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Abstract The lasing at the third harmonic of the fundamental frequency, at a wavelength of
about 70 μm, was recently achieved on Novosibirsk terahertz free electron laser. Choosing
various optical resonator losses for the fundamental and third harmonics as well as the
resonator length, one can force the lasing to occur at both the frequencies simultaneously or
at either of them alone.
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1 Introduction

The lasing at high harmonics is important for the free electron lasers because it is the
simplest way to expand their spectral range. In certain cases, switching between the
generation regimes at the fundamental or high harmonics can be realized via a simple
manipulation with the optical resonator.

The first generations at the third harmonic of the free electron laser in the infrared range
were achieved in 1988 [1, 2]. The third harmonic lasing was demonstrated at many
laboratories since then. The generation at the second [3], third and fifth [4] harmonics in the
IR range was studied at Jefferson Lab recently. A common requirement for the lasing at a
single high harmonic is, first, a sufficiently high gain, which should be higher than the
resonator loss, and, second, a gain/loss relation more favorable for the high harmonic than
for the fundamental one. The simultaneous lasing on both the harmonics is possible if the
generation conditions for both harmonics are approximately the same.

Earlier we reported achieving a power of the second and third harmonic radiation
amounting to a few percent of the power of the fundamental harmonic on terahertz
NovoFEL [5]. We found the optimal conditions for the amplified spontaneous emission at
the harmonics [6].
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In this paper, the experimental results of the third harmonic lasing on terahertz NovoFEL
are presented.

2 THz NovoFEL design and diagnostics

Terahertz NovoFEL is based on the 12-MeV energy recovery linac with an average current
of up to 20 mA. The peak current of the accelerator reaches 10 A in continuously repeated
100-ps pulses. The electron beam radiates THz waves into two 32-pole undulators with a
period of 12 cm and the maximum parameter K = 1.25 [7].

The optical resonator of terahertz NovoFEL has an open geometry (Fig. 1) [8]. It is
formed by two 15-m spherical mirrors located with a spacing of 26 m. The mirrors have
central apertures of 3.5 mm and 8 mm in diameter for optical alignment and output of the
laser radiation. The three pairs of diaphragms shown in Fig. 1 are the narrowest places of
the vacuum chamber of our optical resonator. They have a special absorbing ceramic
coating to avoid beam reflection and undesirable intracavity interference. The movable
scraper mirrors, initially designed for intracavity calorimetry [8], now are also used to
optimize the third harmonic lasing.

The NovoFEL radiation is transported to the user hall by the 40-m optical beam line
with plane and toroidal mirrors. The tube of the beam line is filled with a continuously
dried air/nitrogen mixture.

The diagnostics system used in the experiments consisted of a vacuum Fourier
spectrometer [9], various detectors, and metallic dichroic filters [10] for the separation of
the first and third harmonics. A two-dimensional imaging system based on a thermo-
fluorescent screen [11] was used to measure the intensity distribution of the output laser
beams.

3 Simplest theory of harmonic lasing

Terahertz NovoFEL, as shown in [8], can be presented in the first estimation as a uniform
broadened laser. The following correlation is true for its output power:

P / G

g
� 1; ð1Þ

where G is the unsaturated gain and γ is the loss per round trip of light in the optical
resonator. As is well known, a harmonic gain appears in a plane undulator as a result of an
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Fig. 1 Scheme of the optical resonator of terahertz NovoFEL: 1 – the mirrors, 2 – the central apertures in the
mirrors, 3 – the absorbing diaphragms, 4 – the scraper mirrors. The contours of the first- and third-harmonic
beams are shown with the blue and red lines, respectively.
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anharmonic electron radiation caused by a modulation of the longitudinal velocity of the
electrons. According to [12], the harmonic gain is in the following correlation:

Gf � f � K2
f ; ð2Þ

where f = 1, 3, 5 … and

Kf xð Þ � K � �1ð Þf�1
2 � Jf�1

2
f xð Þ � Jfþ1

2
f xð Þ

h i
ð3Þ

x � K2

4 1þ K2=2ð Þ ð4Þ

K ¼ eBL

2p � mc2 ð5Þ

In relations (3)-(5) Ji is the Bessel function; K is the undulator parameter; B and L are the
magnetic field and period of the undulator, respectively.

The gains of the first and third harmonics calculated by the above formulas are presented
in Fig. 2. The absolute values of the gains were normalized to the experimental point K =
0.6, G = 0.36 [13]. One can see that an essential third harmonic gain appears only for a
sufficiently large parameter K or in the long-wave range of NovoFEL. The real value of the
parameter K in our third harmonic lasing experiment is marked with the vertical dash line.

The loss in the NovoFEL optical resonator was determined by the simple analytical
method described in [14]. The method has a good accuracy for a round-trip loss of up to
20%. For a larger loss, this method can also be used, for rough estimations. The results of
the calculations are shown in Fig. 3. Here the loss is presented as a function of S, the shift
of the mode center from the mirror center, for the working wavelengths of the first and third
harmonics of 207 μm and 68 μm, respectively. The optimal experimental shift for the best
third harmonic lasing is marked with the vertical dash line.

The minimum of the third harmonic loss appears in consequence of the decrease in the
loss in the central mirror apertures due to a certain increase in the shift.
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Fig. 2 Gain of the first
(blue line) and third (red line)
harmonics versus the undulator
parameter K.
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4 Experimental results

A typical procedure to obtain the lasing at the third harmonic of terahertz NovoFEL in the
long-wave region of its spectral range was as follows. After optimization of the electron
beam, we inserted one scraper mirror into the periphery of the fundamental intracavity
optical beam until its generation was fully suppressed. Then we tilted the opposite mirror of
the optical resonator in order to move the optical resonator axis away from this scraper
mirror. For some optimal tilt, the stable third harmonic lasing (Fig. 4c) was achieved
because the intracavity loss for the third harmonic became much smaller than for
fundamental harmonic. The smaller cross-section of the third harmonic beam allowed us to
optimize the output radiation coupling via the tilt as well [13].

The output CW power of the third harmonic radiation was approximately the same as
that of the fundamental one. In the routine NovoFEL regime (with a repetition frequency of
the electron beam of 5.6 MHz) the power was 30 W. The maximum pulse power of the
third harmonic was about 50 kW. The simultaneous generation of the first and third
harmonics in different proportions was also possible with the scraper partly or fully
removed (Fig. 4b). The simultaneous lasing at both the harmonics can be used in some
pump-probe experiments because the harmonics can be efficiently filtered with dichroic
filters [9].

The third harmonic radiation is much more sensitive to the quality of the electron beam
alignment and intracavity light coherence [6]. However, for a carefully aligned electron
beam, the third harmonic lasing was so stable that it was impossible to achieve a pure first
harmonic radiation by manipulations with the optical resonator only.

The spectra of the first and third harmonic laser generation as well as amplified
spontaneous emission at the third harmonic are shown in Fig. 5. Both the spectra of the
third harmonic radiation have a width that is three times less than the spectral width of the
first harmonic. An interesting feature of the third harmonic laser line is a 2% shift from the
three-fold fundamental frequency towards the higher frequency. A shift of approximately
the same 1.6% was described in paper [1], where this phenomenon was explained by the
asymmetry and distortion of the FEL gain curve in the saturated regime.

The curves of detuning between the repetition frequencies of electron and light pulses
inside the optical resonator are shown in Fig. 6. The real power of the amplified
spontaneous emission of the third harmonic for the carefully aligned regime amounted to a
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Fig. 3 Loss per round trip for
the first (blue lines) and third
(red lines) harmonics versus S,
the shift of the mode center from
the mirror center: with the scraper
removed (dash lines) and partly
inserted (solid lines).
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few percent of the first harmonic power, and the shapes of the both detuning curves were
practically identical. Such power of the amplified spontaneous emission was sufficient for
many user applications, and was, in principle, available throughout the spectral range of
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Fig. 5 Spectral lines of the first
(blue) and third (red) harmonic
lasing and the line of the ampli-
fied spontaneous emission of
NovoFEL (pink).
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Fig. 4 Spectra of the terahertz NovoFEL radiation at generation at the first harmonic only (a), at the first and
third harmonics simultaneously (b), and at the third harmonic alone (c).
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terahertz NovoFEL. The third harmonic lasing has a much narrower detuning range. Now
this lasing is available only in the long-wave region of terahertz NovoFEL due to the strong
dependence of the third harmonic gain on the undulator parameter K (Fig. 2).

Two-dimensional images of the beam intensities are presented in Fig. 7. One can see
than both the laser beams are Gaussian-like and similar. The difference in the beam sizes is
caused by the difference in the focusing parameters of our optical beam line for the first-
and third-harmonic wavelengths. The small ellipticity of the beams can be due to the small
difference in the sagittal and meridional focal lengths of the last toroidal mirror in our beam
line. The parameter M2 of both the laser beams in the sagittal and meridional directions did
not exceed 1.2.
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Fig. 6 Normalized detuning curves for the lasing at the first (blue) and third (red) harmonics and the
detuning curve for the amplified spontaneous emission at the third harmonic (pink).
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Fig. 7 Beam intensities at the first (a) and third (b) harmonics at the metrology station of NovoFEL. The
difference in the intensities of the neighboring contours is 10%.
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5 Conclusions

The stable third harmonic lasing of terahertz NovoFEL with a CW power of 30 W and a
pulse power of 50 kW at a wavelength of about 70 μm was demonstrated and investigated.
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