges in physics and drives the
developments of other branches of science including biol-
ogy, chemistry, medical science, and humanitarian studies
(archaeology, study of historical artefacts including paintings
and stone objects).'”” One of the ways to generate high
power THz radiation is to use a high energy (above 1 MeV)
electron beam consisting of either a single, high-charge
sub-picosecond long bunch or a number of equally spaced
low-charge femtosecond micro-bunches®'! (pre-bunched
electron beam). There are several methods of generating
coherent THz radiation using such beams including transi-
tion, diffraction, and Cherenkov mechanisms.” '3 However,
all of them either cause a beam loss, material activation/
destruction, and/or have overall a low energy conversion
efficiency, i.e., from electron kinetic energy to THz radia-
tion. A possible alternative is a THz coherent Smith-Purcell
radiation (cSPr) which can be observed if an electron beam
propagates above a metal grating (Fig. 1) having either a
mm and a sub-mm period,'"'*"'° preventing destruction or
activation of the grating. In Fig. 1, the contour plot of the
electro-magnetic field generated by a sub-picosecond elec-
tron bunch (45 MeV, 0.1 nC) propagating above (1 mm sepa-
ration) the grating (0.6 mm period, 30° blazed angle) is
shown. The plot is generated using the 3D PIC code Magic'’
and shows excitation of surface fields on the grating and its
scattering on the discontinuities (grating’s edges). The inset
shows the wave-form of the total electromagnetic (EM) sig-
nal measured at the point located 1 cm above the middle of
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the grating. The wave-form shows the presence of coherent
diffraction (first two single envelope pulses) radiation (cDR)
and cSPr (oscillating, frequency chirped pulse). The grating
operates as a radiator and as a dispersive media scattering
radiation as defined by the dispersion relation (1) allowing
stable, single frequency to be observed at a specific angle

/1:%([371 —cos0). (1)
m

The dispersion relation (1) links the radiation wavelength 4,
the electron beam normalised velocity f3, the observation
angle 0, and the grating period d., and m is the harmonic
number. It allows selecting a specific frequency w; with
bandwidth Aw = w;/mNy (Ng = Lg,/d. and L, is the grat-
ing length) by locating the output port at the correct angle
0; with respect to the direction of propagation of the
beam.'"'*1% It is worth noting that the beam-radiation
energy conversion efficiency in the case of cSPr can be opti-
mised for a specific application since the energy of the cSPr
pulse scales according to the square of the number of periods
in the grating.'"'"*'%1¥2% The spectrum of the radiation

1 cDR ~19ps

cDR ~30ps
cSPr pulse length 50ps

electron 65 time (ps)
bunch

z (mm)

FIG. 1. A contour plot of the electro-magnetic field generated by an electron
bunch propagating above a grating (0.6 mm period). The inset shows the
waveform of the signal generated by the bunch propagating above the grating
with ¢SPr (grating radiation) and cDR (edge radiation) pulses indicated.

© Author(s) 2018.
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generated by a single short (in comparison to the operating
wavelength) bunch covers a broad range of frequencies, and
the intensity of THz radiation in this case is limited by the
bunch chargemf16 (i.e., the number of the electrons in the
bunch) which is, in turn, limited by Coulomb repulsion.
Thus, the space charge Coulomb repulsion effectively limits
the output power of THz radiation, and to overcome this
limitation, the modulated beam, i.e., train of low charge
micro-bunches, is required. Indeed, the advantage of using
the train of the multi-bunches is the possibility of operating
at very high, total average charge while avoiding space
charge limitations usual for the case of a single bunch. Let us
consider a train of N, electron micro-bunches with N, elec-
trons contained in each micro-bunch. In this case, the inten-
sity of radiation generated in a solid angle by such a train
can be presented as

dl dl
(d_Q> wrain = (d_Q> | (NeNhSinc(CU) +N.N, (NbNg — 1)83011((1))) ,

(@3]

where S;,. and S.,;, are the incoherent and coherent form fac-
tors (normalized to unity), respectively. When the length of an
individual micro-bunch is shorter as compared with the radia-
tion wavelength, the first term in brackets N,N,S;,. becomes
negligible in comparison to the second term in Eq. (2) which is
proportional to (NLN,,)Z, and coherent Smith-Purcell radiation
(cSPr) is observed. The expression (2) is written for a train of

%} , indicating that the

bandwidth of the spectral line generated by the train of micro-
bunches is Awg = wg /Ny, where @y =27n/T and T is the
interval between the micro-bunches (see also Refs. 10-12).
One notes that the general form of Eq. (2) is the same for cSPr
and cTr with only a difference in the first term (dl /dQ), which
is specific for each type of radiation. One of the aims of the
experiments was to compare widths of the spectral lines of cTr
and cSPr signals observed by a single detector at a specific
position in a far field zone, showing that the cTr spectral
line width is proportional to N, ', while the cSPr spectral
line width is proportional to N g,fl (unless Nj, > N,,). In both
cases, the detectors were positioned at 90° to the beam tra-
jectory (Fig. 2). We note that the cTr was generated from
the aluminium target (Fig. 2), which was removed during
the cSPr studies. If a pre-bunched electron beam is used
[Ref. 11a], the spectral characteristics of the output radiation
will strongly depend on the periodicity of the micro-
bunches which is challenging to control. Nevertheless, the
stability of the frequency generation can be very important
for a number of applications,' and the use of the SP mecha-
nism of the radiation generation allows the frequency stabil-
ity issue to be solved in a rather simple and elegant manner.
Indeed, it is understood that the dispersion relation [Eq. (1)]
is valid for a pre-bunched beam and locating the output port
at a specific angle will “lock” the output frequency of the
observed signal. In this letter, we report experimental obser-
vations of both ¢SPr and coherent transition radiation (cTr)
generated by electron beams consisting either of a single
femtosecond (fs) bunch or a periodic train of fs-long micro-
bunches (/, is the distance between the micro-bunches). The

micro-bunches and S, (®) ~ [
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Bolometer

grating

Interaction chamber

FIG. 2. The schematic of the experimental setup. The Al film before the
chamber is used to produce cTr and can be moved in and out. An electron
beam of approximately 100 um diameter passing over a copper grating gen-
erates cSPr which is collected by a system of flat and parabolic mirrors at
90° and subsequently measured using a bolometer.

features of the observed cSPr and cTr will be compared, and
the results observed will be discussed.

The experiments were carried out at the Tsinghua
Thomson scattering X-ray source (TTX)*'*** (Tsinghua
University, Beijing, China). The facility allows the genera-
tion of high-current modulated electron beams, i.e., a train of
micro-bunches with tunable periodicity? (see Ref. 22 for the
beam parameters as well). After the injection into the accel-
erator, the beam undergoes additional acceleration and
passes through dispersive and compression stages where
nonlinear longitudinal space charge effects lead to the forma-
tion of the micro-bunched electron beam. TTX facility is
also capable of generating single fs-electron bunches, whose
longitudinal profile can be controlled by a chicane located
before the THz chamber, making TTX extremely suitable for
THz studies. The beam’s total charge can be varied from a
few pC to 1 nC, and the maximum beam energy is around
45 MeV. The experimental setups are shown in Fig. 2 show-
ing two detectors (Golay cell and Bolometer) which were
placed outside the vacuum chamber and positioned at obser-
vation angle 0 = 90° toward the beam trajectory. The mea-
surements were performed using cTr and cSPr stages, and in
both cases, a single fs electron bunch and a train of seven
fs-long micro-bunches with a variable period were used. To
study cSPr, two 10mm wide and 110mm long gratings of
periods 0.3 mm and 0.6 mm and with blaze angles o = 45°
and 30°, respectively, were used. To start, the single bunch
mode was used to generate cSPr from the 0.3 mm period
grating aiming at the observation of the cSPr intensity depen-
dence on the bunch compression at the grating position. The
magnetic field of the chicane controls the electron bunch
compression (the bunch length), and it was adjusted by vary-
ing the chicane current to observe the highest intensity, and
the optimal (for cSPr signal generation) bunch parameters
were achieved for the chicane current around /., = 35 A [Fig.
3(a)]. A further increase in the chicane current led to a
decrease in the amplitude of the radiated signal. In Fig. 3(a),
the dependence of the intensity of the cSPr signal (from the
0.3 mm period grating) at around 1 THz on the chicane cur-
rent is demonstrated. For a chicane current in the range
20 A-32 A, there is an approximately exponential increase in
the intensity, which reaches a “plateau” in the region
32 A-37 A. Thereafter, there is an approximately exponential
decrease in the signal amplitude. One notes that the
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FIG. 3. (a) Amplitude of the normalised cSPr signal measured at approximately 1 THz versus the chicane current for the 0.3 mm period grating. (b) A typical
interferogram and spectrum of the cSPr signal measured when the chicane current was set at 35 A.

dependence of the cSPr signal on the chicane current reflects
the dependence of this signal’s amplitude on the length of
the bunch for a given frequency previously predicted and
expected'* %1820 byt not yet measured. To measure the
frequency of the cSPr signal, the Michelson interferometer
was used and the interferogram (top plot) and frequency of
the signal are shown in Fig. 3(b). The spectrum broadening,
Aw; =2 64 GHz [Fig. 3(b)] instead of the expected 3 GHz,
is explained by the width of the acceptance apertures of
the THz detectors and the THz chamber output optics
AO; = £1.75°. The appearance of the side-bands [Fig. 3(b),
dotted circles] in the spectrum can be explained by the cDR
(see Fig. 1), manifesting itself by the appearance of high and
low frequency sidebands outside the expected cSPr line and
by the increased width of the pedestal. To investigate further
the peculiarities of cSPr, the dependence of the second

harmonic [Fig. 3(b), observed from the 0.6 mm-period grat-
ing and 700 pC bunch] intensity on beam grating separation
was studied. The use of 0.6 mm grating allowed us to stay in
the operating frequency range of the detectors. In Fig. 4, the
spectrum of the cSPr signal, measured at an observation
angle 6 = 90°, is shown. The fundamental and the second
harmonics were observed, and the insets show the depen-
dence of the sum of the intensities of both harmonics versus
beam grating separation x, (top figure) and the dependence
of the second harmonic intensity on x, (bottom inset). In the
latter case, the fundamental harmonic was filtered out using
a narrow-band-pass filter. The insets show the exponential
decay of the amplitude of the signals with increasing x,. The
expression for the best fit line in the case of second harmonic
is y=12.5¢/!2* 1+ 1.74 which agrees well with the
expected value of coupling parameter 4, ~ 1.2.'471°
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FIG. 4. cSPr spectrum from the 0.6 mm period grating. The inset illustrates the measured signal versus beam-grating separation for the total energy and the

filtered second order (1 THz), respectively.
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To study THz lasing by a micro-bunched beam, the
accelerator was tuned to produce trains of seven tens of fem-
tosecond long, electron micro-bunches. The spectra of the
cTr and cSPr (observed from both the 0.3 mm and the 0.6 mm
gratings at 0 = 90°) are shown in Figs. 5(a) and 5(b), respec-
tively. These were generated by the micro-bunch trains of
periodicities 1 ps and 1.2 ps, respectively. In Fig. 5(a), the
spectrum of the cSPr signal (solid red line) is narrower
(Aw; = 64 GHz), and it has no sidebands as compared with
the c¢Tr signal (dashed black line, Awy = 160 GHz). The dif-
ference between the spectra shown in Fig. 3(b) (single bunch
generated) and Fig. 5(a) illustrates that the amplitude of cDR
in the second case is much lower, and it does not affect the
cSPr spectrum. Also, a comparison of Figs. 3(b) and 5(a)
demonstrates that the frequency observed at 90° and its line
width are independent of the bunch train structure (single
bunch or micro-bunches) and depend only on the grating
parameters. Indeed, the amplitude of the spectral line is a
function of beam parameters,1 12023 byt its position and width
depend only on the grating parameters (unless N> N,,). In a
separate experiment, a micro-bunch train of periodicity 1.2 ps
was driven over the 0.6 mm grating (instead of the 0.3 mm
grating). The change in gratings was done in order to improve
the separation of the spectral lines (better visualisation). As in
the previous experiment, both c¢Tr [Fig. 5(b), dashed lines]
and cSPr [Fig. 5(b), solid red line] signals were measured.
Both interferograms (top figure) and spectra (bottom figure)
are shown in Fig. 5(b). We note that the width of the cSPr sig-
nal spectral line did not change (Aw; = 64 GHz), showing
output optics and interferometer limited resolutions. There
are also clear differences of the line widths of the cTr spectra
shown in Figs. 5(a) and 5(b) (Awy = wo/Np). In both cases,
the number of the macro-bunches was N, = 7, but the micro-
bunch spacing was different, 1.0 and 1.2 ps, respectively
[wo = 1 THz,0.83 THz, see Figs. 5(a) and 5(b), respectively].
There are clear differences between two spectra (compare
side bands and pedestals). In Fig. 5(b), the spectral width of
the pedestal of the cTr signal at the level above 0.1 of the

-
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amplitude is broader as compared with the cSPr pedestal. The
spectral line width of the cSPr is Aw; =2 64 GHz, while the
width of the cTr line changed from 160 GHz when the micro-
bunch spacing was 1.0 ps to about 80 GHz when this spacing
was increased to 1.2 ps [Figs. 5(a) and 5(b)]. This line width
variation could be explained by a variation of the number of
well-formed micro-bunches.?? Also, in the cSPr spectrum, the
presence of the second harmonic is clear, with an amplitude of
about 20% that of the fundamental. We note that shifting the
micro-bunch train periodicity to 1.2 ps (0.83 THz) while carry-
ing out the cSPr signal measurements at 0.5 THz [Fig. 5(b)]
resulted in a decrease in the amplitude of cSPr fundamental
harmonic® which became comparable with the second har-
monic. Overall comparing the results, we see that the cTr has a
relatively broader spectrum with sidebands and a maximum
located at 0.83 THz (1.2 ps micro-bunch spacing), while the
cSPr spectrum line is still narrower and located at 0.5 THz,
which corresponds to the operating wavelength A = d, defined
by the dispersion relation [Eq. (1)]. In both cases [Figs. 5(a)
and 5(b)], the position and width of cTr spectra (driven by a
train of micro-bunches) are defined by the periodicity of the
micro-bunches and their number, while in the case of the cSPr,
it solely depends on the period of the gratings. The indepen-
dence of the spectrum on the beam parameters makes the cSPr
attractive for applications where spectrum stability and narrow
line width are required, while the dependence of the cSPr
intensity on grating length makes it also attractive for high
power applications.

To conclude, we report the results of experiments that
compared the spectral properties (line position and its width)
of cSPr and cTr THz radiation generated using a 45 MeV
beam with a total charge up to 700 pC, and a transverse
dimension of ~100 um was used. To generate the radiation,
the beam was delivered to the THz chamber either in the
single-bunch or in the micro-bunch modes, and in the latter
case, the spacing of the fs-long micro-bunches could be var-
ied between 1.0 and 1.2 ps. We demonstrated that the cSPr
intensity varies with the change in the bunch compression,

-
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FIG. 5. Comparison of the spectra of cSPr (solid lines) and cTr (dashed lines) for (a) the grating of the 0.3 mm period and micro-bunch train of 1 ps periodicity
and (b) the grating of the 0.6 mm period and micro-bunch train of 1.2 ps periodicity.



053501-5 Liang et al.

i.e., the bunch length and excitation of the second harmonic
were also observed. We show that, unlike cTr, the cSPr
spectrum line position and its width measured at a specific
observation point do not depend on the periodicity of the
micro-bunch train but are defined by the grating parameters,
while (as expected from Ref. 23) the amplitude of the spec-
tral line is a function of the periodicity of the micro-bunches.
The reported results of the experiments should further

advance the development of THz sources and help in bridg-
bal 24

ing the “THz gap”.
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