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Cherenkov free electron laser (CFEL) is simulated numerically by using the single particle method to optimize the
electron beam. The electron beam is assumed to be moving near the surface of a flat dielectric slab along a growing
radiation. The set of coupled nonlinear differential equations of motion is solved to study the electron dynamics. For three
sets of parameters, in high power CFEL, it is found that an axial magnetic field is always necessary to keep the electron
beam in the interaction region and its optimal strength is reported for each case. At the injection point, the electron beam’s
distance above the dielectric surface is kept at a minimum value so that the electrons neither hit the dielectric nor move
away from it to the weaker radiation fields and out of the interaction region. The optimal electron beam radius and current
are thereby calculated. This analysis is in agreement with two previous numerical studies for a cylindrical waveguide but
is at odds with analytical treatments of a flat dielectric that does not use an axial magnetic field. This is backed by an
interesting physical reasoning.
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1. Introduction
Terahertz (THz) radiation, due to its unique proper-

ties, has found to possess numerous applications in var-
ious branches, such as science, industry, medicine, and
military/security.[1,2] One of the sources of THZ radiation is
Cherenkov free electron laser (CFEL) which is capable of
producing wavelengths in the range from sub-millimeters to
infrared.[3–8] In the CFEL, the coupling of the electron beam
that is moving near the surface of a dielectric to its Cherenkov
radiation,[9] leads to the amplification of the coherent radi-
ation in the interaction region.[10–14] Different arrangements
of CFELs including single slab dielectric,[15,16] double slab
dielectric layers,[17] CFEL in an asymmetric dielectric liner
waveguide,[18] and cylindrical dielectric[19,20] have been stud-
ied. Also Cherenkov radiation oscillator without reflectors in
which an electron beam travelled over a finitely thick plate
made of negative-index material was studied in Ref. [21] and
its dispersion equation, spatial growth rate, and start current
were analyzed.[22,23] In Ref. [24], a CFEL with metallic side
walls was proposed. Small-signal gain of Cherenkov radiation
generated by hot electrons in the collective regime was studied
in Ref. [25]. A novel type of slow-wave structure for Smith–
Purcell FEL is developing as a high power, tunable and com-
pact THz radiation source. A dielectric loaded metal grating
for Smith–Purcell device was proposed in Refs. [26] and [27].
A way of realizing an integrated free electron laser in the ultra-
violet frequency region was presented by discovering the sur-
face plasmon amplification.[28] The experimental facility and

measurement of the power and frequency spectrum of high
power THz FEL were reported in Refs. [29] and [30], and the
averaged power of 20 mW was shown at first experiments. A
THz CFEL driven by an MeV picosecond electron beam was
presented numerically in Ref. [31].

Over the past few decades, several efforts have been made
to generate the coherent radiation from CFEL for a wide range
of output power and electron beam energy. An experimental
investigation of a compact and economical CFEL driven by
a high-quality low-energy electron beam (150 keV) reported
in Ref. [32] has a strong gain but a remarkably low output
power (PW). The generation of coherent emission from CFEL
driven by 5-MeV electron beam and output power up to 50W
was described in Ref. [4]. The interaction of a mildly rela-
tivistic electron beam (400 kV) with the Cherenkov radiation
that produced output power of 500 kW at 150 GHz was ex-
perimentally reported in Ref. [7]. A theoretical description of
the CFEL operating in the high-gain regime is developed in
a wavelength range from the far infrared to submillimeter in
Ref. [6]. A numerical simulation[33] complements the exper-
imental development[34] of a dielectric Cerenkov maser am-
plifier operating with a beam voltage of 890 kV and current
of 300 A and total output power of 30 MW at a frequency of
8.7 GHz.

Asgekar and Dattoli in 2002 presented a fully equivalent
formalism to study the Cherenkov and undulator high gain free
electron laser (FEL) dynamics.[35] In a separate study they also
obtained the saturation intensity of CFEL oscillator by using
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pendulum-like equations.[10] The roots of the dispersion rela-
tion in the absence of the electron beam were used in Ref. [32]
to find the growth rate of the radiation and to present an anal-
ysis for a single slab CFEL driven by a flat electron beam. A
unified theoretical analysis of the spontaneous and stimulated
emission was presented in Ref. [36].

In 1996, the single slab CFEL was simulated based on a
model in terms of the radiation phase and electron energy.[16]

However, they did not consider the facts that the electric and
magnetic fields varied over the beam cross-section and that the
beam changed its distance from the dielectric surface. No ax-
ial magnetic field was also considered. In 1990 the numerical
investigation of the nonlinear evolution of CFEL for the cylin-
drical waveguide with a dielectric lining was presented.[20] By
including an axial magnetic field, good agreement between the
theory and experiment was reported. However, the trajectories
of the electrons were not discussed.

In most of the theoretical studies of CFEL a focusing ax-
ial magnetic field has not been considered[10,15,16,35,37,38] and
this might pose a problem because in the absence of a focus-
ing mechanism the electrons could either move away from the
dielectric slab, leaving the interaction zone with the radiation,
or got closer to it and strike the dielectric. In the theoretical
investigation of a low power CFEL in Ref. [39], an axial mag-
netic field for the focusing of the electron beam was discussed
but its effect on the dynamics of the beam has not been consid-
ered. This is of a greater importance in the case of high power
CFEL with a flat dielectric slab,than in the case of the cylin-
drical dielectric waveguide, because of its strong asymmetric
nature. There is a flat dielectric slab on one side of the electron
beam and vacuum on the other side. This makes the electron
beam susceptible to drift in one direction or the other, thereby
jeopardizing the interaction.

The purpose of the present investigation is to use the sin-
gle particle analysis of CFEL with a dielectric slab and a focus-
ing axial magnetic field to find out how the electron beam be-
haves as it moves through the growing radiation. Three differ-

ent cases of the electron beam energy and the radiation growth
are considered. It is found that in the flat dielectric CFEL with
high output power, the presence of a strong axial magnetic
field is a necessity and the position where the electron beam
is injected is of great importance. In all cases without axial
magnetic field, the radiation is not amplified into large output
power, because the electrons either hit the dielectric or move
away from the interaction region, thereby disrupting the inter-
action.

The organization of the rest of this paper is as follows.
In Section 2, the basic geometry of the CFEL configuration is
presented and formulations for electron dynamics are obtained
by using the Lorentz-force equations. In Section 3, numerical
results are presented and concluding remarks are made in Sec-
tion 4.

2. General formulation

The CFEL, considered in this analysis and shown in
Fig. 1, consist of a flat dielectric with thickness d and the di-
electric constant ε , which is coated on a conductive surface.
The electron beam with a circular cross-section and radius rb

is injected along the z direction at z = 0. In this investigation,
the motion of three separate points (electrons) of a circular
electron beam is studied using the single particle analysis. The
evolution of the electron beam is determined by the displace-
ment of these three representative points with respect to the
dielectric surface. The characteristics of the electromagnetic
radiation propagating along the z direction can be found by
solving the Maxwell’s equations and imposing the boundary
conditions, which yield the following equations for the vector
potential of the transverse magnetic (TM) mode outside the
dielectric at x > d:

δAz(z) = δA(z)sinqd e−p(x−d) sin(κz−ωt), (1)

δAx(z) = δA(z)
κ sinqd

p
e−p(x−d) cos(κz−ωt). (2)

z

x

y

h

d

r
b

ε

interaction region

e{beam

z/ z/L

dielectric layer

conducting surface

Fig. 1. Schematic diagram of single slab CFEL.

Here, p =
√

κ2 −ω2
/

c2 and q =
√

εω2
/

c2 −κ2 with κ

and ω being the wave number and frequency of the radiation,
respectively. The dispersion relation is given by q tan(qd) =
ε p, which defines the spectrum of radiation in the CFEL, i.e.,

how ω changes with κ . However the amplification of radia-

tion in CFEL is only possible for the resonant frequency and

the corresponding wavelength, which can be found by simul-

taneous solution of the above dispersion relation and the syn-
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chronism condition. Under synchronism condition the phase
velocity of the radiation is equal to the electron beam velocity.
The resonant interaction of the electron beam with the radia-
tion leads to its coherent amplification with the growth rate Γ

expressed by δA(z) = δA0 exp[Γ z].
By using the Lorentz-force equation of motion, the rela-

tivistic equation of motion of a single electron in the electro-
magnetic fields of the radiation and confining axial magnetic
field B0 along the z direction can be found to be,

dux

dz
=

eω

mec2

(
ω κ sinqd

pvz
sinα++

ω2 sinqd
pc2 sinα+

+
κ sinqd

pvz
Γ (z)cosα+

)
δA(z)e−p(x−d) − eB0

mec2
vy

vz
, (3)

duy

dz
=

−eB0

mec2
vx

vz
, (4)

duz

dz
=

(
− e

mec2
vx

vz

[
ω2 sinqd

pc2 sinα++
κ sinqd

p
Γ(z)cosα+

]
+

eω

mec2 vz
sinqd cosα+

)
δA(z) e−p(x−d), (5)

dx
dz

=
vx

vz
, (6)

dy
dz

=
vy

vz
, (7)

dα+

dz
= k− ω

vz
. (8)

Here, α+ = κz−ωt and 𝑢 = γ𝑣 with γ being the relativistic
factor of the electron beam. Also the relation d/dt = vz d/dz
is used to change the differentiation from t to z.

In the present analysis, the single particle theory of a
CFEL is used to find out how the electron beam behaves and
develops as radiation grows. The radiation is assumed to grow,
in an amplifier mode, with a constant growth rate and a satu-
rated power which are taken from experimental measurements
and simulations. The assumed structure supports TM modes
which are tuned at the resonant frequency by using the dis-
persion relation, so their characteristics are prevailed through-
out the interaction region. The study of the trajectories of
the electrons is of vital importance in two regards. On the
one hand, if the electron beam is injected too close to the di-
electric surface, too many of the electrons might hit the di-
electric slab. On the other hand, if they are injected too far
from the dielectric surface, the Cherenkov effect will be weak-
ened by diminishing electromagnetic fields of the radiation by
the factor exp[−p(x− d)] as we move away from the dielec-
tric surface. Using the present single particle analysis, opti-
mum values for the injection height and the beam radius can
be found. For this purpose, we require that the upper part
of the electron beam, i.e., the electron with the largest dis-
tance above the dielectric surface experiences 30% reduction
in the electromagnetic field’s amplitude. 30% reduction at the

top of the beam is chosen so the radiation inside the electron
beam would not be attenuated profoundly. So we should have
exp[−p(xmax−d)] = 0.7 where xmax is the position of the elec-
tron at the top of the electron beam with a largest distance
from the dielectric surface. This will yield xmax = d +0.36

/
p

where 1
/

p is the characteristic distance for which field’s am-
plitudes will be reduced by 32% and depends on the resonant
frequency.

3. Numerical results and discussion
Equations (3)–(8) form a set of first order coupled dif-

ferential equations that will be solved numerically by using
the fourth-order Runge–Kutta method, subject to the following
initial conditions imposed on the single electron of the beam,

y(z = 0) = 0, x(z = 0) = d +h,

ux(z = 0) = uy(z = 0) = 0, uz(z = 0) =
√

γ2
0 −1, (9)

where γ0 is the initial energy of the beam and h is the electron’s
initial distance from the dielectric surface. The space-charge
effect, i.e., Coulomb effect is neglected since ωp � ω , where
ω is the resonant frequency that can be found by assuming
synchronism between the electron beam and the radiation, and

ωp(=
√

4πnb e2
/

mec2) is the plasma frequency of the elec-
tron beam. One important implication of the space-charge ef-
fect of a high density electron beam is its self-electric field that
works to expand and de-focus the beam. The strong axial mag-
netic field that we find to be necessary in order to confine the
electrons to the interaction zone has actually another impor-
tant effect that is opposite to the self-electric field and tries to
keep the electron beam focused.[40] Although CFELs operate
with relatively high density electron beams, in this analysis the
electron beam density is considered to be at the lower end so
the space-charge effects can be neglected because of ωp � ω .
For higher densities, however, the problem can be easily gen-
eralized to include the self-electric and magnetic fields of the
relativistic electron beam, thereby the space-charge effect is
taken into account. Three separate cases corresponding to dif-
ferent beam energy and saturated power of the radiation will
be studied. The absorption loss of the dielectrics considered in
this study is negligible in the THz regime.[41]

3.1. Low beam energy and low radiation growth

The first set of parameters corresponds to a computer sim-
ulation in Ref. [20] and the relevant experiment in Ref. [5].
These studies were performed for a cylindrical waveguide with
a dielectric lining and employed an axial magnetic field for
the beam focusing. We use a flat dielectric slab instead but
with the same material boron nitride of ε = 4.2. The beam
energy is 150 keV which corresponds to γ0 = 1.29. The reso-
nant frequency for the cylindrical waveguide[20] was 104 GHz.
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Here, for the flat dielectric the same resonant frequency is
obtained for the dielectric thickness of d = 450 µm. Also
in Ref. [20], the initial power of 10 W was grown exponen-
tially to the saturation power of 104 W over the distance of
18 cm, for the cylindrical waveguide. The corresponding vec-
tor potential δa(= eδA

/
mc2) that grows exponentially like

δa = δa0 exp[Γ z] with the growth rate Γ = 0.011 (1/cm) is
shown in Fig. 2(a). We expect the trajectory of electrons to
change as the beam moves ahead along with the growing radi-
ation.

                                

z/cm

δa
/



↩


.

.

.

.

δa/δa

exp[Γz]

Γ=0.011 (1/cm)

(a)

(b)

5          10           15 

z/cm

450

460

470

480

x
/
m
m

B

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B

/. kGs

B

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d/ mm
h/ mm

ε=4.2

γ
0
=1.29

v/ GHz

Fig. 2. (a) Exponential variation of vector potential along z axis with growth
rate Γ = 0.011 (1/cm), and (b) x–z position of the lower part of the beam for
different values of axial magnetic field.

Figure 2(b) shows that the variations of the x position of
the lower part of the beam along the z axis as it moves through
the radiation along the z axis, for different values of the ax-
ial magnetic field. This electron is injected at xmin = 460 µm
or h = 10 µm with h being the distance above the dielectric
surface. It can be observed that in the absence of the axial
magnetic field (dashed line) the electron hits the dielectric sur-
face. For B0 = 8 kGs (dotted line, the unit 1 Gs = 10−4 T), the
electron’s x trajectory has a more confined structure but still
will hit the dielectric. However, for a larger axial magnetic
field of B0 = 10 KG (solid line), the electron stays away from
the dielectric with some oscillations.

In the simulations of Ref. [20] the axial magnetic field
was taken as 8 kGs for the cylindrical waveguide and their re-

sults were not sensitive to the choice of magnetic field. Our
results show that for the flat dielectric the proper value is
B0 = 10 kGs and it cannot be lower than that. In the cylindri-
cal waveguide there is an azimuthal symmetry which gives a
better confinement than the flat dielectric slab which is largely
asymmetric in the x direction and therefore a relatively large
axial magnetic field should be required.

In addition to the lower part of the beam, we also want
to look at the top and the center of the electron beam. Fig-
ure 3 shows the variation of the position (x-component) of
the lower part (solid line), central part (dashed line), and the
top portion of the beam (dotted line) with the axial position
z at B0 = 10 kGs. The electron beam has a circular cross
section on the x–y plane and the lower, central, and upper
part of the beam are the points on the circle with minimum,
maximum, and middle value of x, respectively. In fact, the
lower part of the beam is the closest point to the dielectric
surface. The electron on the top portion of the beam starts
at xmax = 556 µm where the electromagnetic field of radia-
tion has 70% of its maximum strength on the surface of the
dielectric at x = 450 µm. This top electron through some os-
cillations gradually and slowly moves away from the dielectric
and reaches the point x = 575 µm with 65% of the radiation’s
maximum strength. It can be seen that all three parts of the
electron beam move in a similar fashion and the shape and
radius of the beam almost remain unchanged as beam moves
through the dielectric.

                           

z/cm

450

500

550

x
/
u
m

top of electron beam (65%)

center of electron beam (75%)

lower of electron beam (90%)

100

84

71

[(
δa

/
δa


↽⋅
1
0
0
]/
%

Fig. 3. Variation of x position (left axis), and percentage of vector poten-
tial amplitude with respect to its maximum value on dielectric surface (right
axis), with axial position of the lower part (solid line), central part (dashed
line), and top portion (dotted line) of beam with B0 = 10 kGs.

Therefore, we conclude that for this set of parameters the
optimum magnetic field is B0 = 10 kGs and the lower part of
the beam should be located at xmin = 460 µm, which makes it
located at 10 µm above the dielectric surface. Since the upper
part of the beam is at xmax = 556 µm this makes the radius
of the electron beam be 48 µm. With this radius, the beam
current should be around 8 mA to fulfil the condition ωp � ω .
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Figure 4 shows how the x–y transverse cross-section of
the trajectory of the electron at lower part of the beam changes
as the beam moves along the z axis. For B0 = 0, the dotted line
shows that the electron does not move along the y direction
and has a wide span of movement along the x direction. The
axial magnetic field B0 = 8 kGs (dashed line) causes the elec-
tron to move in a helical shape trajectory with the radius of the
cross-section being small at the injection point but increases
gradually as the beam moves through the growing radiation.
More effectively focusing is evident for the stronger magnetic
field B0 = 10 kGs (solid line). There is also a slight side shift
of the trajectory in the y direction.

                          
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
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B

/ kGs

Fig. 4. Transverse cross-sections of the electron at lower part of beam
respectively for B0 = 0 kGs (dotted line), B0 = 8 kGs (dashed line), and
B0 = 10 kGs (solid line).

3.2. High beam energy and high radiation growth

For the case of high beam energy, our parameters corre-
spond to the analytical treatment in Ref. [16]. The flat dielec-
tric is made of polyethylene with ε = 2.2 and with a thickness
of 50 µm coated on a conductor. The initial beam energy is
2 MeV (γ0 = 5.01) and the resonant frequency is 350 GHZ. In
Ref. [16], the amplitude of the radiation starts from δa = 10−7

and grows to δa = 10−2 over a saturation length of 40 cm.
This exponential growth is shown in Fig. 5(a).

Figure 5(b) shows the x positions of the electron at the
lower part of the beam for different values of the axial mag-
netic field. This electron is injected at xmin = 100 µm which is
50 µm above the dielectric surface. The solid line for B0 = 0
indicates that the electron moves away from the interaction
zone at the vicinity of the dielectric surface and completely
moves out before reaching the saturation point at z = 40 cm.
The dotted line for B0 = 30 kGs exhibits that the electron is
widely oscillating and therefore comes to contact the dielec-
tric. For a strong magnetic field of 65 kGs (dashed line), due
to its powerfully focusing effect, the electron neither hits the
dielectric nor runs away from it.
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Fig. 5. (a) Exponential growth of vector potential varying with axial position
z increasing at growth rate Γ = 0.0015 (1/cm), (b) x–z variation of electron
at lower part of beam for different values of axial magnetic field.
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Fig. 6. Variation of x position (left axis), and percentage of vector poten-
tial amplitude with respect to its maximum value on dielectric surface (right
axis), with axial position of lower part (solid line), central part (dashed line)
and top portion (dotted line) of beam at B0 = 65 kGs.

The variation of the position (x-component) of the lower
part (solid line), central part (dashed line), and the top portion
(dotted line) of the electron beam with the axial position z at
B0 = 65 kGs are shown in Fig. 6. It can be seen that for this
choice of axial magnetic field the beam is not distorted and re-
mains confined especially if the oscillations near the saturation
point are averaged out. The average position of the electron
at different points inside the electron beam almost remains at
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their initial x position of the injection. Therefore, by remain-
ing inside the interaction region, the electron beam is expected
to strongly amplify the radiation. The initial position of the top
of the beam at xmax = 172µm with 70% of the maximum am-
plitude of the radiation yields the initial radius of the beam,
which is 36 µm. In this case, to fulfil the condition ωp � ω ,
the current carried by the electron beam needs to be around
40 mA, which is consistent with the current and radius of the
beam in Ref. [32].

We also try to show how we can reduce the necessary ax-
ial magnetic field by moving up the electron beam. In Fig. 7,
the axial magnetic field is reduced to 50 KG while the case
ofh = 50µm is compared with the scenario of h = 100µm. It
can be seen that for lower injection of the electron beam with
h = 50µm (solid line), the electron will strike the dielectric
surface but the higher injected electron at h = 100µm (dashed
line) will stay well above the dielectric and it will not run
away from the interaction zone. However, the problem with
the higher injection at h = 100µm is that the electron beam
will move up and enter into the weaker interaction zone un-
less the beam size is reduced to an unacceptably small radius.
Therefore, it is concluded that the lowest possible axial mag-
netic field, for this set of parameters for a high beam energy, is
65 kGs.
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Fig. 7. Variations of x of electron at lower part of beam with axial position
for different values of electron injections.

3.3. Low energy beam and high radiation growth

In Ref. [16], high radiation growth of 105 was also re-
ported for low energy electron beam of γ = 2. However, it
differs from the case of the high energy beam of γ = 5 by the
fact that it has a much shorter saturation length. Therefore,
in our third investigation, for the low energy beam and high
radiation growth, we take the parameters from the simulation
in Ref. [13] (used in the Dartmouth experiment[32]) which has
low electron beam energy of 30 keV (γ = 1.07). However,
since in this simulation the CFEL is in the oscillator mode

we take the radiation growth of 105, for δa, over the satura-
tion length of 20 cm from Ref. [16]. This radiation growth is
shown in Fig. 8(a). For the dielectric structure and the elec-
tron beam of the simulation in Ref. Ref. [13], we investigate
the trajectory of an electron at the lowest part of the electron
beam in the x–z plane in Fig. 8(b), for different axial mag-
netic fields. The flat dielectric is made of GaAs with dielectric
constant ε = 13.1 and thickness d = 350µm. The electron is
injected at xmin = 351µm which is 1 µm above the dielectric
surface. The solid line shows that in the absence of axial mag-
netic field the electron, by going through oscillations in the
x-direction, will hit the dielectric surface midway through the
path. For B0 = 10 kGs (dashed line), the electron moves away
from the interaction zone before reaching the saturation point.
However, for the stronger magnetic field of B0 = 20 kGs (dot-
ted line) although the electron drifts away from the dielectric,
it remains well within the interaction zone.
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Fig. 8. (a) Exponential growth of vector potential along z axis at Γ =
0.021 (1/cm), and (b) x–z variation of the electron at lower part of beam
for different values of axial magnetic field.

The variation of the position (x-component) of the lower
part (solid line), the central part (dashed line), and the top por-
tion (dotted line) of the electron beam with axial position z at
B0 = 20 kGs are shown in Fig. 9. It can be seen that except
for the approximately 30 µm upward drift, the electron beam
remains focused and is not disturbed. The upper part of the
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electron beam moves to a position around x = 430 µm where
it experiences 53% of the maximum strength of the radiation
at the saturation point. Therefore, by remaining a great part
of radiation inside the interaction region, the electron beam is
expected to strongly amplify the radiation. The initial posi-
tion of the top of the beam at xmax = 401µm with 70% of the
maximum amplitude of the radiation yields the initial radius of
the beam, which is 25µm. In this case, to fulfil the condition
ωp � ω the current needs to be around 1 mA.
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Fig. 9. Variation of x position (left axis), and percentage of vector poten-
tial amplitude with respect to its maximum value on dielectric surface (right
axis), with axial position of lower part (solid line), central part (dashed line)
and top portion (dotted line) of beam at B0 = 20 kGs.

Figure 10 shows the change in electron energy for the
lower part of the electron beam, indicating that the electron
loses energy as it moves along the z axis over the dielectric
surface. This energy is actually converted into the growing
radiation. This change in the electron’s energy is lowest for
B0 = 0 and is highest for B0 = 20 kGs because the strong mag-
netic field keeps the electron focused and confines it well in the
interaction region thereby allowing it to amplify the radiation.
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Fig. 10. The electron energy varying along the z axis for different values of
axial magnetic field.

We anticipate, on the physical ground, that in CFELs with
low output power,[32,39] the electron beam will not be influ-
enced much by the radiation. In this regime, radiation is not

strong enough to deviate the electron beam away from the in-
teraction zone. It can be seen in Figs. 5 and 8 that as long as
the dimensionless amplitude of a radiation δais less than 10−4,
there are not many oscillations in the electron beam moving in
the x direction, even in the absence of the axial magnetic field.

In the conventional FEL, the electrons move through a
wiggler magnetic field in steady-state orbits in the absence of
radiation.[42] These steady-state trajectories that are perturbed
in the presence of radiation, form the bases of many analyt-
ical studies of FELs. These studies are possible because the
bunching of the electron beam is due to the coupling between
the steady-state trajectories and the radiation. In the CFEL,
however, there is no separate wiggler field but rather bunch-
ing of the electron beam takes place because of the longitu-
dinal electric field of the TM mode of the radiation. Here is
the picture: as the electron beam moves along the radiation
its bunching with the longitudinal electric field amplifies the
radiation. Since the agent responsible for the bunching is it-
self part of the growing radiation, the analytical solution for
the single particle equations of motion is not possible even in
the case of a small amplitude radiation, and they need to be
solved numerically. For this physical reason, these equations
cannot be solved analytically under any justifiable simplifying
assumption.

In Refs. [19] and [20], self-consistent simulations of
CFEL were presented for a dielectric cylindrical waveguide
in the presence of a focused axial magnetic field. They solved
the equation of motion of the electrons in the presence of the
radiation numerically and found interesting results in agree-
ment with the corresponding experimental results. They found
that their results were not sensitive to an axial magnetic field.
The reason is that the waveguide provides additional focusing
for the electron beam, thereby preventing the electrons from
hitting the waveguide wall.

We find in the present analysis that in the high power
CFEL with a flat dielectric slab, an axial magnetic field is nec-
essary and the injection position of the electron beam relative
to the dielectric surface needs to be determined for its effective
interaction with the radiation. The highly asymmetric nature
of this problem is the plausible physical reason for requiring
an axial magnetic field. The electron beam faces the dielectric
surface on one side and experiences the vacuum with declining
radiation on the other side. We find that an axial magnetic field
is necessary to keep the electron beam confined and prevent it
from either hitting the dielectric slab on one side or moving
out of the interaction region on the other side. The interaction
process is considered to be in the exponential growth, which
takes place in the linear regime. Therefore, the growth rate is
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considered to be constant and it is determined by the strength
of the radiation at saturation and the saturation rate.

4. Conclusions
In this paper, the motion of a single electron in a single

slab CFEL is used to find an optimal electron beam for the ef-
fective interaction with the growing electromagnetic radiation.
Assuming a growth rate for the radiation, the equations of mo-
tion of the electrons are solved numerically to find the trajec-
tories of electrons in the interaction plane. It is found that an
axial magnetic field is always necessary to keep the electron
beam in the interaction zone for the high output power. This
analysis is in agreement with two previous numerical studies
for a cylindrical waveguide[19,20] but is at odds with analyt-
ical treatments of a flat dielectric in which there was used
no axial magnetic field.[16] This is backed by an interesting
physical reason. Furthermore, the required conditions for pre-
venting the electrons from striking the dielectric surface are
obtained and discussed. This gives us a minimum distance be-
tween the electron beam and the dielectric slab. Since the ra-
diation weakens exponentially as the electron beam is moved
away from the dielectric slab, the maximum distance between
the electron beam and the dielectric slab is also determined in
order to prevent the electrons from moving far from the slab
and moving out of the interaction region above the dielectric.
These minimum and maximum distance give the optimal ra-
dius of the electron beam. The beam radius and the parameters
of the dielectric are used to find the electron beam current that
satisfies the condition ωp � ω and, therefore, gives negligible
space-charge effect.

The analysis is carried out for three different sets of pa-
rameters and it is always found that an axial magnetic field
is necessary to keep the electron beam focused for the high
output power. In the first set of parameters the suitable axial
magnetic field is consistent with what was used in Ref. [20].
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