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A THz free electron laser is being built in Ariel University. Upon completion it is intended to become a user
facility. The free electron laser is designed to emit radiation between 1 and 5 THz. It is planned to operate in the
super radiance regime. The anticipated output of the free electron laser is in excess of 150 kW instantaneous power.
An essential part of every free electron laser is a device generating a periodic magnetic �eld denoting the wiggler.
Here we describe a design of a classical Halbach type permanent magnetic wiggler for the THz free electron laser.
The main novelty in this paper is the choice of wiggler parameters suitable for operation in the THz frequency
range. Considerations such as radiation wave length, wiggler gain and electron optics are taken into account.
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1. Introduction

Over the past years, there has been a signi�cant in-
terest in employing terahertz (THz) technology, spec-
troscopy and imaging for security applications. There
are three prime motivations for this interest:

1. THz radiation can detect concealed weapons since
many non-metallic, non-polar materials are trans-
parent to THz radiation (and are not transparent
to visible radiation).

2. Target compounds such as explosives and illicit
drugs have characteristic THz spectra that can be
used to identify these compounds.

3. THz radiation poses no health risk for scanning of
people (as opposed to X-rays).

Of course, millimeter wave (MMW) systems for de-
tecting hidden weapons are quite common those days in
airports and other public places. However, terahertz de-
tection inherently has about ten times better spatial res-
olution compared to MMW systems simply because the
electromagnetic wavelength of THz radiation is roughly
ten times shorter than MMW radiation. Consequently,
images of suspicious objects such as concealed metallic or
plastic knives are much sharper and more readily iden-
ti�ed when imaged with THz scanners. A smaller wave-
length means a smaller antenna and therefore a shorter
near �eld � and a closer far �eld which have bene�cial
implications for imaging.
A further important consideration is speci�city.

Through known characteristic THz spectra of explosives,
biological and chemical agents and illegal drugs, a THz

*corresponding author; e-mail: nezahb@ariel.ac.il

TABLE

Unique spectral lines of explosives and drugs [1].

Material
Feature band center position

frequency [THz]

Explosive

Semtex-H 0.72, 1.29, 1.73, 1.88, 2.15, 2.45, 2.57

PE4 0.72, 1.29, 1.73, 1.94, 2.21, 2.48, 2.69

RDX/C4 0.72, 1.26, 1.73

TNT 5.6, 8.2, 9.1, 9.9

NH4NO3 4, 7

Drugs

Methamphetamine 1.2, 1.7�1.8

MDMA 1.4, 1.8

Lactose α-monohydrate 0.54, 1.20, 1.38, 1.82, 2.54, 2.87, 3.29

Icing sugar 1.44, 1.61, 1.82, 2.24, 2.57, 2.84, 3.44

Co-codamol 1.85, 2.09, 2.93

Aspirin, soluble 1.38, 3.26

Aspirin, caplets 1.4, 2.24

Acetaminophen 6.5

Terfenadine 3.2

Naproxen sodium 5.2, 6.5

image can be spectroscopically analysed to identify con-
cealed contents and potential threats. This capability is
particularly important for explosives, for example, those
have low vapour pressures and therefore would pose a
challenge to trace vapour detection techniques. Many
drugs and explosives have unique spectral lines in the
THz regime which can facilitate their identi�cation even
when they are hidden and invisible to the naked eye.
A list of such lines is given in Table.
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Fig. 1. Stand-o� detection scheme [1].

Comparable spectroscopic ��ngerprint� spectra of
these threats are not present in the MMW range. In real-
istic situations the THz must pass several barriers before
it reached a detector (see Fig. 1).
Hence both a high power source and a sensitive de-

tector are required. A THz FEL is being built in Ariel
University [2] to provide for a high power THz radia-
tion source. This project is a collaboration between Ariel
University, Tel Aviv University, and UCLA. Upon com-
pletion it is intended to become a user facility. The FEL
is based on a compact photo cathode gun (60 cm) that
will generate an electron beam at energies of 4.5�6.5 MeV.
The pulses are planned to be of 300 pC for a single pulse,
and of up to 1.5 nC for a train of pulses. The FEL is
designed to emit radiation between 1 and 5 THz. It is
planned to operate in the super radiance regime. The an-
ticipated output of the FEL is in excess of 150 kW instan-
taneous power [2]. The bunching of the electron beam
will be achieved by mixing two laser beams on the pho-
tocathode. The compression of the beam will be achieved
by introducing an energy chirp to the beam and passing
it through a helical chicane. We plan on compressing the
single pulse to less than 150 fs. An essential part of every
FEL is a device generating a periodic magnetic �eld de-
noted the wiggler. Here we describe a design of a planar
Halbach [3] type permanent magnetic wiggler for the THz
FEL. This type of wiggler (and its modi�cations) is quite
popular in free electron lasers and as radiation sources in
electron storage rings see for example [4�6]. We chose
to adopt the classical design and thus the main novelty
is the unique wavelength chosen and the super-radiant
approach.

2. Halbach wiggler

The wiggler is a device consisting of a collection of mag-
nets which are arranged in two rows in order to produce
a periodic magnetic �eld [3] (see Fig. 2).

Fig. 2. Halbach planar wiggler.

Two magnetic lenses are used to focus the electron
beam at the entrance and exit of the device. As the
electron beam enters the wiggler, its periodic �eld causes
the electrons to oscillate perpendicularly to the magnetic
�eld. The wavelength of the oscillations is the same as
that of the period of the wiggler. The wave length of the
radiation emitted by the electrons is shorter due to the
Doppler e�ect and the velocity of the accelerated elec-
trons which typically move at the FEL with velocities
about 99% of the speed of light. The wavelength of the
radiation is given by the formula (1):

λs =
λw

βz (1 + βz) γ2z
≈ λw

2γ2z
, βz =

Vz
c
,

γz =
1√

1− β2
z

, γ = 1 +
Ek

mec2
. (1)

In the above λs is radiation wave length, λw is the wiggle
cycle, Vz is the electrons velocity in the axial direction,
c is the speed of light in vacuum, Ek is the kinetic energy
of the electron and me is the electron mass. In the FEL
scenario γ ∼= γz. Halbach [1] has analyzed the magnetic
�eld produced by his wiggler assuming it is in�nite and
obtained equation

By(y = 0, z) = (2)

2Br

√
2/2

π/4
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)
cos
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,

in which only the dominant (n = 1) harmony is taken
into account. The �eld depends on the magnet thick-
ness (h), the distance between the jaws (gap), period
length (λw) and the residual magnetic �eld of a single
magnetic block (Br). In the above the axis of the wiggler
is the z axis. Magnetic �eld of the wiggler as a function
of the height h for a gap of 0.871 cm and a period of 2 cm
is shown in Fig. 3. The gap is determined by the size of
waveguides in which the radiation and electrons travel
plus an interval of 100 µm on each side. The residual
magnetic �eld of the block magnets used is 1.1 T typical
of Nd2Fe14B or SmCo5 magnets.

Fig. 3. The magnetic �eld in the middle of the wiggler
as a function of the height of the magnet h. In the
above Bwiggler is the maximal By �eld of Eq. (2) on
axis.
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According to Fig. 3 it can be seen that when the mag-
net height is greater than 1 cm the �eld saturates and
therefore we have chosen to a height of 1.5 cm which
yields a �eld of about 0.5 T. The �eld strength controls
the amplitude of the electron oscillations and hence the
amount of power generated by the oscillating electrons.
By Halbach's formula (2) we have found in the mag-

netic �eld dependence on the gap accuracy

∆By
By

= − π

λw
∆gap. (3)

For a period of λw = 20 mm we obtain that a change in
the gap of 60 µm causes a �eld change of one percent.

As a result, the resolution of the gap sliding will be set
to about 60 µm.

3. A �nite Halbach wiggler

As seen above, the Halbach formula assumes an in�nite
width so it is necessary to examine what level of in�u-
ence the width of the magnet has on the �eld. For this
purpose, analytical formulae can be used for the three-
dimensional �eld of a bar magnet [7]. The dimensions of
a box magnet are: (2xb, 2yb, 2zb). The magnetization is
directed in the y direction and magnetization magnitude
is M0. The formulae are

Hx(x, y, z) =
M0

4π
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,
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A depiction of the magnet is given in Fig. 4.

Fig. 4. Geometric description of the bar magnet [7].

A MATLAB calculation of 40 Halbach periods of
square magnets done according to the above formulae
yielded Fig. 5. It is obvious that on the magnetic axis the
�eld has a periodicity of 2 cm and amplitude of the �eld
is 0.5 T consistent with the result of Halbach (Eq. (2))
regarding the �eld strength shown in Fig. 3.
Analysis of the e�ect of the magnet width (W = 2xb)

on the magnetic �eld magnitude is described in Fig. 6.
It can be seen that if the width of the magnet is 30 mm
or more the magnitude of the magnetic �eld does not
depend on the width of the magnet for all relevant gaps.

Fig. 5. Magnetic �eld along the z axis in the y direc-
tion resulting from 40 Halbach magnets described by
the analytic expression (4).

According to Halbach's formula By is constant in the
x axis. In reality the �nite width of the magnet causes a
decrease in By along the x axis (Fig. 7). As a result the
electron beam is diverging in the x�z plane. Moreover,
the beam spatial charge strengthens the divergence. This
is seen in Fig. 8 describing GPT simulation results for
beam transport. We assumed a charge of 300 pC, radius
of 1.5 mm, pulse length of 300 fs and energy of 6 MeV.
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Fig. 6. The maximal size of the magnetic �eld (Bmax)

along the axis depending on the width of the magnet (w)
(for dimension in the x direction see Fig. 2) for di�erent
gaps.

Fig. 7. By as a function of x for various magnet widths
(see Fig. 2 for a de�nition of the x direction).

The simulation takes into account the e�ect of spatial
charge. It can be seen that there is a collision of the
beam with the waveguide walls (Fig. 8). Trajectories of
particles hitting the walls of the waveguides are depicted
as straight lines. Therefore for a good transport it is
necessary to introduce a centering device such as a pair
of long magnets as in Fig. 9.

Fig. 8. Electron trajectories within a wiggler in the ab-
sence of a centering device.

Fig. 9. Two long magnets serving as a centering device.
Those magnets correct the diverging electron trajecto-
ries seen in Fig. 8.

For mechanical design of the wiggler one needs to know
in advance the force acting between the two �jaws� of the
magnets which is calculated according to

FM =
1

2µ0

∫ ∫
B2
y (x, y = 0, z) dxdz. (5)

For a maximum intensity on the axis equal to 0.5 T, wig-
gler length (L) of 0.8 m and width of (W ) 0.03 m we
obtain

FM =
B2WL

4µ0
= 1.2 kN. (6)

The maximum opening of the gap is de�ned by the re-
quirement of force between the jaws of one kilogram.
Looking at Fig. 10 it is easy to see that this requires
a maximum gap of 25 mm in which the magnetic �eld is
less than 0.05 T.

Fig. 10. Maximum magnetic �eld as function of the
gap between the magnets, the di�erent coloured lines
stand for di�erent widths. The dashed line is the �in-
�nite� width case which is described by Halbach for-
mula (2).
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4. Conclusion

We have reported some details regarding the wiggler
for the THz FEL designed in Ariel University. In par-
ticular we have calculated the period length, the height
and the width of the magnets. We have also suggested
correction side magnets to correct for diverging electron
trajectories and also calculated the forces between the
jaws of the wiggler magnets to facilitate a mechanical
design. More details that cannot �t in an eight pages
paper will be given hopefully in a future (longer) paper.
The components of the wiggler have been ordered accord-
ing to the design speci�ed above and we hope to be able
to report the results of the measurements soon. The cal-
culations of the THz radiation power generated by our
FEL can be found in [2]. The FEL is expected to be
operative in about two years.
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