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Spontaneous emission in a double dielectric slab for Cerenkov free-electron-laser operation
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The double-slab waveguide configuration for a Cerenkov free-electron laser is discussed. It is
shown that it may allow higher emission brightness with respect to the single-slab configuration.

The possibility of realizing a free-electron-laser (FEL)
device in the far-infrared (FIR) region exploiting a
Cerenkov medium as the pump field, rather than an un-
dulator magnet, has recently raised a certain deal of in-
terest both theoretical' and experimental.

The attention payed to this type of free-electron genera-
tor of coherent radiation is motivated by the suggestion
that in the FIR region of the spectrum a Cerenkov FEL
may provide a low-cost compact device with better perfor-
mance than that of an undulator-based FEL.'

In a previous paper a systematic analysis of the spec-
tral features of the spontaneous emission in Cerenkov de-
vices has been undertaken, both to understand the mecha-
nism underlying the frequency selection and to dispel the
role of the spontaneous emission "noise" on the laser start
up.

In the above-quoted paper two types of configurations
have been considered. The one relevant to a close cavity
filled with dielectric and the second relevant to the so-
called slab configuration (Fig. l). In the first case the
electron moves in the dielectric medium, while for the
slab configuration the electron interacts with the evanes-
cent field of the dielectric. The first configuration has
been discarded as practical solution for a Cerenkov pump
field for the following two reasons.

(a) Because the spectrum is noisy, i.e., a large number of
modes are excited by the electrons;

(b) Because the qualities of the electron beam are de-
graded by the interaction with the dielectric and thus a
strong inhomogenous broadening is induced on the emis-
sion line.

The slab configuration otherwise provides a pump field

without the above drawbacks. Indeed, one mode in the
spectral region of interest is selected and the quality of the
beam is not affected since the electron couples to the
external evanescent field of the dielectric.

We will not enter the mathematical details of the
analysis but we sketch the essential steps of the formalism
utilized in Ref. 3.

The basic mathematical tools have been those proposed
by Linhart in Ref. 4 who calculated the radiation emitted
by a pointlike charge in uniform motion on a straight line
parallel to the plane face of a semiinfinite dielectric slab.

The field produced by a charge moving along the struc-
ture may be expanded according to the relation

Ag(t)= gqx(t)Ag(r) .

The coefficients qq(t) contains the evolution of the Ath
mode while the spatial part of the vector potential can be
conveniently specialized as

Aq(r) =aq(r) sin(kz)

and for a waveguide structure with plane conducting sur-
faces at z =0, L and k fulfill the discreteness condition

7Tk= n —,n =0, +1,+2, . . . .

The time behavior of the kth mode will be obtained by
solving the following forced harmonic oscillator equation:

q't, (t)+cot„qz(t) = —f j Axdu—:Fx(.t),
C

whose solution can be written in the form

X"

~ ~ ~

Fg(co)
qg(t)= f 2

e' 'de,
hag —CO

where F~(co) is the Fourier transform of the forcing term
in Eq. (4).

The rate of energy exchange between the electron and
fields can be easily evaluated and reads

d 8'g

dt
= —, Re[Fq(t)qx(t)] . (6)

FICx. 1. Single-slab configuration.

Finally the total energy radiated by the electron can be
evaluated integrating (6) over the time and summing over
all the modes. However, as already shown a more con-
venient form is provided by
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FIG. 4. Dispersion relations.
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surface of 0.25 mm [Fig. 2(a)]. A "global" view is given
by the three-dimensional (3D) plot of Fig. 2(b) where the
spectrum radiated by a Gaussian-distributed e beam with
o. =1 mm is reported versus the frequency and the dis-
tance between the center of the distribution and the dielec-
tric surface.

It should be noted that the homogeneous linewidth of
the spontaneous emission is approximately given by

FIG. 2. Single-slab spontaneous-emission spectrum: (a) Sin-
gle particle; (b) Gaussian-distributed e beam with rms cr„=1
mm.

iF(, )(co) i8 = — dcog
c d/dk(ci)(k lz) l/c) —po

+Pk( I ) )
I ~[k

~
i~=co

where pk(Isj, co) is the k-density function whose proper-
ties have been discussed in Ref. 3. The above result spe-
cialized to the fields of the slab configuration have pro-
vided the spectrum of the radiation emitted by an electron
moving near and parallel to the surface of the dielectric.
The results are shown in Fig. 2 where we have reported
the single-particle energy spectrum for a dielectric thick-
ness d =3.2 pm and a distance of the electron from the

where A, is the central emission wavelength.
Even though the slab configuration presents undoubtful

advantages with respect to the dielectric filled structures it
has the main drawback that the field strongly decreases
with the distance of dielectric and only a portion of the
beam is utilized for the emission and, eventually, for the
gain.

To prevent this problem the obvious solution is a sym-
metric slab configuration (see Fig. 3) where the electrons
move between two single slabs facing each other. The
double-slab configuration has been already studied in Ref.
5; here we will reconsider the problem from the point of
view of the spectral properties of the emitted radiation
and to compare the results to those of the single slab.

The fields of the double slab will be the sum of two
single-slab contributions: a symmetric and an antisym-
metric combination will result. The expression of the TM
fields together with the dispersion relation are reported
below.
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FIG. 3. Double-slab configuration. FIG. 5. Phase and group velocities.



36 SPONTANEOUS EMISSION IN A DOUBLE DIELECTRIC SLAB. . . 209

SxlP

de
{erg cm)d-

c
6

d)r—(erg cm)
c

5x lP
—17

400 500 600 700 800

~jc (cm "j
oo ~&

FIG. 6. Single-particle spontaneous-emission spectrum. FIG. 8. Spectrum for a Gaussian-distributed e beam with
rms cr =1 mm.

The symmetric part is

k AcA„=—— sinh(qx) sin(kz),
CO

Ay ——0,
Ac

A, = . cosh(qx) sin(kz) .
l CO

The antisymmetric part is

(9a)

k iA'cA„=— cosh(qx) sin(kz),
q

Ay ——0,
3'c

sinh(qx) sin(kz) .

The normalization coefficients are

(9b)

'2

16~c q

Lyo(clem) I[I—(k/q) ]2qD+[1+(klq) ]sinh(2qD) I

16mc q

Lyo(c/co) [ —[1—(klq) ]2qD +[1+(k/q) ] sinh(2qD) I

(10)

The dispersion relations are

tanh(qD) tan(pd) =qc. /p (symmetric),

tan( pd ) =q e/p tanh(qD) ( antisymmetric),

(pd) +(qd) =(e—1)d (co/c)

The plot relevant to the transverse relation is shown in
Fig. 4 where the transverse wave numbers p and q for
TM„mode are determined by the intersection between the
circumference and the nth branch of the circular tangent.

The synchronism condition between symmetric and an-
tisymmetric mode is shown in Fig. 5 where the group and

phase (f3f ) velocities in units of c have been plotted versus
the frequency together with electron velocity. In the re-
gion of interest (co/c —625 cm ') the symmetric (P, ) and
antisymmetric (P, ) group velocities are coincident, thus
providing a single mode.

Utilizing the fields (9a) and (9b) and the relations
(4)—(7), we can display the spectral details of the radia-
tion emitted in the double slab configuration (the
mathematical details are omitted and will be discussed
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FIG. 7. Single-particle spectrum vs (co/c, x, ).
FIG. 9. Spectrum for a Gaussian-distributed e beam with

rms o. =0.5 mm.
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FIG. 10. Spectrum for a Gaussian-distributed e beam with
rms o. =0. 1 mm.

elsewhere).
In Fig. 6 we report the single-particle spectrum of an

electron moving near the surface of a dielectric at a dis-
tance of 200 pm, as expected, the spectrum is practically
identical to that of the single slab configuration since the
electron experiences the field of the nearest dielectric sur-
face only. In Fig. 7 we report the 3D plot of the spectrum
versus co/c and distance from the center of the guide. The

spectrum has a double-peak intensity, which follows the
pattern of the field. In Fig. 8 the situation changes
dramatically with respect to the single slab configuration.
Indeed, assuming a Gaussian-distributed beam with an
rms transverse dimension of the same order of the dis-
tance between the slabs, the x profile of the spectrum is
almost constant.

Unlike the single-slab case there is not an exponential
decay because of the possibility of getting contributions
from both sides of the dielectric surfaces. However, tak-
ing a beam with smaller transverse dimension the spectral
intensity decreases at the center of the waveguide (see Fig.
9) and becomes identical to the single-particle case for a
pointlike beam (see Fig. 10).

The advantages of the double-slab configuration are
therefore evident. They allow the possibility of utilizing a
larger portion of the electron beam with the consequent
higher brightness of the spectrum.

The impact of the double-slab configuration on a
Cerenkov FEL device will be discussed elsewhere.
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