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We report on the radiation studies performed at the CLEAR facility of CERN in the sub-THz range,
exploiting picosecond ultrarelativistic electron bunches for the production of coherent radiation. The
coherent radiation, produced by different mechanisms (in particular coherent transition radiation), has been
fully characterized using different techniques and detectors. The main aim has been that to setup a new
beam-based source of radiation in the mm-waves for external users, individuating the performances and the
limitations. Moreover the coherent radiation has been used for longitudinal diagnostics, providing reliable
bunch length values consistent with other diagnostics. Transverse shaping of the radiation source has been
also demonstrated via control of the size and divergence of the electron bunch at the source plane. The
mechanism yielding the highest peak-power has been the Cherenkov-Diffraction Radiation, providing
~0.1 MW. The current performances of the CLEAR THz source seem to be more suitable for high-
average-power than high-peak-power applications. Future plans and strategies will look toward the

realization of a high-peak-power source, providing ~10-100 MW THz pulses.
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I. INTRODUCTION

Terahertz radiation, commonly addressed as the electro-
magnetic radiation within the range of frequencies 0.1—
20THz (1 THz corresponding to 33 cm~! wave number,
8 meV temperature and 300 mum wavelength), has a strong
impact in many areas of research, from the time-resolved
study of matter [1], to the quantum control of materials [2—
5], to plasmonics [6-9], then tunable optical devices based
on Dirac-electron systems [10], biological [11] and tech-
nological applications such as medical imaging [12] and
security [13]. Striking applications for novel acceleration
techniques exploiting high-intensity THz radiation have
also been proposed and successfully tested [14-18].
Interest toward novel techniques of acceleration/deflection
of particles driven by high intensity THz fields is rapidly
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growing within the scientific community and the race has
started to the realization of sources with various perfor-
mances all over the world. THz sources can normally be of
two types: beam-based or laser-based. For beam-based is
meant here a source which makes use of ultrashort (<1 ps)
electron bunches for producing THz in the guise of
coherent radiation. Another important kind of beam-based
sources are free electron lasers [19-24], nevertheless not
treated in this work. Laser-based sources are related to the
optical rectification (or even to the difference frequency
generation) of infrared pump lasers (fs) propagating through
non-linear crystals [25]. Laser-based sources currently
retain the primacy in terms of energy per pulse delivered,
obtained by use of optical rectification of TW-class pump
lasers in organic crystals, and therefore in terms of intensity
and associated electric fields generated (up to 1 GV/m
[26]). Also spectral and temporal shaping has been dem-
onstrated in both laser-based and beam-based sources.
Spectral and temporal shaping are two aspects which are
intimately connected in this kind of THz radiation studies,
due to the temporal coherence. Shaping by lasers is possible
by acting on the temporal structure of the pump laser pulses
[27,28], on their non-linear spectral phase [25] or even
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exploring different kind of crystal compositions and size.
Shaping by electron beams is performed by inducing
modulations on the bunch structure at the picosecond level.
This is feasible for photoinjectors via a previous shaping of
the temporal structure of the photocathode laser pulse
[27,28]. Energy per pulse of few tens uJ have been
demonstrated by beam-based sources, when using electron
bunches shorter than 1 ps and with a charge up to hundreds
of pC, corresponding to high peak powers of the order of
MW [27,28]. The CLEAR user facility at CERN hosts an
electron LINAC (LINear ACcelerator) providing ps electron
beams suitable for THz and sub-THz radiation studies.
These kind of studies have been performed and the summary
is reported in form of the present article. The performances
of the source have been individuated and parameters for
users have been determined. The uniqueness of the CLEAR
system is the possibility to provide trains of hundreds of ps-
bunches of many tens of pC charge with a repetition rate up
to 10 Hz. This means high fluxes of sub-THz energy over
time can be produced, as it has been experimentally
observed. In particular the best performance of the
CLEAR source has been ~0.1 MW peak power with energy
~400 pJ delivered per second as a train of 200 pulses of ps-
duration. In brief, an average power of about half mW,
peaked at 60 GHz with a relative bandwidth of 100%. The
energy in a ~10 GHz bandwidth around 0.1 THz was
around ~40 puJ, still interesting for THz applications. In
particular, these kind of performances are quite attractive for
spectroscopic and imaging applications, given the high
integrated flux of energy achievable, as well as for testing
various detectors and detection techniques. Applications in
accelerator physics will require beam improvements in
terms of charge per single bunch and single bunch duration
in order to increase the peak power up to the hundreds of
MW, at least. This is the goal for the next future. Meanwhile,
different kind of sources have been explored based on
different mechanisms of radiation, as coherent transition
radiation (CTR), coherent diffraction radiation (CDR) and
coherent Cherenkov-diffraction radiation (CChDR)
[29-31]. The experimental comparison among different
mechanisms in terms of peak power and energy per pulse
has been made, showing that CChDR is more promising
than the other mechanisms. Furthermore bunch length
studies have been carried on, due to the synergy between
coherent radiation and bunch form-factor, allowing for
bunch length measurements. These tests have shown con-
sistency between the coherent radiation-based longitudinal

CLIC BPMs CLIC Acc. Struct.

FIG. 1.

diagnostics and the other diagnostics along the accelerator
beamline, as the rf-deflector and the streak-camera mea-
surements of optical transition radiation (OTR). At least two
techniques have been tested successfully, a standard one
related to the direct retrieval of the bunch form-factor and
another one exploiting the signal ratios at different frequen-
cies. Finally, spatial and angular shaping of the radiation
source has been verified by controlling the size and the
divergence of the electron beam at the radiator plane. Future
plans for the optimization of the performance of the CLEAR
sub-THz source are object of discussion of Sec. VI. These
will foresee the use of different radiators/radiation mecha-
nisms as well as the improvement of the beam parameters, as
the charge per single bunch and the shortness.

II. THE CLEAR FACILITY AT CERN

The CLEAR (Cern Linear Electron Accelerator for
Research) facility is an electron LINAC machine, descend-
ing from a proposal to adapt and reuse CALIFES, the CTF3
(CLIC Test Facility) probe beam injector, as an electron
injector for a new test beamline. The accelerator hall is
approximately 42 m long and 7.8 m wide. The CLEAR
beamline is composed of the CALIFES injector which is
approximately 25 m long, followed by a 16 m-long
beamline, as shown by Fig. 1.

The electron beam is generated on a Cs2Te photo-
cathode (QE > 0.3%, lifetime 1 year) pulsed by an UV
(converted from IR) laser [32,33]. The main laser param-
eters are summarized in Table I. The rf-gun, developed and
built by LAL-Orsay [34], is followed by three LEP Injector
Linac (LIL) [35,36] 4.5 m-long accelerating structures [37].
The first structure can be used to tune the bunch length
from 0.5 ps to 10 ps rms. by means of velocity bunching.
The gun, the buncher and first accelerating structure
are immersed in a tunable solenoid field for focusing and
space charge compensation. A matching section with three
tunable quadrupoles and a spectrometer line complete the
injector. CALIFES is equipped with a rich set of beam
diagnostics [38]. In particular, bunch length measurements
are possible by means of an electro-optical spectral decoding
(EOSD) system [39], by streak camera measurements of
OTR light [40], by using a dedicated S-Band RF deflector
[41] or by detection of coherent radiation in the (sub-)THz
range, which is one of the main topics of the present paper.
The range of beam parameters obtainable at the end of
CALIFES, and therefore available for users, are summarized

Klystron (MKS31)

hing “or
Dipole .\LI\Lh\ﬂiL (@) - @) - “@)
Section |

Klystron (MKSI11) Klystron (MKS15)

chin,
S
0 user N [ @)

ot bumnhm-\ A P I ! e,

i et i rcamo Acsozo e

v Uit AL
ol A/ N > | 1 11
T Transv. diagn RE-GUN
meter

Longit. diagn Ace. structurés Corrector ~ Buncher ~ BPM ICT

The CLEAR beamline (from right to left).

020402-2



BEAM-BASED SUB-THZ SOURCE AT THE CERN ...

PHYS. REV. ACCEL. BEAMS 22, 020402 (2019)

TABLE I. Photo-injector laser parameters.

Laser parameter Value range

Energy onto the cathode [nJ/pulse] Up to ~200
Intensity stability rms < 3%

Spot size onto the cathode FWHM [mm] 1

Pointing stability onto the cathode rms [mm)] <02
Wavelength [nm] 262

Single pulse length FWHM [ps] 5
Frequency of the train of pulses [GHz] 1.5
Number of pulses in a train Up to ~200
Repetition rate [Hz] 0.833 to 10

TABLE II. Beam parameters at the end of CALIFES.

Beam parameter

Energy [MeV] 50 to 220
Bunch charge [nC] 0.001 to 1.5
Norm. emittance [pm] ~5

Bunch length rms [ps] 0.5 to ~10
Relative energy spread rms < 0.2%
Frequency of the train of bunches [GHz] 1.5

Number of bunches in a train Up to ~200
Repetition rate [Hz] 0.833 to 10

Value range

in Table II. The straight line ends about 20m after the first
spectrometer with a 100 ym thick aluminium window,
leaving ~1.5 m long in-air path for the beam. This area
presently hosts the sub-THz radiation studies.

III. SPECTRAL-ANGULAR CHARACTERIZATION
OF THE CTR SOURCE

In this section we show the spectral-angular studies of
sub-THz radiation produced as coherent transition radia-
tion. A full characterization of this kind has been useful for
different reasons. For example, as discussed in Sec. 1V,
knowing the angular distribution of the radiation, in
particular in the prewave zone, allows the determination
of the bunch length by use of a complete set of Schottky
diodes covering a range of frequencies from few tens to a
few hundreds of GHz. Also the determination of the source
size and of the angular distribution in the far field is
fundamental information for possible users of this radiation
source. We exploited two different setups, as shown by
Fig. 2. In the first setup the electron beam passed trough the
radiator, then the radiation was reflected back to the
detector, a Schottky diode (or a set of diodes) coupled
to a waveguide band-pass filter plus a gain-horn. Prewave
zone measurements were possible in this configuration.
The angular scan of the p-polarization was made. In the
second setup the electron beam passed trough the radiator,
then the radiation was collected/focused by an off-axis-
parabola, filtered by means of a band-pass-filter, finally

SETUP 1 SETUP 2
Electron Electron
Beam Beam
7 e A
Source | Source |
. )~ , " DET
" a v " BPF
BPF + DET OAP

FIG. 2. Setup 1: the electron beam e~ (blue line) passes trough
the radiator, then the radiation (orange line) is reflected back to
the detector (DET), a Schottky diode coupled to a waveguide
BPF plus a gain-horn. Prewave zone measurements are possible.
The angular scan of the p-polarization is made. Setup 2: the
electron beam e~ (blue line) passes trough the radiator, then the
radiation (orange line) is collected/focused by an off-axis-
parabola (OAP), it is filtered by means of a band-pass-filter
(BPF), finally reaches the detector (DET), in this case a THz
camera. Both far-field and near-field measurements are possible,
adjusting the relative position between the parabola and the
camera and/or the relative distance between the parabola and the
radiator.

reaching the detector, in this case a THz pyrocamera or a
pyroelectric sensor. Both far-field and near-field measure-
ments were possible, adjusting the relative position
between the parabola and the camera and/or the relative
distance between the parabola and the radiator.

The first results of spectral-angular characterization were
obtained by exploiting the first setup. The p-polarization of
the CTR radiation was studied in terms of its angular
distribution by rotating the radiator (an Al-coated screen,
200 pum thick, 10 cm diameter) along its principal axis in
order to scan the angular distribution at the detector
plane. The distributions obtained were then automatically
deconvoluted with the angular aperture of the detector, in
order to eliminate spurious contributions, more related
to the detection apparatus than to the source itself. The
frequencies studied with the zero-biased Schottky diodes
fell in different ranges, i.e., 0.071-0.073 THz, then 0.09—
0.14 THz, 0.14-0.22 THz and 0.22-0.33 THz (see Fig. 3).
For doing the angular scans the diodes have been used one
by one, with the possibility to insert and align one or
another by means of suitable optomechanics. The distance
between the radiator and the diodes was 30 cm. Since the
field of the electron bunch, responsible for the radiation
mechanism through electric polarization of the radiator
surface, had an extension yA (where y ~ 430 is the Lorentz
factor for 215 MeV electrons), much greater than the
radiator radius a = 5 cm, diffractive effects were dominat-
ing. The far-field zone in this configuration is calculated by
diffraction theory, and it corresponds to one Rayleigh
length za?/A. For A ~3 mm (corresponding to 0.1 THz)
the Rayleigh length is greater than 2 m, in turn much
greater than 30 cm, therefore the condition of prewave zone
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Profiles of far-field CTR (p-polarization) measured at different frequencies: 72 GHz (a), 90-140 GHz (b), 0.14-0.22 THz (c),

0.22-0.33 THz (d). Electron beam parameters (per single bunch): 215 MeV, 1.5 ps, 40 pC.

was encountered in the detection of this wavelength.
Figure 4 also puts into evidence the transition between
the prewave zone towards the far-field, since the distance
between the radiation lobes narrows and approaches to a
constant value. This means that the frequencies for which
the prewave condition stops holding strongly are emitted
approximately within the same angular aperture. The far-
field condition is fully verified when all the frequencies, are
emitted within the same lobe aperture. In fact, for wave-
lengths such that A < a the far field condition is not
anymore dictated by diffraction (Rayleigh length), but,
since backward radiation is here considered, the far-field
zone is reached after a distance comparable to the wave-
length itself. The comparison with simulations, in Fig. 5,
gave good agreement in terms of the distances between the

Signal [nJ/rad]

ik ,
-200 -100 O 100 200
o [mrad]

FIG. 4. Smoothed representation of the experimental results on
spectral-angular characterization of the CTR light emitted by a
215 MeV, 40 pC, 1.5 ps long electron bunch at 30 cm from the
source.

main lobes and in the scale of transition between the
prewave zone and the far-field zone. The slight disagree-
ment at frequencies below 0.1 THz in terms of lobe-width
was only an artefact of the smoothing algorithm used for
producing Fig. 4. During this study particular attention was
payed also on the quantitative determination of the radiated
energy, about 60 nJ, and of the peak power delivered, about
40 kW. These parameters referred to standard beam
parameters (per single bunch): 215 MeV, 1.5 ps, 40 pC.
This information shall be fundamental for possible users of
(sub-)THz at CLEAR and especially to understand in
which way to improve the CLEAR beam parameters to
get better performances of the source itself. The second
setup shown in Fig. 2 was exploited for doing the imaging
of the CTR source (near-field measurements) and also,
remotely controlling the optics, for characterizing the
angular distribution of the CTR source in the far-field.
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FIG. 5. Simulation of spectral-angular characterization of the
CTR light emitted by a 215 MeV, 40 pC, 1.5 ps long electron
bunch in the prewave zone at a distance 30 cm.
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FIG. 6. Far field and near field images (color palette in arbitrary units) of CTR over the whole spectral range of emission. Images (a)
and (b) show the near and far field CTR distribution, respectively, for a symmetric round electron bunch. Images (c) and (d) show the
near and far field CTR distribution, respectively, for an asymmetric electron bunch, demonstrating the possibility to control the energy
distribution of the radiation both in near and far field via a transverse shaping of the bunch (size and divergence at the source plane).
Electron beam parameters (per single bunch): 215 MeV, 1.5 ps, 40 pC.

These studies were clearly possible with the help of a
focusing optics, an off-axis parabola as already mentioned.
Figure 6 shows images of the CTR source and its angular
distribution over the whole spectral range of emission, i.e.,
without any band-pass filter in front of the camera. Images
of the upper row show the near and far field CTR
distribution, respectively, for a symmetric round electron
bunch. Images of the lower row show the near and far field
CTR distribution, respectively, for an asymmetric electron
bunch, demonstrating the possibility to control the energy
distribution of the radiation both in near and far field via a
transverse shaping of the bunch (size and divergence) at the
source plane. The electron beam parameters (per single
bunch) for this study were again 215 MeV of energy, 1.5 ps
the time duration and 40 pC the charge.

IV. BUNCH LENGTH DIAGNOSTICS

One of the first applications of coherent radiation at
CLEAR, in particular coherent transition radiation, was the
bunch length diagnostics. In fact, all the other longitudinal
diagnostics are placed upstream along the beamline of the

accelerator and having further diagnostics at the end of the
straight line before the last dump on the “in-air test-stand”
(Fig. 1) could be of great advantage for experiments in that
area. The strategy for bunch length diagnostics was that to
install a complete set of Schottky diodes, some of them
coupled to waveguide band-pass filters and each of them
coupled to gain-horns, covering a whole range of frequen-
cies from 26.5-300 GHz. The installation was exploited as
a (sub-)THz spectrometer for the longitudinal diagnostics
of the CLEAR electron bunches. This kind of experiment
referred to the Setup 1 in Fig. 2. Simultaneously, bunch
compression studies started, with the achievement of bunch
length compression down to few hundreds of femtoseconds
rms via velocity bunching. The bunch length compression
during these first tests was made only by varying the gun
phase in order to ease the beam transport along the
accelerator without changing any other parameter. This
allowed a direct comparison among the different diagnos-
tics, placed at different points of the beamline. The Schottky
diodes operating at higher frequencies (~0.1-0.3 THz)
where not used for making CTR spectroscopy or in general
to retrieve the bunch length, nevertheless they showed to be

020402-5



A. CURCIO et al.

PHYS. REV. ACCEL. BEAMS 22, 020402 (2019)

Signal [:rb. units)

« 90-140 GHz
of { 0.12-0.22 THz
{ { e 022-033 THz
of { {
“ € . 4 L & é
0180 200 220 240 260  CunPhaseldeq]

FIG. 7. Signature of the bunch compression versus the gun
phase, recorded for different ranges of frequency in the sub-THz
domain. When the bunch length is shortened from many ps down
to <1 ps, the “high”-frequency Schottky diodes detect greater
signals of coherent radiation.

useful monitors of bunch length compression, as described
by Fig. 7. The signal were processed for taking into account
the different relative sensitivities among the detectors and
also for the different solid angle of collection. The difference
in the absolute signal level among the detectors had also to
be related to the different bandwidths that the detectors were
able to collect. When the bunch length was shortened from
many ps down to <1 ps, these diodes were detecting greater
signals of coherent radiation accordingly. The sub-THz
spectrometer was used to characterize such short bunches
and it demonstrated to be working fine in the range of bunch
length 0.8—4 ps. The low limit being determined by the
poorer charge (between 1-10 pC) transported down to the
dump when compressing the bunch length only varying
the gun-phase and the upper limit given by the limited
availability of waveguide band-pass filters in the few tens of
GHz region. One example of CTR spectrum detected and
compared to simulations is given by Fig. 8 for a ~3 ps long
bunch. The validity of the bunch length measurements with
such a device was corroborated by the simultaneous use of
different longitudinal diagnostic devices, like the rf deflector
and the optical streak-camera, streaking OTR light, as shown
by Fig. 9. The radiation formulas used for the simulations

di/dv [uJ/THz]

— Simulation
— Exp. Data

0.5F
04
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0.2
0.1

I~ i v [THZ
0.08 0.10 [ ]

0 0.(.)2 0.64 0.66
FIG. 8. CTR spectrum, comparison between simulations and
experimental data for a bunch length of approximately
3 £ 0.5 ps. Oscillations at low frequencies are due to interference
effects related to the finite-size of the radiator [42]. Electron beam

parameters (per single bunch): 215 MeV, 3 ps, 40 pC.
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FIG. 9. Bunch length measurements with different techniques/
detectors. The bunch length compression in this case was made
only by varying the gun phase in order to ease the beam transport
along the accelerator without changing any other parameter. This
allowed a direct comparison among the different diagnostics,
placed at different points of the beamline. A full range 0.5 ps to
~10 ps has been demonstrated.

were Eqgs. (1) and (2), taking into account for the single-
particle emission intensity /g, with diffractive/near-field
corrections [42]. Notice that the nonlinear phase factor in
Eq. (1) approaches to zero for R > 1, i.e., for long distances
R of detection.

d]z a kp ikp2 2
®__ ¢ T (kosing\ K. (P k™ .
dQdw A 1(kpsin0)Ky {57 Jexp=p- Jodp| (1)
2w’
- drleycd py? (2)
dr,
e—(wf—w%)a% dQdw (wl’Ql) _ S (wl, Q]) (3)
d%"w(wz,ﬂz) Sy (@,,€2)
ar,
— 1 1005 (@02,99)S 1 (@1,9Q,) 4
O o — o2 og ar2, ( )
b2 1o (01,921) 85 (0,,Q,)

The quantities appearing in Eq. (1) are the elementary charge
e, the electromagnetic pulsation , related to the electro-
magnetic frequency v through @ = 2zv. The dielectric
constant of vacuum is &, the velocity of light in vacuum
is, as standard, c. The normalized velocity of the electron is

B =+/1—1/y*. Thewavenumberisk = w/c = 2x/1. The
Bessel function of first kind of order n are denoted by the
capital letter J,, while the Bessel of second kind are K,,.
Finally the angle 6 is the polar angle of emission.
Equation (1) describes the incoherent part of emission,
which, over the whole bunch of electrons, scales as the
bunch charge. Furthermore, except for corrections at low
frequency due to the finite-size of the radiator and at large
frequencies comparable to the plasma frequency of the
radiator, it exhibits a flat white spectrum. On the other hand

020402-6



BEAM-BASED SUB-THZ SOURCE AT THE CERN ...

PHYS. REV. ACCEL. BEAMS 22, 020402 (2019)

the coherent part of the radiation spectrum is obtained
multiplying Eq. (1) by the squared number of electrons
within the emitting bunch and by the so-called form-factor,
related to the temporal shape of the bunch. For a Gaussian
bunch the form-factor is exp (—w?c6?)/2x, where o, is the
rms bunch duration, measured on the current density profile.
The bunch length measurement through CTR radiation at
CLEAR have been performed following two different
methods. The first method, referring to the experimental
results of Fig. 8, was that of (sub-)THz spectroscopy of CTR
light. The frequency studied in this case where 36 & 1 GHz,
60+ 1 GHz, 72+1 GHz and 84 +1 GHz. This was
accomplished with a set of Schottky diodes placed at the
same polar positions, characterized with high-precision in
order to compare the different signals at the same time using
the results shown in Sec. III. The measurements where
recorded for a round bunch transverse shape with a rms size
0, < 1 mm. This method offered the possibility to exper-
imentally retrieve part of the bunch form-factor, and then
comparing with simulations for a Gaussian bunch, the best fit
was used to extrapolate the bunch length. A more complete
measurement of the bunch form-factor would have required
the possibility to detect radiation in the range of few tens of
GHz. This was not possible according to our availability of
detectors, therefore the assumption of Gaussian bunch was
necessary for doing a comparison and a best fit yielding a
bunch length value. Nevertheless the Gaussian-shape of the
bunch was verified by means of the rf-deflector measure-
ments and also the streak-camera measurements. The second
method adopted, still based on the assumption of Gaussian
bunch was related to the Egs. (3) and (4). Indeed, Eq. (3) tells
that the ratio between the radiation intensity S collected in
correspondence of two different frequencies within two
different solid angles (like in the setup with a whole set of
Schottky diodes used as a spectrometer) is proportional to the
ratio of the incoherent single-particle emission intensities
times a function F related to the bunch form-factor. The
inversion of Eq. (3) gives an expression for the bunch length
0., as prescribed by Eq. (4). Corrections to ¢, in Eq. (4) due to
the beam size o, at the detector plane are of the order ¢, /yc,
negligible in our case where o, <1 mm. Both the two
methods showed to be reliable and consistent. The spectrum
of Fig. 8 was recorded for a gun-phase ~210°, perfectly in
agreement with the multiple-diagnostics scan of Fig. 9.
Moreover the experimental points of Fig. 9 concerning the
THz spectrometer have been retrieved by applying the
second method, i.e., by use of the ratio between different
couples of signals, then implementing Eq. (3) and (4). The
advantage of the second method over the first one was that to
have the possibility to detect bunch lengths much shorter than
~2 ps, down to ~0.8 ps (Fig. 9). This was not possible with
the sub-THz spectrometer because the highest frequencies
which could be studied with that device fell below 0.1 THz,
corresponding in terms of bunch form-factor to a minimum
bunch length detectable =2 ps.

V. COMPARISON AMONG DIFFERENT
RADIATION MECHANISMS

Summarizing the performances of the CTR source pre-
sented in Secs. I and IV, the best performance of the CLEAR
CTR source was ~40 kW peak power with energy ~120 uJ
delivered per second as a train of 200 pulses of ps-duration.
Such performance was obtained by using the following
electron beam parameters (per single bunch): 215 MeV,
1.5 ps, 40 pC. These parameters, recurrent all through the
present article, consisted in a stable working point for the
CLEAR machine, being a compromise between the transport
of relatively high-charge per single bunch (~70-80% of the
total at the gun) down to the THz in-air test-stand, and bunch
compression accomplished with variations of the sole gun-
phase towards the ps-level. Beside the characterization of the
CTR source, further studies were carried on in order to
determine whether or not, and especially in which terms,
different radiation mechanisms could provide higher
performances. The two other mechanisms explored were
the coherent diffraction radiation (CDR) and the coherent
Cherenkov-diffraction radiation (CChDR). The CDR radia-
tor was a Al disk 200 pm thick with a hole in the center, the
external diameter being 10 cm, while the internal 0.5 cm. The
Cherenkov-diffraction radiator (made by teflon) was 5.4 cm
long with 5 cm base diameter, designed with a 5 mm diameter
hollow channel along the symmetry axis.

Spectroscopic measurements of the kind explained in
Secs. III and IV (related to the Setup 1 of Fig. 2), detecting
the spectral power at different wavelengths, allowed the
comparison among the CDR, CTR, and CChDR radiation
mechanisms. The CDR mechanism revealed to provide
pretty similar performances than CTR, as shown in
Table III. This was due to the fact that the cutoff frequency,
due to the hole in the middle of the CDR radiator, was
~4 THz. The cut-off frequency is the frequency which
cannot be produced since the bunch field (at that frequency)
does not reach the edge of the internal hole of the radiator,
therefore not polarizing the surface atoms for emitting
radiation. Since the coherence band, related to the bunch
form-factor was not extending sensitively above 0.1 THz,
the hole in the middle played only the role of decreasing by
few percent the amount of radiated power, not affecting the
radiation spectrum. Moreover, the yield of coherent radi-
ation by a 5 cm long Cherenkov radiator was studied by
inserting it along the electron beam path and then using the
CTR screen as a mirror for extracting the radiation out to
the detector. The teflon Cherenkov cone was cut in such a
way to build a forward plane-wave of radiation, copropa-
gating with the beam towards the mirror. A significant
enhancement of about a factor 3 higher in photon yield with
respect to a CTR/CDR radiator was observed at a radiator-
mirror distance of about 40 cm as well as a slight shift
towards a higher peak frequency (proper of the Cherenkov
mechanism itself), consistent with the observations in [43].
An average power of about half mW, peaked at 60 GHz
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TABLE III.

Parameters of the CLEAR sub-THz source for the

following electron beam parameters (per single bunch): 215 MeV,

1.5 ps, 40 pC.

Radiation mechanism: CTR

Peak Power [kW] ~40+£3
Average Power [mW] ~0.13 £ 0.01
Energy per pulse [nJ] ~60+5
Energy per train of 200 pulses [uJ] ~12+1
Peak frequency [GHz] ~40
Bandwidth [GHz] ~40

Energy per pulse at 0.1 THz [n]] ~6£0.5
Energy per train of 200 pulses at 0.1 THz [uJ] ~1.2+0.1
Radiation mechanism: CDR

Peak Power [kKW] ~35+3
Average Power [mW] ~0.11 £ 0.01
Energy per pulse [n]] ~53+5
Energy per train of 200 pulses [uJ] ~10.6 £1.1
Peak frequency [GHz] ~40
Bandwidth [GHz] ~40

Energy per pulse at 0.1 THz [n]] ~53£05
Energy per train of 200 pulses at 0.1 THz [uJ] ~1.1+0.1
Radiation mechanism: CChDR

Peak Power [MW] ~0.12 +0.01
Average Power [mW] ~0.38 + 0.04
Energy per pulse [nJ] ~190 +20
Energy per train of 200 pulses [xJ] ~38+4
Peak frequency [GHz] ~60
Bandwidth [GHz] ~60

Energy per pulse at 0.1 THz [n]J] ~19+2
Energy per train of 200 pulses at 0.1 THz [uJ] ~3.8+0.4

with a relative bandwidth of 100% was obtained finally.
The energy in a ~10 GHz bandwidth around 0.1 THz
was around 10% of the total. A complete spectral-angular
characterization, especially for the CChDR source of the
kind demonstrated in Sec. III, as well as bunch length-
diagnostics based on the Cherenkov-diffraction mechanism
will be the interest of new detailed study of next future at

Peak
Power [kW]
120+ A
100} w
80
60

:
20F u I

Radiation

" Mechanism

CChDR

FIG. 10. Peak power of the CLEAR sub-THz source for the
following electron beam parameters (per single bunch): 215 MeV,
1.5 ps, 40 pC. The experimental points have been represented by
the sketch of the radiators corresponding to the different radiation
mechanisms explored.

CLEAR. Meanwhile, the graphic representation comparing
the peak powers measured for the different radiation
mechanisms analyzed is reported in Fig. 10.

VI. CONCLUSIONS AND PERSPECTIVES

In this paper we have shown the experimental studies on
sub-THz radiation performed at the CERN facility CLEAR.
The motivation for these studies was that to understand
performances and limits with the current parameters of the
machine, thus individuating actual parameters of a source
for external users. The uniqueness of the CLEAR system is
the possibility to provide trains of hundreds of ps-bunches
of many tens of pC charge with a repetition rate up to
10 Hz. This means high fluxes of sub-THz energy over time
can be produced, as it has been experimentally observed.
The best performance of the CLEAR source has been
~0.1 MW peak power with energy ~400 pJ delivered per
second as a train of 200 pulses of ps-duration. An average
power of about half mW, peaked at 60 GHz with a relative
bandwidth of 100% has been obtained. The energy in a
~10 GHz bandwidth around 0.1 THz has been ~40 uJ.
According to our calculations, based on the Planck for-
mula, an average power emitted like 0.5 mW would require
a source temperature comparable to the normal room
temperature. Nevertheless the black body source is typically
a continuous-wave source and with isotropic emission. On
the contrary, a source based on coherent radiation by
relativistic electron bunches is directional and therefore
much more brilliant. Furthermore, the average power is
surely an interesting parameter by which the source can be
described, but this parameter hides the fact that the source
presents a characteristic time structure related to the photo-
cathode-laser and the RF systems. The CLEAR-based
source is indeed a pulsed source. Summarizing, the intensity
of a beam-based source is order of magnitudes higher than
the one proper of a black-body source. Considering the
CLEAR-source, hundreds of <ps pulses can be used to
probe samples down to that time scale, and this experiment
can be repeated up to a rate of 10 Hz. With a suitable
temporal shaping of the photocathode-laser pulse, to be
performed in the next future, it will be possible even to tune
the radiation spectrum on specific harmonics. Finally, the
use of the Cherenkov-diffraction mechanism, as demon-
strated in this paper, can be even more convenient than the
transition/diffraction radiation in terms of power and direc-
tionality. Plans for the future are manifold. First of all we
would like to better test long radiators for the Cherenkov-
diffraction mechanism, as well it could be worthy to
investigate other radiation mechanisms, still exploiting long
radiators, like long gratings for coherent Smith-Purcell
radiation (CSPR). We would like to further demonstrate
the advantage and the limits of using long radiators for
increasing the energy and/or the peak power of radiation
emitted in the sub-THz range. Then we would like to
improve our technique of bunch length diagnostics, for
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example testing a Cherenkov-diffraction-based device
instead then a CTR source, suffering of angular distribution
issues. Finally we would like to reach peak power of
coherent radiation in the sub-THz range of at least 1—
10 MW. This can be accomplished by pushing the beam
parameters to 0.5 ps bunch length and 100 pC bunch charge,
affordable for the CLEAR machine in the next future. The
final goal, for competitive applications like electron deflec-
tion or even acceleration/deceleration, would be to reach
peak powers for coherent radiation in the range of the
hundreds MW. Many hundreds of pC per single bunch and
~100 fs bunch lengths will be needed for this task, but also
understanding which is the best strategy in terms of radiation
production, i.e., which is the best radiator/mechanism to be
exploited. All the studies performed and presented here fall
within this framework of projects and ideas.
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