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Abstract

A phenomenon of “Spectral Gaps“ is observed in far-
infrared FELs using partial waveguiding : the laser power
falls down to zero at some particular wavelengths,
whatever the beam adjustments are. We show that this
effect is related to a periodic increase of the cavity losses,
with a period depending on the dimensions of the
waveguide. A numerical code including diffraction effects
exhibits good agreement with the measurements.

INTRODUCTION

Several infrared Free-Electron Lasers (FEL) are
presently used around the world as light sources by a
large scientific community [1]. FELs are especially
efficient in infrared since they produce high power laser
pulses, and are tunable across a large wavelength range,
typically 1 to 2 decades. The CLIO FEL [2] [3] spans
from 3pum to 150 pm, obtained by varying the beam
energy from 50 to 12 MeV. This is the largest tuning
range obtained with a single beam line. However, as the
wavelength increases, the diffraction limited optical mode
transverse size tends to undergo losses at the undulator
vacuum chamber (Fig.1). The size of this chamber cannot
be increased if one wants to maintain a sufficiently strong
undulator magnetic field on-axis. Therefore, several FELs
[4] [5] have designed the vacuum chamber so as to use it
as an optical waveguide in the direction parallel to the
magnetic field. In this configuration, detailled
measurements of FEL power at large wavelength exhibit
a phenomenon of Spectral Gap : for example, at A=45um
the CLIO FEL power falls down to zero or vanishes
strongly. This effect is always present, independently of
electron beam tunings or of cavity mirror radius of
curvature. This phenomenon is also observed in other
infrared FELs, which are working in the same
configuration : FELIX [4] and ELBE [5].

In order to provide an explanation for these Spectral
Gaps, we have developped an in-house numerical code
[6] [7] [8] which calculates the cavity losses, the intra-
cavity laser power of the FEL and the output laser power.
This code takes into account the configuration of the
optical cavity for the partially waveguided FEL with hole
extraction. Finally, we show that a simple analytical
calculation of the phase advance of light in the waveguide
account for the periodic behaviour of this Spectral gap.

OPTICAL CAVITY

The optical cavity of a FEL is always several meters
long, because it includes enough space for the undulator
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and for the magnetic elements used to drive the electron
beam. As an example, the layout of the CLIO FEL is
displayed on figure 1. The distance between cavity
mirrors is 4.8 meters. The vertical inner size of vacuum
chamber is limited to 14 mm, in order to allow
wavelength tuning by the undulator gap. The horizontal
size is 35 mm. In first approximation, the elliptical shape
of cross section of the waveguide allows one to considere
the waveguide as a pair of infinite parallele plates, as
shown in figure 1. A waveguide is created by using an
undulator vacuum chamber of good optical quality. This
is realized by using extruded aluminium which possesses
a good conductivity and reflectivity.
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Figure 1: Schematic layout of the CLIO Free-Electron
Laser optical cavity.

Therefore, optical guiding only occurs along one axis
corresonding to the minimum waveguide dimension
(vertical axis in figure 1), whereas wave propagation is
free along the other axis (horizontal in figure 1). Also, the
waveguide length does not fill the whole space of the
cavity : The area close to the mirrors is in “free
propagation mode*. This hybrid configuration induces a
“partial guiding* of the laser mode. At short wavelength
(A<10um) the waveguide does not modify the laser mode,
because it is larger than its dimensions. The Gaussian
beam propagation analytical theory is then wvalid.
However, at large wavelength (typically A> 50um) the
laser mode becomes guided in the vacuum chamber, and
remains free propagating elsewhere. In the intermediate
regime, the mode is partially guided in the extremities of
the waveguide.
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Another feature of the cavity can be responsible of
important perturbations of the laser mode : the output
coupling is performed by a hole of 2 or 3 mm in the
center of one cavity mirror. This solutions is
advantageous as compared to using a beam splitter
because it does not create optical absorption, specially at
large wavelength where transparent materials are rare and
of poor optical quality. However, the output coupling
factor of the hole, i.e. ratio between output power and
intra-cavity power, is strongly dependant on the
transverse distribution of the laser mode at the output
mirror.

A less important feature must still be considered here,
which is typical of the FEL process, and is taken into
account in the code (see below) : the optical gain of the
FEL is limited in space by the electron beam cross
section, which RMS dimensions are close to 1 or 2mm.
This influences the laser mode size in the undulator, as it
induces a narrowing of the transverse profile of the laser.

In principle, the standard configuration for the cavity
mirrors is a pair of spherical mirrors. However, at large
wavelength, A>50um for CLIO, a better configuration is
to use toroidal mirrors, which refocus the beam at the
entry and output of the chamber in the vertical direction,
whereas on the other axis, the free propagation requires
the standard radius of curvature. Toroidal mirrors allows
to lase at A > 100 pm at CLIO. This toroidal configuration
is used also such at FELIX and ELBE.

NUMERICAL CODE

The numerical code which has been used here [6] [7]
[8] calculates the propagation of the laser wave front
A(x,y) in the optical cavity. It uses an iterative process of
wave propagation in the cavity, which converges to a
steady state laser mode, corresponding to the FEL
saturation regime. It takes into account the design of the
cavity (mirrors dimensions and radius of curvature),
including the waveguide effect in the undulator section,
and the hole coupling in the output mirror. The code uses
a Gaussian transverse distribution of gain localized on
FEL axis. Therefore, the maximum amplification of the
laser wave is on axis. This will contribute to modify the
waveguide mode distribution of the wave in the optical
cavity.

This code gives the amplitude distribution A(x,y) of the
laser mode at saturation, in any point of the cavity and all
related parameters : the cavity losses L, the extraction rate
Tx of hole coupling, the intra-cavity laser power Pj, and
the output power P,y The cavity losses are equal to
L=AP;,/P;,, where AP;, is the power loss of the intra-
cavity laser pulse after one cavity round trip. The
extraction rate Tx=P,./Pi, is the ratio between output
power P, and intra-cavity power P;,. The calculation of
all parameters : cavity losses, extraction rate and intensity
at saturation, gives the FEL extracted power [§].

The calculation of the power at laser saturation is based
on the theory of FEL intensity saturation which has been
developped by G. Dattoli et al. [9] [10] [11]. The
exponential gain takes into account the non linear
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behaviour of Small Signal Gain in high gain regime, it
includes the inhomogeneous broadning of filling factor
and the longitudinal mode coupling factor. It is a single
wavelength theory, which does not include short pulse
effects of the FEL and is limited to narrow linewidth FEL
operation. Also, the model does not take into account the
shift of FEL resonance wavelength according to the
waveguide mode number [12]. The relative frequency
shift between the first and third order mode is
approximately equal to : [Ar(q=3)-Ar(q=1)]/Ag = Arho/b%,
where A is the resonance wavelength without waveguide,
A, is the undulator period and b is the small dimension of
the waveguide. For CLIO this means about 1% at 45 um,
so just within the bandwidth but for FELIX it is more than
3% at 53 pm. This means that the higher order modes
necessarily must have a higher frequency in order to be
amplified. Therefore, mode conversion in the free-space
region could result in modes that are not amplified.
However, it is likely that the 3™ order mode frequency is
shifted at each pass toward the 1* one by the gain process
and reaches a steady state. Our 2D programm does not
take fully into account this effect, because it is a single
frequency model, but the good agreement between
simulations and experimental results show that this
approximation is reasonnable. Nevertheless, it may fail in
the THz region where no data are available.

RESULTS FOR CLIO

Power measurements

We have measured the output laser power of CLIO as
function of wavelength for various combinations of cavity
mirrors. Wavelength tuning is made by undulator gap
variation, whereas the electron beam energy is kept
constant at 15MeV. These measurements have been
recorded in a purged chamber in order to avoid laser

absorption in air.
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Figure 2: laser power vs. centroid wavelength, for
spherical mirrors cavity, using hole coupling of 2mm
(dotted line : measurement, continuous line : simulation).
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The first set of measurements is using spherical
mirrors. A Spectral Gap appears at A=45um and
corresponds to a power decrease by a factor of about 2.
The simulation fits very well measurements, including the
absolute value of the power, with a realistic set of electron
beam parameters : bunch charge Q = 0.5 nC, energy
spread oy/y = 0.5%, pulse length o, =4ps, emittance 150

smm.mrd.
120 . . ; ' : 9

100 -

60 -

40 -

average output power (W)

20 -

0 1 1 1 J
30 40 50 60 70 80 90 100

wavelength (pm)

Figure 3 : laser power vs. centroid wavelength, for hybrid
cavity : spherical for wupstream and toroidal for
downstream, using hole coupling of 3mm (bold line :
simulation).

The figure 3 corresponds to a second set of
measurements with an hybrid cavity, i.e. using a spherical
upstream mirror and a toroidal downstream mirror. The
Spectral Gap is more noticeable in this case. When using
a full toroidal cavity, i.e. toroidal on both cavity mirrors,
the Power Gap remains as shown in figure 4. These
measurements show that Spectral Gaps are intrinsic

effect, independant from optical cavity configuration.
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Figure 4: laser power vs. centroid wavelength, for
toroidal cavity, using hole coupling of 3mm (bold line :
simulation).

Simulation for spherical cavity

In order to explain the Spectral Gap phenomenon, we
used the numerical code to compute the cavity losses L
and the hole coupling extraction rate Tx as a function of
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wavelength, and the laser mode profile at various places
in the optical cavity. The figures 5 and 6 display them in
the case of spherical mirrors cavity, i.e. related to power
variations in figure 2.
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Figure 5 : Simulation of cavity losses L and hole coupling
extraction rate Tx as a function of wavelength, for
spherical cavity.
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Figure 6(a) : Numerical simulation in the case of spherical
cavity : laser mode transverse profiles on the output
mirror, for 2 different wavelength.

The reason of the Spectral Gap is clearly visible : the
extraction rate Tx exhibits a minimum at wavelength
A=45pm. The figure 6(a) displays the transverse profile
of the laser mode, on the output mirror (point C in fig.1),
for wavelengths A, and A=53.3pum. At wavelength A,, the
profile is wider and exhibits a small minimum of intensity
in center, which accounts for the decrease of extraction
rate Tx. This is a first reason which explains the output
power decrease at 45um.

However, this is not the only cause of Spectral Gaps :
despite of the lower extraction rate, the cavity losses are
also maximum at wavelength A,=48.4pum. Mirror
reflectivity is independent of wavelength, and Ohmic
losses in the waveguide are negligible. A detailed analysis
of the laser mode profile at the waveguide entrance,
displayed in figure 6(b), shows that high losses in point A,
are due to a broadening of the transverse size of laser
mode, which does not fit the waveguide aperture. It
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occurs only in the vertical plane, where the laser mode is
guided.
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Figure 6(b): Numerical simulationin the case of
spherical cavity : laser mode transverse profiles on
downstream waveguide entrance (point B in fig.1), for 3
different wavelength.

At Ap=48.4pm, about 20% of laser energy is lost at the
two entrances of the waveguide. It represents only 8% at
M=53.3um. This explains the peak of losses in the curve
of figure 5, which is also responsible for the Spectral Gap
observed in figure 2.

Simulation for toroidal cavity

As shown in figure 4, the Spectral Gap phenomenon
with a toroidal cavity is even stronger than in the case of
spherical cavity (figure 2). The figure 7 shows the cavity
losses L, and the hole coupling extraction rate T, as a

function of wavelength, for a toroidal cavity.
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Figure 7: Simulation, total cavity losses L and hole
coulping extraction rate Tx as a function of wavelength,
for toroidal cavity.

The decreasing of the extraction rate Ty is much
stronger here : there is a large range showing nearly zero
extraction, between 32 and 55 um. Also, within this
range, the losses are varying strongly, and exhibit an
important minimum at 37 um. Such small losses are
creating a large intra-cavity power P;,, as shown in figure
8 which displays both intra-cavity power P;, and output
power P,,. The large value of P, compensates partially
the low extraction rate Tx, and leads to a significant
output power P, This effect is shown in simulations
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(fig.8), but it is even clearly observed in the
measurements in figure 4.
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Figure 8 : Simulation, output power P,,, and intracavity
power P, . as a function of wavelength, for toroidal cavity.
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Figure 9(a) : Numerical simulation in the case of toroidal

cavity laser mode transverse profiles on the output
mirror, for two different wavelengths.
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Figure 9(b) : Numerical simulation in the case of toroidal
cavity : laser mode transverse profiles on downstream
waveguide entrance, for two different wavelengths.

In real experimental conditions, a small misalignement
of cavity mirrors or of the electron beam allows the large
intra-cavity power of the laser mode to be better
outcoupled by the hole, than in the simulation. The
Spectral Gap, which is observed here in the range 40 to
55 um, is therefore due to the conjunction of a minimum
of the extraction rate Tx with substantial cavity losses.
The figure 9(a) displays the profiles on output mirror. The
“two spots shape™ of the mode at 36.3 um, explains the
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low extraction rate Tx for A< 56 um. And the mode
jumping, from 2 spots to 1 spot, between 55.4 and
56.5 um, explains the sharp variation of Tx at 56 um.
Also, the strong minimum of cavity losses at 36.3 pm is
due to the low extraction rate and the good fit of the mode
profile into the waveguide aperture. Figure 9(b) displays
the mode profiles at the downsteam waveguide entrance
(point B in fig.1). The sum of losses L at both entrances
represents only 2.6% at A=36.3 um, which is rather low
as compared to the other wavelengths.

RESULTS FOR OTHER INFRARED FELs

Results for FELIX

The optical cavity of the FELIX infrared FEL [4] is of
same type as for CLIO, but with minor differences : the
downstream cavity mirror is in contact with the
waveguide, i.e. there is no free space between that mirror
and the waveguide entrance. On the other hand, there a
free space of 1.66 m in front of the upstream mirror. The
distance between cavity mirrors is 6 meters, and the
waveguide length is 4.34 m, both of them are longer than
CLIO. The figure 10 shows a comparison between
simulation and measurement of the output power. Two
measurements are displayed here: (1) for a perfect
alignement of the cavity, and (2) for an alignement
optimized at A=35 um. It shows that the Spectral Gap
phenomenon exists on FELIX. The depth of Spectral
Gaps may change with FEL alignement, but their
positions remain identical.
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Figure 10 : Results for the FELIX infrared FEL.

The simulation exhibits the two main Spectral Gaps, at
38 um and 53 um. We have done a detailed simulation
arround A=50 pm, which is shown in figure 11. It displays
Pout Pin L and Tx as a function of wavelength, and shows
the mode profiles on output mirror (top images) and at
waveguide entrance (bottom images). The main reason of
the Spectral Gap at 53 um is a minimum of extraction rate
Tx : The “two spots shape of the laser mode profile on
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output mirror has a minimum of intensity on axis. On the
other hand, the change of mode shape near 50 pm
decreases cavity losses, inducing an increase of
intracavity power P;,. However, this variation is
dominated by the decrease of Ty in the calculation of the
output power P,,=Tx.Pi,. Note that for A=53.4 um, the
mode exhibits a large transverse profile (in vertical),
which does not fit the waveguide entrance. This explains
the increase of the cavity losses.

As a summary, the Spectral Gap occurs at wavelengths
corresponding to a jump of laser mode to a complex
shape. Decreasing of output power occurs when the laser
mode exhibits a “two spots shape“ on the output mirror,
which creates a decrease of the coupling Tx. This special
mode is induced by the waveguide constraints. Indeed, we
will see below that these constraints are depending on the
dimensions of the waveguide.
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Figure 11 : Simulation for FELIX, with mode profiles on
output mirror and at waveguide entrance, close to
A=50pm.

Results for ‘ELBE’

The configuration of the U100 FEL, at ELBE
laboratory in Forschungszentrum Dresden Rosendorf,
Germany, is very similar to the FELIX FEL : the
waveguide is in contact with downstream mirror. But the
optical cavity is much larger, 11.5 meters long, and the
waveguide also, 7.9 m. Figure 12 shows the result of the
simulation, and displays the output power as a function of
wavelength. Four Spectral Gaps are observed and they
seem to be periodically spaced, with about a 7um period.
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Unfortunately, the measurements of output power on
ELBE are very lacunar, and they exhibit air absorption

lines in the spectrum. Measurements in dry air
environment are planned in the future.
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Figure 12 : simulation of output power on the U100 FEL
in ELBE, at 32MeV, with 2mm hole coupling.

PHASE ANALYSIS IN THE WAVEGUIDE

The Spectral Gaps phenomenon is due to a particular
combination of eigenmodes TEq and TMq, produced in
the waveguide, which creates a mode profile producing
large losses or low extraction rate. These eigenmodes are
only vertically guided, because of the configuration of the
waveguide (see above). Therefore the “p*“ index of the
modes is not used here. Though the numerical code does
not use the eigenmodes to compute the wave propagation
in waveguide section, we can deduce from the resulting
profiles the energy distribution of the eigenmodes TEq
and TMq in the waveguide. The figure 13 shows an
example of this distribution in the case of CLIO at
A=49.8 um, corresponding to a mode profile on output
mirror with the two peaks structure as displayed in figure
9.
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Figure 13 : energy distribution of eigenmodes on TEq and
TMq in the case of CLIO, with toroidal mirrors, at
A=49.8um.

Even modes are not present here, because they have a
zero amplitude on axis and are not amplified by the
electron beam which is centered on axis. This figure
shows that the most important modes are g=1 and q=3.

It is likely that the phenomenon of Spectral Gaps is
linked to the relative phase of the dominant cavity modes
at the ends of the waveguide. Indeed, this phase will
determine the diffraction losses at the entries of the
waveguide and the mode structure at the extraction hole.
Therefore, when sweeping the operating wavelength, one
expects that a phase difference of 2x in a cavity roundtrip
will account for the wavelength difference between two
successive gaps.
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The phase velocity in the waveguide for the mode q is :

vq=CEC(1+)L2q2) M

by

where A, = 2b/q is the cut-off wavelength, and b is the
waveguide aperture in vertical axis. The propagation time
of mode q, in a waveguide of length L, is t;=L/vq. The
relevant dephasing of mode q is :

2r 2aL(, Ng
2, _2ALf) @)
Y= = ( 8b* )

the phase difference Ad = ¢,—¢; between modes g=1 and
g=3is:

27l
Ap= =y == 5" 3)
for a complete cavity round trip :
4L
Appr = — @5 = e 4)

This calculation does not make any hypothesis on the
absolute phase distribution of the modes. It only gives the
phase shift between mode 1 and mode 3, for one cavity
round trip. Now, when choosing A equal to the
wavelength of a Spectral Gap, then the ‘next’ Spectral
Gap in the FEL spectrum, at wavelength A’>A, must keep
the same phase structure. This is the unique hypothesis
that we do here : the phase structure is the same for all
Spectral Gaps (for a given FEL configuration, of course).
Therefore :

for : Adpr (L) = Ay (A) + 27 Q)
one obtains :

b2
sh=r-n=t ©)
2L

where OA is expected to be the wavelength difference (A-
A’) between two successive SG in the FEL power
spectrum. Note that the 2m periodicity in expression (5)
corresponds to a 4w periodicity when using upper modes
g=3 and q=5. Therefore, as stated in the above hypothesis,
the whole structure of modes TEq and TMq is keeped
constant between two consecutive Spectral Gaps at A and
.

In order to check this simple analytical model, we show
in figure 14 a simulation of FEL power as a function of
wavelength, for various dimensions of waveguide
aperture ‘b’. The parameters used in this calculation
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correspond to the ELBE Free-electron laser, which the
configuration gives the shorter wavelength period OA.

wavelength (pm)

9 9.2 9.4 9.6 9.8 10 10.2
waveguide aperture (mm)
Figure 14: simulation — ‘ELBE’ FEL power vs

wavelength and waveguide aperture 'b'.

Black lines correspond to Spectral Gaps, and the
distance between two successive SG is 6.3 um as
predicted by the simple analytical expression (6) with
b=Icm and L=7.92 m. Therefore, the simple model and
the simulation agree very well, even if the available data
do not allows to verify it experimentally.

Now for FELIX, the expression (6) gives dA=11.5 um,
with b=1cm and L=4.34 m. The simulation curve in
figure 10 shows that the distance between two successive
SG is dA=13 um, which is not far from analytical and
experimental values.

For the case of CLIO, the expression (6) gives
OA=50 um. The first Spectral Gap in spectrum is
measured at A=45 to 50 um. Therefore, the next SG
should be observed close to A=100 um, which is not the
case. This could be explained by a further refinement of
the above analytical model : one can assume that the gap
occurs when the phase difference between mode mode 1
and 3 is (2n + 1)m, with n integer, along one pass in the
waveguide. Indeed, if the phase between the 2 modes is
such that the electric fields add at the center of the
chamber and substract on the sides, the intensity profile
will exhibit the smallest possible spatial width, thus
minimizing diffraction losses. Also, the profile peaking at
the center will favor laser power extraction by the
outcoupling hole. If the phase difference along the
chamber is 2nm, one gets the same profile at each end,
which is the more desirable situation and if it is (2n+1)m,
it is the most disadvantageous one, giving rise to the
Spectral Gap. Expression (6) becomes then :

2

_ i)—L(Zn +1) ™)

This accounts for the position of the first gap, then at
50 pm on CLIO, as observed, and the second should be at
150 um, where diffraction losses are too large to obtain
lasing. At FELIX and ELBE, one side of the waveguide is
in contact with one of the cavity mirror, so that the

Long Wavelength FELs
190

Proceedings of FEL08, Gyeongju, Korea

effective length of the waveguide is doubled and eq. (6)
becomes :

2 2 1

b b
= - = 8
A 2n+1) (n+-) 3

The periodicity remains unchanged and the first gap is
situated at a short wavelength (< 10 um) where no
waveguiding occurs. The conditions expressed in (7) and
(8) are compatible with eq. (6), they are only more
restrictive.

This explanation is not fully quantitative, as
already mentionned above. In particular, it does not
explain the "violent" character of the increase of the
losses in the vicinity of the spectral gap. As can be seen
on fig. 11, the optical mode shape exhibit two peaks only
in a short wavelength interval around the one where the
minimum power occurs. This is due to fast variations in
the content of waveguide modes, not taken into account in
the simple analytic model but only in the simulations.

Nevertheless, the above expressions provide an order of
magnitude of the number Ngg of Spectral Gap in a given
FEL spectral range, proportionnal to L/b>. In an apparent
paradox, this number becomes larger for a longer
waveguide and is of the order of more than 10 in the
wavelength range of ELBE.

CONCLUSION

The Spectral Gap phenomenon has been observed on
various infrared FELs. This phenomenon produces a
series of holes in the tuning range of the FELs using
partial waveguiding of the light, in order to alleviate
diffraction losses in far infrared. It is unavoidable and
depends only on the characteristics of the waveguide
used. The explanation of Spectral Gap phenomenon is
quite complex, because it is dependant on two
independant parameters : (1) hole coupling extraction
rate, and (2) optical losses in waveguide entrance. Both of
them, are strongly dependant on slight variations of the
transverse mode profile. Also, they can be somewhat
uncorrelated, as shown in figure 7, leading to large
differences in the behavior of the gaps. As a consequence,
a simple analytical model, described above, only gives an
order of magnitude of the expected number of Spectral
Gaps in the FEL range. A detailed analysis requires the
simulation code, which results are in rather good
agrement with measurements.

We have shown here that the number of Spectral Gaps
is proportional to the waveguide length and to 1/b%, where
b is its width. In the typical tuning range of an infrared
FEL the number of gaps can be quite large. This is a very
penalizing problem for a FEL, which main virtue is
normally its large range of tunability. This must be taken
into account in the engineering of future far-infrared
FELs using partial waveguiding in the optical cavity.
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