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ABSTRACT | Although terahertz (THz) radiation was first
observed about 100 years ago, this portion of the electromag-
netic spectrum at the boundary between the microwaves and
the infrared has been, for a long time, rather poorly explored.
This situation changed with the rapid development of coherent
THz sources such as solid-state oscillators, quantum cascade
lasers, optically pumped solid-state devices, and novel coher-
ent radiator devices. These in turn have stimulated a wide
variety of applications from material science to telecommuni-
cations, from biology to biomedicine. Recently, there have
been two related compact coherent radiation devices invented
able to produce up to megawatts of peak THz power by
inducing a ballistic bunching effect on the electron beam,
forcing the beam to radiate coherently. An introduction to the
two systems and the corresponding output photon beam
characteristics will be provided.
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I. INTRODUCTION

There are numerous sources of terahertz (THz) radiation
available. For a comprehensive review of THz technology
the reader is invited to a recent paper by Siegel [1]. A
separate paper documenting the development and
perspectives of THz radiation sources was presented at
the 2004 International Free-Electron Laser Conference
[2]. Furthermore, a recent beam dynamics newsletter was
dedicated to the activity of coherent synchrotron radia-
tion in storage rings [3]. Finally, a recent publication
documenting scientific applications of THz radiation that
was a result of a workshop sponsored by the U.S. Depart-
ment of Energy, the U.S. National Science Foundation,
and the U.S. National Institute of Health is also available
[4]. In this paper, it is the intent to focus on the gener-
ation of high-power, continuously tunable radiation
through the mm-wave to THz from compact electron
sources as a viable mobile or laboratory-based compact
analytical tool.

ITI. BACKGROUND ON ELECTRON BEAM
BASED LONG-WAVELENGTH SOURCES

Traveling wave tubes and backward wave oscillators in the
100 GHz and 1.2 THz range respectively prove useful for
low average (~1-100 mW) and relatively low peak powers.
To overcome the necessity of reducing the physical size of
the source components as the frequency is increased, dif-
ferent schemes were developed that force the electrons
to exchange momentum for THz radiation emission. A
frequently used method is use of the magnetic undulator
originally proposed by Motz [5], which was employed by
Phillips in the Ubitron [6] back in 1960 to generate
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mm-wave radiation and which led to the realization of the
first free electron laser (FEL) in 1977 [7]. The power of the
FEL is in its ability to force the electrons to emit their
radiation in a coherent fashion thus dramatically increas-
ing the overall power of the emission. Other free electron
coherent emission FEL devices are the Cerenkov FEL,
based on the interaction with a dielectric loaded wave-
guide [8], and the metal grating FEL, based on the Smith—
Purcell effect [9].

In his pioneering work on undulator radiation [5],
Motz pointed out that in a uniform electron beam the
contributions of individual electrons to the radiation field
are random in phase, and therefore the square of the total
tield equals the quadrature sum of the individual fields.
However, if the electrons were bunched within a distance
comparable to the wavelength of the radiation, their fields
would add up in phase, resulting in the emission of
coherent radiation with a power level several orders of
magnitude higher than the noncoherent radiation gener-
ated by a uniform beam. The idea of generating coherent
radiation in the THz region utilizing bunched electron
beams, such as those produced by radiofrequency (RF)
accelerators, was indicated in [5], and different coupling
structures, designed to extract energy at a harmonic of the
bunch repetition rate, were investigated [10]. More
recently the coherent spontaneous emission from an RF-
modulated electron beam at wavelengths comparable to
the electron bunch length has been the object of renewed
interest because of its relevance in the generation of short
pulses of coherent THz radiation [11]-[13]. Issues like the
dependence of the emitted radiation on the bunch shape
[14] and the observation of emission at discrete frequen-
cies, which are harmonics of the fundamental RF [15],
have also been addressed both theoretically and experi-
mentally and have led to the realization of compact FELs in
the THz region [16], [17].

Historically, the first FEL facility to provide THz
radiation to users has been the UCSB-FEL, which is driven
by an electrostatic accelerator and operates in a quasi-CW
mode. It provides tunable terahertz radiation in the region
from 120 GHz to 4.8 THz (2.5 mm-60 um) with a peak
output power in the range from 500 W to 5 kW and a pulse
duration of 1-20 us at a 1 Hz repetition rate [18]. Several
facilities have been built to operate in the infrared region
and most of them can reach or plan to extend into the THz
region. Besides the University of California Santa Barbara
FEL, we recall here the Israeli EAFEL (100 GHz), based on
a 6 MeV EN-Tandem Van der Graaff accelerator [19], the
Stanford FEL (15-80 pm) [20], FELIX (3-250 pm) with
its planned FELICE extension for intracavity experiments
at FOM-Nieuwegein [21], CLIO at LURE-Orsay, which has
plans for a new hybrid resonator to reach wavelengths in
the range 100-300 pum [22], ELBE, which has recently
lased at 20 pym and has plans to extend its operation to
150 pm [23], the work at the KAERI facility [24], and the
THz-FEL at Novosibirsk, based on a CW energy

recirculated linac (ERL) and providing about 100 W in
the spectral range 120-180 pm [25].

The principle of coherent, spontaneous emission is also
exploited to generate THz radiation from bending magnets
at FEL facilities and Synchrotron facilities. About 100 W of
CW radiation have been produced from bending magnets
in the band from 0.1 to 3 THz at JLAB [26]. The JLAB ERL
accelerator overcomes some of the limitations of conven-
tional linacs and storage rings. It produces 500 fs, 135 pC
electron bunches at a very high repetition rate (75 MHz)
by using superconducting RF cavities and then recovering
the energy of the spent electron beam. Coherent THz
emission from a linac driven beam has been demonstrated
at Brookhaven National Laboratory (see below). Coherent
synchrotron radiation has also been observed in storage
rings [27]-[30]. A coherent THz beam line is operating
at BESSY-Berlin and several others are planned at
Lawrence Berkeley National Laboratory (CIRCE), Cornell
University, and Daresbury (4 GLS).

III. “TABLE-TOP,” HIGH-POWER,
ELECTRON-BEAM BASED
TERAHERTZ DEVICES

There are a number of prototypical “table-top” terahertz
devices presently being investigated that have the potential
to achieve high peak and average powers and also be
continuously tunability over more than one octave. We
wish to acknowledge the work of our community and then
to focus upon the types and characteristics of emission for
our two sources of similar characteristics—that of Argonne
National Laboratory (Argonne) and of Ente per le Nuove
tecnologie, 'Energia e ’Ambiente (ENEA) Frascati.

A. Overview of Compact FELs and Table-Top Free
Electron Radiators

These accelerator-based THz sources, which can fit on
or scale to the size of a table-top, are predominately proof-
of-principle experiments and should be looked upon as
ideas that can be specified and tailored for particular types
of experiments. Development work on electron beam
based sources is under way at several facilities. The RF-gun
derived sources described below will benefit from ongoing
design work, especially if electron guns can be made
superconducting, permitting higher average power oper-
ation. Laser wake-field accelerators are actively being
researched as possible alternative solutions for high energy
systems and are still in the early stages of development.
Some of these sources could be designed to produce half-
cycle pulses of THz radiation.

In a table-top free electron radiator based on an RF
modulated electron beam with short bunches, the modu-
lator, klystron, waveguide, cooling, magnets, electron gun,
accelerating structure, and all other peripheral accelerator
components could easily be fitted into the space of 3 m>.
The FEL-CATS source at ENEA-Frascati [31] and the
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source under development at Argonne [32] are examples of
this compactness. Further engineering work and im-
proved design in the X-ray shielding of the accelerator
will also increase the compactness of these systems.
These will be discussed in further detail below.

In the frame of collaboration between University of
Maryland and the Brookhaven National Laboratory
(Source Development Laboratory) a proof-of-principle
experiment based on the modulation induced on an
electron bunch has been recently carried out [33]. This
device uses a laser to generate a bunch train of electrons
through photoemission. Each bunch is about a picosecond
long, and they are separated by about a picosecond. An
electron accelerator takes these short bunches and
accelerates them up to 70-72 MeV. At this point the
beam is intercepted by a metallic mirror or metal foil.
When the environment around the beam changes from
vacuum to metal, transition radiation is emitted. Because
of the way the electrons are bunched, there is strong
emission in the THz frequency range. The frequency
spectrum can be controlled by controlling the way the
electrons are initially bunched. The result is a tunable
terahertz source that could be used for a wide variety of
additional experiments.

At the Source Development Laboratory, Brookhaven
National Laboratory, a linac-based source of coherent THz
pulses has been developed. In this device electron bunches
are compressed to ~300 fs rms. The degree of compression
can be varied with the perspective of reaching 100 fs and
possibly shorter pulse duration. Electron bunches produce
single-cycle coherent THz pulses as transition radiation or
dipole radiation. An energy per pulse of ~100 ] and peak
electric field up to > 1 MV/cm has been demonstrated [34].
The method could be improved to produce shorter elec-
tron bunches and a broader spectral range. A pulsed laser
driving the linac photocathode provides synchronized IR
pulses for electrooptic coherent detection of THz pulses.
Advanced energy systems (AES) has plans to develop a
multi-watt (50-100 W eventual goal; 5 W in this initial
prototype), tunable, compact THz source.

Intense THz radiation from ultrashort electron
bunches has been generated by a laser wakefield-based
linac at Lawrence Berkeley Laboratory. This source is
based on the production of ultrashort (< 50 fs rms), high
charge (0.3-5 nC) relativistic electron bunches by using a
laser excited plasma wave with large enough amplitude to
trap background electrons and accelerate them in mm
distances to tens of MeV. As the electrons exit the plasma,
a burst of transition radiation is produced. The source
performance is controlled by the electron bunch properties
and the density and transverse size of the plasma at the exit
boundary. The THz radiation is intrinsically synchronized
with an external laser and experiments are underway to
measure the THz pulse structure with electrooptic
sampling. Time averaged spectra have been measured
and show that the spectrum with the present configuration
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is centered around 2 THz. Whereas present energy levels
on the order of 0.1 pJ/pulse have been collected, modeling
indicates that significantly higher power can be achieved
by optimizing the plasma properties (transverse size and
longitudinal profile) and could be as high as 100 pJ/pulse
[35]. Further progress on the laser driven accelerator
performance is underway, including the production of
quasi-monochromatic (few % energy spread) relativistic
electron bunches (100 MeV).

B. Detailed Conceptual Description of the
Argonne and ENEA Systems

The coherent prototype radiator at Argonne can employ
three different cathode modes—thermionic, photogated
thermionic, or photocathode. Even at a low RF repetition
rate, as well as normal conducting, relatively high average
powers are achievable if a laser gates the thermionic
cathode. The electron beam pulse length changes depend-
ing upon the cathode mode of operation and the degree of
compression. Although this source is a prototype, it can be
easily adapted to a specific experiment and packaged into a
small space. The repetition rate, pulse width, and average
and peak power can be improved significantly. This com-
pressed high-power electron beam is then passed through a
magnetic field, either a dipole or tailored field such as an
undulator, or through a thin conductive foil or tailored
stack of such foils. Electromagnetic radiation is then
produced either directly from the transverse acceleration of
the primary electrons or from transverse acceleration of the
image charge electrons respectively.

At ENEA-Frascati the recently built source FEL-CATS
utilizes a high-efficiency generation scheme based on the
mechanism of coherent spontaneous emission, which
allows operation in the frequency range between 70 GHz
and 0.7 THz. Tunable operation has been obtained in the
spectral region between 0.4 and 0.7 THz with a relative
linewidth of about 10% FWHM [36]. The radiation has
a pulsed structure composed of wavepackets in the 3 to
10 ps range, spaced at a repetition frequency of 3 GHz. A
5 ps long train of such pulses (macropulse) is generated
and repeated at a rate of few Hz. The measured power in
the macropulse is 1.5 kW at 0.4 THz.

The principle of operation of the source is based on
the coherent spontaneous emission from short bunches of
relativistic electrons. The FEL source utilizes a 2.5 MeV
RF linac to generate the electron beam, which is injected
into a linearly polarized magnetic undulator composed of
16 periods, each 2.5 cm long with a peak magnetic field
of 6000 Gauss. A second RF structure, called the phase
matching device (PMD), is inserted between the linac
and the undulator and is controlled in phase and
amplitude to correlate the electron distribution in energy
as a function of time in the bunch [37]. In this way the
contributions to the total radiated field by individual
electrons in the bunch are added in phase, leading to a
manifold enhancement of the coherent emission.
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IV. RADIATION EMISSION
POSSIBILITIES FROM THE ARGONNE
AND ENEA SOURCES

An electron transversely accelerated by a magnetic field
emits electromagnetic (EM) radiation whose properties
are very well understood. The emission from an ensemble
of electrons is also very well understood; however, it is
obvious that the electron ensemble distribution affects the
properties of the emitted EM radiation. Depending on its
properties an electron bunch can exhibit transverse and/or
longitudinal coherent EM emission. In both cases tre-
mendous gains in the photon brightness can be obtained.
We will provide a review of the EM emission from an
ensemble of electrons emitting through the mechanisms of
transition radiation and spontaneous radiation. Particular
attention will be given to coherent emission at longer
wavelengths (micrometers to millimeters).

A. Synchrotron Radiation
The energy distribution of the photons radiated by a
relativistic electron in an instantaneous circular motion

is [38]

2
er1 e (w_p)2 i+92
dwd)  4meg3mwic \ ¢ 2

X {K§/3(§)+mﬁ/a(f)} 1)

where I is the energy emitted by electrons, w is the fre-
quency, 2 is the solid angle, e is the charge of the electron,
c is the speed of light, p is the radius of curvature, - is the
relativistic normalized energy of the electron, and K is the
modified Bessel function where

=25+ @

3c \v

3/2
92)

with 0 as shown in Fig. 1.

To give a flavor of the Argonne and ENEA systems,
assuming v =5, p =1 cm, and # = 0 rad, one can cal-
culate the incoherent spectrum for a relativistic electron
in circular motion. The result of this calculation is shown
in Fig. 2.

The critical wavenumber, defined as the wavenumber
above which the intensity rapidly drops off, is

1 3

A 4mp’ ®)

X

Fig. 1. Emission of synchrotron radiation.

If, in the plane of motion of the electron (horizontal
plane), the detector can collect radiation emitted with an
opening angle of

bt (2" 4)

v \3w

the intensity integrated over the spectrum as a function
of perpendicular angle § can be calculated and is shown
in Fig. 3.

Assuming a single TEMyo mode, one can calculate the
effective optical emittance and the Rayleigh length. The

2 3
1 L1

4 567
Ll L

Wavenur%)er [em™]
4
1

&'I/(dw dQ) arbitrary units

TERTTIT BRI AR ATHT MR RTTT IR ATTT M RRTT MR

Frequency [Hz]
Fig. 2. Synchrotron radiation spectrum.
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Fig. 3. Angular distribution of synchrotron radiation.
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effective optical emittance of the transverse phase space
for a source size o is given by

A
Erad = 7 — O Epad = of (5)
4
and the Rayleigh length is
4mo?
Lg = \ (6)

B. Transition Radiation

When a charged particle passes from a region with one
set of electromagnetic properties into a region with
different electromagnetic properties, its field undergoes
a rapid rearrangement. As a result of the rearrangement, a
radiation field is generated. This radiation field is known as
transition radiation.

In the case of primary interest for accelerators, a
relativistic electron passes through a metal foil. For
infrared and terahertz wavelengths, the foil can be con-
sidered perfectly reflecting. The distribution of radiation
produced by a relativistic electron passing into a perfectly
reflecting foil is [39]

11 B sin(6) 2
dwd)  4mey w2 \1 — (2 cos?(6)

™)

where 0 is the angle between the particle trajectory and the
observation point. The intensity of the radiation is
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azimuthally symmetric. It is strongly peaked at § = 1/0y
(or 6 & 1/~ for a relativistic particle). It is also uniform
over the spectrum, at least to up to frequencies where the
metal can be approximated as a perfect conductor. Because
our interest here is terahertz radiation, this will be a
reasonable approximation. A plot of the angular distribu-
tion of the transition radiation is shown in Fig. 4.

The total energy produced at a given frequency can be
found by integrating (7) over the hemisphere 0 < 6 < 71/2

dI 4’1
a_ / T g
dw dwd()
1 é 1
= c 14+ (B8+=]tanh™ 3. (8)
47reg TC 1)
8.00E-36
y=20
Spectral
Intensity 4.00E-36
(J/Hz) y=10
r=>
0.00E+00 T T
0.00 0.20 0.40
Angle (rad)

Fig. 4. Polar angle distribution of transition radiation for three
electron energies. This distribution is azimuthally symmetric.
Each curve has a maximum at 0 = 1/~.
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Energy 2.00E-36
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Fig. 5. Spectral energy as a function of electron energy. For the
Argonne and ENEA systems, we have assumed ~ ~ 5.

For relativistic electrons (7 > 1), this is approximately

ar 1 e2(4+21 )
— = — (. n-vy).
dw  4mey e i

9

The dependence of radiated energy on electron energy is
illustrated in Fig. 5.

Looking back to Fig. 4, it is clear that, at low energy,
the radiation is spread over a large angle. Depending on
the experimental arrangement, only a fraction of the
radiation may be collected. If, for instance, an opening
angle of 100 mrad is captured, roughly 50% of the
radiation is collected when v = 20, but less than 25% of
the radiation is captured when v = 5.

C. Coherent Radiation From Bunched Beams
For multiple electrons, there are two cases. If the
electrons are independently radiating then the phases of

their electric fields are random with respect to one another
and the radiated power scales as the number of electrons.
If the electrons are in lock synch, then coherent emission
is possible and the electric field grows linear with the
number of electrons. The power then goes as the square of
the field, and if N is very large one can get an enormous
gain in power emitted. This is the essence of the coherent
radiation emission process. Conceptually, this can be seen
in Fig. 6(a) and (b).

The coherent radiation intensity for the electron bunch
in Fig. 7 [40] is

1) ~ [EQV)[* (10)

where the component of the electric field from an electron
seen by the detector at wavelength A is

2T

Ex(X) = E1()) cos (T ng e rk) (11)

where E; is the radiation from a single electron at the
origin as measured at the detector, and Ej, is the radiation
from a single electron at point ry as measured at the
detector. The total field of all electrons is

(a) Incoherent Emission

>

(b) Coherent Emission

Fig. 6. The conceptualization of the radiation emission and addition of phases for both: (a) incoherent and (b) coherent emission from an

ensemble of electrons.
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Fig. 7. Radiation intensity seen at the detector for a bunched electron beam.

and the total intensity is

N 2
Lot (A) =L(A) (Z cos (2777 ny e rk>> (13)
k=1
=L(A)N+L(N)
N ) 2
X Z cos < (ng - ry —n; - rj)> (14)
7k

where the first term is the incoherent term and the second
is the coherent term.

If we assume a normalized distribution symmetric
about the origin, the total intensity becomes

Liot(A) =L(A)[N + N(N — 1)f(\)] (15)
Lot (A) =Tine (M1 + (N = 1f (V)] (16)

where
Iine(\) = NI()\) (17)

is the total incoherent intensity emitted by the bunch of N
particles and (replacing the sum in (14) with an integral)

) = | [ dzcos (2 )st2

is the form factor for the normalized bunch distribution
S(z), where we have assumed that the detector is located at
a distance much larger than the length of the electron

2
(18)

bunch. As an example, we examine the Argonne system
where we assume a Gaussian form factor that is given by

S(z) = exp[—(z/0.)°] (19)

/2¢,

1672 PROCEEDINGS OF THE IEEE | Vol. 95, No. 8, August 2007

where
(20)

and

a =2mo, /A (21)

For the electron beam parameters listed in Table 1,
corresponding to the ANL system except the repetition rate
of the radiofrequency source, we can calculate the inte-
grated coherent and incoherent contributions to the inten-
sity, 120 mW and 283 pW, respectively, as seen in Fig. 8.

D. Undulator Emission

Further enhancement centered at a specific frequency
can be achieved by using multiple, evenly spaced, equal
strength, alternating field magnets—undulators or wiggler
magnets. The resonant wavelength for the output radiation

is given by [41]
Ao K?
)\ra =—|(1+—
‘ 272( i 2)

where < is again the normalized electron beam total
energy, Ao is the spatial period of the undulator, and the

(22)

Table 1 Hypothetical Parameters of a Table-Top Device Based on
the Performance of the Argonne Source

Parameter Value
v 5
Electron Beam Energy (MeV) 2.6
o, (nm) 50
Charge per Bunch (pC) 100
Useful duration of RF pulse (ps) 2
RF Frequency (MHz) 2856
RF repetition rate (Hz) 60
Radius of Curvature (cm) 1
Magnetic Field (T) 0.9
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Fig. 8. comparison of coherent and incoherent synchrotron radiation (see Table 1 for beam characteristics).

normalized undulator parameter is

K = 0.934), [cm]Byq[T).- (23)

The ENEA system has and the Argonne system will be
installing undulators with near identical characteristic
parameters—K = 1, \g = 2.5 cm. The ENEA system has a
16 period device, whereas the TEUFEL undulator, on loan
from the University of Twente to Argonne [42] is a 50
period device. The integrated intensity for the Argonne
case for the electron beam parameters in Table 1 in
conjunction with the TEUFEL undulator is shown in Fig. 9.
By shifting the electron beam energy or adjusting the gap
on the undulator, the central frequency can be adjusted.

V. EXPERIMENTAL RESULTS

In the Argonne system, we have measured the emission
using two generating methods: coherent synchrotron
radiation and coherent transition radiation. Measurements
of the coherent transition radiation, made with a
pyroelectric detector, can be seen in Fig. 10. On the left,

we see that the spatial distribution clearly exhibits the lobe
structure characteristic of transition radiation. Radiated
power as a function of time is shown on the right. Here,
the beam is being generated by a nanosecond-pulse laser
with a repetition rate of 6 Hz. Ten watts of transition
radiation power were produced in the macropulse, or a
time-average power of 64 mW. The introduction of
cathode laser emission gating increased the beam currents
by a factor of 100, leading to peak THz powers around a
MW not compensating for losses through the system.

In the ENEA FEL-CATS we have measured the de-
pendence of the emitted power as a function of the relative
phase between linac and phase modulation device (PMD)
and compared it with the predicted behavior discussed in
[37], as shown in Fig. 11. The experimental data fit quite
well the theory for decelerating (negative) values of the
phase, while the measured emission is generally higher
than the calculated one at accelerating values of the phase.
This could be due to the presence of harmonics of the
fundamental frequency not yet included in the model.

A maximum emitted power of about 1.5 kW in a 5-us
pulse duration has been measured at the peak of the phase-
tuning curve when the RF field in the PMD (Epyp ) was set
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Fig. 9. Intensity of the undulator emission of the Argonne compact THz system.

to about 0.5 the field in the linac (Ejjyac). The central
wavelength of the emission in these operating conditions is
760 pm (0.4 THz). Lowering the RF field in the PMD to a
value Epyp = 0.2 Ejipac does not change the position of
the central frequency, confirming that the mean electron
energy is unchanged at zero crossing. The intensity of the

emitted radiation at Epyip = 0.5 Ejjpnac is, however, about a
factor 50 higher than the one at Epyp = 0.2 Ejinae [36].
This is ascribed to the higher correlation in phase of the
field radiated by the electrons in the bunch, which has
been produced by a rotation of the particle distribution in
the longitudinal phase space.
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Fig. 10. The Argonne system measurements. (Left) Transition radiation lobe signal (arbitrary units) made apparent by
electron beam steering. (Right) Terahertz signal (arbitrary units) versus time (ns).
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Fig. 12. FP Interferograms of the ENEA FEL-CATS THz emission as a
function of the relative phase of the varied PMD to the gun.

A Fabry-Pérot (FP) interferogram of the emitted
radiation showed a well-shaped spectrum with a relative
bandwidth of about 10% (dotted line of Fig. 12). Easy and
reproducible wide band tunability of FEL-CATS has been
achieved by varying the phase in the PMD as it is shown in
Fig. 11, where three interferograms demonstrate operation
between 600 um and 800 pum (0.4-0.5 THz).

As the phase is varied, the requirement on the energy-
phase correlation is gradually released and the mean kine-
tic energy of the e-beam is either increased or decreased.
This results in the emission at a different frequency and, in
general, at a lower power level, as it is observed from the
graphs. Further tunability up to 0.7 THz (A = 450 um)
was obtained by increasing the power in the PMD to get an
electron kinetic energy of about 3 MeV.

VI. SUMMARY

We have provided an overview of current THz sources and
then focused on the development of electron beam based
THz sources that utilize methods that allow the electrons
to emit in a coherent fashion over the wavelength range of
interest. The basic theory of this coherent emission was
given as well as examples of the power levels obtainable.
Such electron beam based sources have the capability of
generating many watts of average THz power and very high
peak powers into a control wavelength and bandwidth.
Such source can also be built compactly and so show
promise of bringing such powerful THz sources to a wide
range of geographically dispersed science and technology
applications. W
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