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Abstract. We demonstrate a simple approach for a difference-frequency synthesiser within the terahertz

domain. Two near-infrared CW diode lasers are frequency-locked to the resonances of a high finesse Fabry-

Perot cavity using the Pound-Drever-Hall technique. Two acousto-optic modulators driven by RF synthe-

sizers frequency-shift each diode laser and provide continuous tuning, modulation and switching capabilities

for the difference-frequency. Terahertz-waves generated by heterodyne mixing in an ultrahigh-bandwidth

photodetector are used to interrogate the rotational transitions in the ground state of the methyl-chloride.

PACS. 42.62.Eh - 33.80.-b — 85.60.-g — 07.57.-c

Actually there is an increasing interest in developing
coherent sources operating at terahertz frequencies (0.1-10
THz) in order to bridge the electromagnetic gap between
electronics and optics [1]. Despite the recent progress with
terahertz quantum cascade lasers [2]7 a compact source
that guarantees broad frequency tuning and high spec-
tral quality is a challenging technological issue. The well-
established way for broadband THz generation is the fre-
quency down-conversion of two detuned lasers in a pho-
tonic material. Different optical setups have been pro-

posed using non-linear crystals and high-power lasers [3,

4], but they are outsized. A promising monolithically in-
tegrated THz semiconductor source is an infrared dual-

wavelength quantum cascade laser with giant second-order

nonlinear susceptibility [5]. An alternative way is the difference-

frequency generation from two CW near-infrared lasers
heterodyned in a biased photoconductor coupled to an
antenna [6]. This device has been recently used in high
resolution molecular spectroscopy [7] or imaging [8].

We report some preliminary results on infrared to THz
frequency synthesis using this device. Different molecular

rotational lines provide a dense grid of THz frequency ref-
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erences with an accuracy of a few kHz and allow the cal-
ibration of the difference-frequency over a broad spectral
domain. Recently, a frequency standard was proposed at
1.82 THz using a three-photon process in Ca™t [9] with
an expected precision at 107! level. A fixed-frequency
reference signal can be thus obtained by down-conversion
from the optical domain [10]. Alternatively, one can use
the frequency grid provided by the spectrum of a femtosec-
ond laser that has the repetition rate locked to an optical
frequency standard. Phase-locking each laser source used
for THz difference-frequency generation to different lines
of an optical frequency comb [11] allows to transfer the
metrological features of the optical frequency standard to
the THz domain. Here, the resonances of an optical cavity
are used as references for the frequency stabilisation of the
lasers with a Pound-Drever-Hall setup [12] and the mea-
surement of molecular lines provides the frequency calibra-
tion in the THz range. The difference-frequency is well-
controlled by frequency-shifting the lasers with acousto-
optic modulators.

Laser frequency stabilisation on an optical cavity with
the Pound-Drever-Hall technique has the advantage to
provide a servo loop that is not limited by the response
time of the cavity. This is achieved through the phase-
modulation of the laser field at a frequency greater than
the cavity linewidth. The error signal is recovered by sub-
sequent phase-sensitive demodulation of the heterodyne
beat between the field reflected by the input mirror of the
cavity and the leakage of the cavity-stored field. The error

signal measures phase fluctuations of the laser at high fre-

quency comparing to the cavity field that serves as phase
reference. The performances of a well-designed servo loop
will be dictated by the accuracy of the modulation tech-

nique and of the laser’s phase-correcting transducer.

1 Experimental setup

The experimental setup is shown in Fig. 1. Two extended-
cavity diode lasers (ECDL) in the Littrow configuration
are emitting around 820 nm with an optical power of 80
mW. The free-running ECDL emission linewidth is 1,5
MHz full with at half maximum (FWHM) at an integra-
tion time of 1 s. The laser cavity is driven with a PZT
transducer that allows tuning the laser radiation without
mode-hops over up to 30 GHz. Each laser beam is cou-
pled to a two-stage optical isolator (OI) and an anamor-
phic prism pair (APP) that ensure linear polarisation and
similar spatial shape for the laser beams. A half-waveplate
and a polarising beamsplitter (PBS) allow redirecting an
adjustable amount of laser power from each ECDL to the
optical cavity and to the difference-frequency mixer. The
diode laser beams are spatially overlapped on a beam-
splitter plate (BS). One of the emerging beams allows fre-
quency analysis of the heterodyne beat between the diode
lasers on a photodiode with a spectrum analyser. Alter-
natively, their optical frequency can be measured using a
lambdameter. The other emerging beam is injected in an
AFC-connectorised polarisation-maintaining (PM) optical
fiber. Laser beam exiting the optical fiber is collimated
with an aspheric lens and mode-matched with a telescope

to the TEMyg mode of the Fabry-Perot cavity. The total
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Fig. 1. (Color online) Experimental setup. Solid and dashed lines represent respectively optical and electrical signals. AOM
acousto-optical modulator, A/4 and \/2 waveplates, FP Fabry-Perot, Pmix photomixer, B bolometer, OPM off-axis parabolic

mirror. Refer to the text for details.

incident power from each diode laser is 6 W and ~48% another and from the vacuum chamber with Viton joints.
is coupled to the cavity’s mode. The optical performances of the cavity are characterised

through its finesse and transmission coefficient. The mea-
The design of the optical cavity aims to suppress its

surement of the exponential decay of the field stored in
free spectral range (FSR) jitter and drift through an effi-

the cavity yields a cavity linewidth of 234 kHz FWHM
cient damping of the acoustic noise and the thermal isola-

and a finesse of 3200. Direct power measurements provide
tion. The cavity consists in a plane and a concave mirror

a transmission coefficient of ~36%.
(radius of curvature 1 m) bonded on a 20 cm long ultra-

low expansion glass (ULE) cylinder. The cavity lies along

Local oscillators at FM;=20 MHz (respectively at FMy=
the axis of a cylindrical vacuum chamber that is main-

24 MHz) provide a signal that is capacitively coupled to
tained at a pressure less than 10~° Pa and temperature-

ECDL1 (respectively ECDL2) driving current to generate
stabilised at 320 K. The ULE spacer rests on a V-shaped

optical sidebands that are about 10% of the optical car-
invar plate placed inside two concentric cylindrical alu-

rier. The light reflected from the cavity is redirected by a
minium shields. All these elements are isolated each from
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beamsplitter to an avalanche photodiode detector (APD).
The laser field reflected from the in-coupling mirror of the
cavity and the field leaking from the cavity produce beat-
note signals at FM; and FMy that are used in the feed-
back branches for ECDL1 and ECDL2. The beatnote sig-
nal is high-pass filtered, amplified and demodulated with a
phase-sensitive detector (PSD). An adjustable phase delay
circuit for the beatnote signal allows choosing the suitable
quadrature component. The demodulated signal is low-
pass filtered (3 dB point at 8 MHz) to suppress the fre-
quency of the local oscillator and its harmonics and serves
as error signal for the feedback loop. The error signal is
resistively-coupled to the gate of a field-effect transistor
(FET) which is mounted in parallel with the diode laser
[13]. Consequently, a part of the laser injection current is
bypassed through the FET, providing a mechanism for the
control of the laser frequency from dc up to a few MHz.
Fig. 2.(a) shows the demodulated error signal as the
grating of ECDL1 is tuned. The error signal is recorded
for visualisation purpose at low bandwidth with an aver-
aging time constant of 0.1 ms and displays a S/N ratio
normalised at 8700 to 1 s. The closed servo loop has a
bandwidth limited at 700 kHz that is attributed to the
response delay of the FET-diode laser system. The servo
loop response is dictated by the cavity bandwidth that
acts as low pass filter to the laser frequency variations
with a corner frequency at 1/2 x 234 kHz. We checked
that the in-loop error signal noise is well above the fun-
damental shot noise limit (at 1 ¢W power incident from

each laser on the APD). The stabilisation system operates
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Fig. 2. (Color online) (a) Pound-Drever-Hall error signal. In-
tegration time 0.1 ms/point, sweep time 52 ms.
(b) Beatnote between the diode lasers locked on adjacent cav-

ity modes. RBW 10 kHz, recording time 1 s.

thus in a gain-limited regime and the in-loop error signal

variations estimate well the locked laser noise.

Fig. 2.(b) shows the beatnote between the diode lasers
locked on adjacent modes of the cavity. It has a Lorentzian
shape with a linewidth of 84 kHz FWHM. The noise from
the reference cavity has a negligible contribution to the
measured linewidth. This point is important because when
the servo loop is operated in a reference-limited regime,

the frequency noise of the beatnote is expected to increase
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with the number of modes between the locked ECLDs.
Thus, the measured linewidth may be still valid for the
radiation generated by the heterodyne mixing in the THz

regime.

The phase modulation of the diode laser is associ-
ated with a strong residual amplitude modulation (RAM).
That contributes to a spurious offset and an asymmetry of
the error signal which are visible in Fig. 2.(a) and lead to a
frequency shift between the locked laser and the resonance
of the cavity. We estimate that each of these systematic
frequency shifts have a contribution no more than 25 kHz.

An important figure of merit of the frequency lock is
the reproducibility. 22 measurements of the beatnote be-
tween the diode lasers locked on two adjacent modes of the
cavity have been carried out during one day. We derive a
mean FSR value of 749104 kHz with a standard deviation

of 35 kHz.

The diode lasers are frequency-shifted with acousto-
optic modulators (AOM) driven by radiofrequency synthe-
sizers in a double-pass scheme. The optical setup provides
a stable angular deviation of the frequency-shifted light
[14] that guarantee the alignment required in difference-
frequency generation. Laser beam separated through the
polarizing beamsplitter cube is deflected by the AOM in
the first-diffraction order to a quarter-wave plate which is
associated downstream with a cat’s-eye retro-reflector. It
relies on a planar mirror located in the focal plane of a 10

cm focal-length plan-convex lens and the laser beam inci-

dence on the AOM is at the focal point of the lens. Light
reflected back by the cat’s-eye pass through the waveplate,
is frequency-shifted again by the AOM, overlaps the in-
coming laser beam and is transmitted through the polar-
ising beamsplitter cube.

At a given radiofrequency shift, the AOM is oriented
such that the incoming laser beam is incident at the Bragg
angle. The laser beam profile is Gaussian with a diameter
~1.5 mm full width (FW) at 1/e? and a divergence ~1.1
mrad FW at 1/e2. The TeO modulator is driven at a RF
power of 27 dBm. The maximum diffraction efficiency in
the double-pass scheme is 35%. A broad change of the ra-
diofrequency shift requires rotating the AOM to keep the
Bragg angle incidence, while the cat’s eye configuration
ensures normal incidence of the laser beam on the planar
mirror. The diffraction efficiency drops at 50% from its
maximum value when the radiofrequency is varied in the
range 180-360 MHz that defines the overall AOM tuning
bandwidth. If the orientation of the AOM is kept fixed,
the cat’s-eye configuration significantly improves the tun-
ing bandwidth: e.g. around faop = 275 MHz the tuning
bandwidth is 12 MHz FWHM with a cat’s-eye reflector,
comparing to 2.3 MHz FWHM with a simple planar mir-
ror retro-reflector. This AOM bandwidth guarantees fre-
quency filtering of the laser sidebands generated for fre-
quency stabilisation.

The setup allows synthesising a heterodyne difference-
frequency:
fri. = (fi +2faom +0f1) — (f2 = 2faomz2 + 6 f2)

=nFSR+ (6f1 —f2) + (2faom1 + 2faonm2)
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by applying to the stabilised diode lasers (tuned at f; >
f2) frequency shifts faoarn,2 with AOMs working in their
+ or — first-diffraction order. Slight frequency shifts of
the lock point of each diode laser from the correspond-
ing reference are accounted through 4 f; » terms. The inte-
ger n is determined by measuring the difference-frequency
with a lambdameter with 50 MHz accuracy. The demon-
strated single-AOM tuning bandwidth between ~FSR/4
and ~FSR/2 allows a twofold tuning bandwidth for frp..
Therefore, one can fine-tune frg, over one FSR with
both AOMs. A computer-based mechanism for relocking
a diode laser over consecutive cavity modes would be re-

quired for a broader tuning.

CW THz radiation is generated by optically hetero-
dyning the AOM-shifted diode laser beams on a photomixer
[6]. This device is a photodetector with sub-picosecond
response time made from a 2 pum GaAs epitaxial layer
grown at low temperature on a dielectric substrate. A
photoconductive area is defined by a pattern of electrodes
that drive a gold spiral antenna. The laser beams are spa-
tially overlapped on a beamsplitter and focused on the
electrodes with an aspheric lens. The combined optical
power is equally distributed between each laser beam. The
photodetector is biased and the ac-photocurrent flowing
through the antenna generates THz radiation in the sub-
strate. A hyperhemispherical high-resistivity silicon lens
mounted in contact with the substrate underneath the
antenna extract to free-space the THz radiation which is

directed to a liquid-helium cooled InSb bolometer. Fig.
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Fig. 3. (Color online) Frequency response of one photomixer
biased at 10 V under a combined optical power of 40 mW;

dc-photocurrent 250 pA.

3 shows the typical frequency dependence of the emitted
power from one photomixer. The model from [6] predicts
that the frequency response of the photomixer has a roll-
off with two time constants dictated by the lifetime of
the photogenerated carriers and the R4C factor of the
antenna. The recorded response displays a roll-off at -6
dB/octave up to 2 THz which is attributed to the carriers
lifetime. A corner frequency in the response at 1/(2rRAC')
should lie beyond this frequency range.

The THz beam coming out from the silicon lens is colli-
mated with an off-axis parabolic mirror and coupled to a
circular metallic waveguide cell (1.5 m long, 3 ¢cm diam-
eter). The emerging beam from the cell is focused with
an off-axis parabolic mirror on the bolometer. Sub-uW
power is detected for a difference frequency in the 0.1-2

THz range when the photomixer is biased typically at 10
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V and with a combined optical power up to 26 mW.

2 Comparison with molecular reference lines

As a demonstration for the difference-frequency synthe-
sis within the THz domain, we performed high-resolution
gas-phase linear absorption spectroscopy on several rota-
tional transitions of the '2CH33°Cl methyl-chloride iso-
topomer. For the sake of simplicity, molecular lines are
recorded by shifting only ECDL1 frequency with AOMI1,
while the mixing is performed with radiation from the
ECDL2 (AOM2 off). Different modulation techniques are
associated for the low-noise detection of the molecular
lines. Amplitude modulation (AM) is performed with a
mechanical chopper on the laser beam prior its focusing
on the photomixer and the absorption signal is detected
with a lock-in amplifier. In this case the absorption line
is superposed on a slowly-varying Gaussian-like spectral
profile determined by the frequency dependence of the
double-pass AOM modulation efficiency. Subtraction of
this background signal from the experimental data brings
the real molecular absorption lineshape. Alternatively, fre-
quency modulation (FM) of frp, is performed using the
FM capability of the RF synthesizer that drives the AOM
and the molecular line is detected at 1-f with a lock-in
amplifier. This approach has the advantage to shrink the
baseline of the absorption spectrum and to diminish the
1/f technical noise.

Fig. 4ab shows AM- and FM-recorded spectrum of the

transition |v=0, J=25, K=5> — |v=0, J’=26, K'=5>,
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Fig. 4. (Color online) Spectrum of (v =0, J : 25 — 26, K = 5)
CH;Cl rotation line recorded with (a) amplitude modulation,
(b) frequency modulation at 100 kHz and depth of 200 kHz.

Frequency detuning is 2 faoni. Pressure 2 Pa, acquisition time

200 ms/point.

where v is the vibrational state and J, K the usual angu-
lar momentum quantum numbers. This line is a unresolved
quadruplet of four main hyperfine components spanning
0,19 MHz with relative positions -95.01 kHz, -67.21 kHz,
64.71 kHz, 92.52 kHz and relative intensities 0.245, 0.255,
0.236, 0.265 calculated using the electric-quadrupole cou-
pling constant from [15]. After baseline subtraction, the

AM-recorded spectrum was fitted with a Voigt profile.

The main contribution to the recorded linewidth is the
Doppler broadening which is 1.2 MHz FWHM. The addi-
tional width is due to pressure broadening which is esti-
mated at 0.7 MHz FWHM using the pressure broadening
coefficient from [16]. The FM-recorded spectrum exhibits

clearly the baseline reduction.
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Table 1. Rotational, centrifugal distortion and electric
quadrupole coupling constants for the vibrational ground state

of 2CH3*Cl, from [15]. 1o uncertainties on the last digits

quoted in parentheses.

Parameter value (MHz)
B 13292.87666(6)
Dy ( x10%) 18.09599(39)
Dyx (x10%)  198.7990(148)
Hy (x10°)  -0.010148(56)
Hyx (x10%) 0.3299(49)
Hrs ( x10°) 9.373(147)
eQq -74,7514(11)

The frequency of a pure rotational transition is cal-
culated following the formula:
vr.(J,K) =2B(J+1)—4D;(J +1)3 - 2D 5 (J +1)K?
+H(J+1)3(J42)3 =T +4H j i (J+1)3 K2 +2H i 5 (J +
1)K*
where B is the rotational constant and Dy, Djg, Hy,
H; i, Hgj are the centrifugal distortion constants listed

in Table 1.

We simply estimate the 1o uncertainty for the pre-
dicted frequency as the quadratic sum of the 1o error con-
tribution for each rotational constant term. An intensity-
averaged frequency shift of the hyperfine structure com-
ponents is added to the rotational frequency. The least-
squares fit of the spectrum with the Voigt profile yields
the AOM frequency shift for each rotational line. Table 2
shows the predicted and the observed frequencies for the

measured lines. We derive a mean value of the FSR at

749103.2 kHz with a standard deviation of 0.67 kHz (rel-
ative uncertainty 9 10~7). Unfortunately, the calibration
of the difference-frequency is strongly affected by the sys-
tematic frequency shifts of the locked laser. They should
be responsible for the significant value observed (626(14)
kHz) of the zero-frequency intercept in the linear regres-
sion of vry, + dvgr — 2faonm1 against n. An electronic
compensation of the offset of the error signal, as done in
[17], in the servo loop of the diode lasers would improve

the difference-frequency accuracy.

3 Conclusion

Broadband synthesis of CW THz radiation is demonstrated
from the difference-frequency of two infrared diode lasers
locked with the Pound-Drever-Hall technique on an op-
tical cavity. The achieved spectral purity is an order of
magnitude better than in previous photomixing experi-
ments [7] and is comparable with that obtained at short
timescales for the free-running THz QCL [2]. The setup
allows a resolution three orders of magnitude better than
that achieved with femtosecond-laser based Fourier-limited
terahertz frequency-comb spectroscopy [18]. The measure-
ment of some molecular references pointed out the instru-
mental errors due to the modulation technique. Improve-
ment of the frequency accuracy and the spectral purity
would be achieved through a cautious implementation of
the modulation technique and a refined servo loop with
high gain at low frequency and wide bandwidth which
should operate on a transducer that avoids FM to AM cou-

pling in diode laser. In addition, the proposed AOM-driven



L. Aballea, L.F. Constantin: Optoelectronic difference-frequency synthesiser 9

Table 2. Methyl-chloride lines for the FSR frequency calibration. 1o uncertainties on the last digits quoted in parentheses.

Quantum numbers  Calculated frequency  Hyperfine shift n Measured frequency(mod FSR)  Calibration
J K J K vra.(MHz) ovpr(MHz) 2faonm1(MHz) FSR(MHz)
9 0 10 O 265785.561(3) -0.014 354 602.743 749104.046
9 1 10 1 265781.587(2) -0.013 354 599.051 749103.244
9 2 10 2 265769.666(2) -0.011 354 587.150 749103.184
9 3 10 3 265749.805(2) -0.008 354 567.002 749103.983
25 4 26 4 689792.105(31) -0.001 920 525.289 749102.555
25 5 26 5 689699.456(35) -0.001 920 617.756 749102.357

difference-frequency generation scheme provides full con-
trol of the THz radiation by using RF synthesizers. A
difference-frequency setup with the lasers referenced to a
stabilised optical comb would facilitate the access and the
control of the radiation from dc to hundreds of THz for

precision molecular spectroscopy.
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the Fabry-Perot cavity. We acknowledge K. Blary for pro-
viding GaAs photomixers. LFC appreciated fruitful dis-
cussions with A. Amy and with Robert James Butcher.
This work was supported by the French Ministry of Re-
search and Education, the Nord-Pas de Calais borough

and the CNRS.
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