Frequency stabilization of a single mode
terahertz quantum cascade laser to the kilohertz level
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Abstract: A simple analog locking circuit was shown to stabilize the beat
signal between a 2.408 THz quantum cascade laser and a CH,DOH THz
CO, optically pumped molecular laser to 3-4 kHz (FWHM). This is
approximately a tenth of the observed long-term (t ~ sec) linewidth of the
optically pumped laser showing that the feedback loop corrects for much of
the mechanical and acoustic-induced frequency jitter of the gas laser. The
achieved stability should be sufficient to enable the use of THz quantum
cascade lasers as transmitters in short-range coherent transceivers.
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1. Introduction

THz quantum cascade lasers [1] (TQCL) are a fast growing field with many potential
applications. Progress has been made demonstrating a TQCL with high emission power [2],
improved efficiency [3], low frequency operation [4], and high-temperature operation (178 K)
[5]. For use in heterodyne receivers, particularly where coherent detection is required [6,7],
the TQCL must be frequency stable over a long period of time (hours). Increased frequency
stability improves system sensitivity and allows a number of high-resolution techniques to be
implemented, which rely on stable phase measurements. For example, a range-resolving
monostatic radar receiver suffers a phase error Ag = 360(2R)A v/c from a target at a distance

R, due to a transmitter frequency shift, Av. Thus, for short range (R < 30 m) THz transceiver
applications frequency stability of 50 kHz or better is required to achieve adequate phase
stability. It has been already demonstrated that the inherent linewidth of a TQCL is extremely
narrow [8], on the order of kHz or less, thus the crucial issue is stabilization of the TQCL
frequency. This paper describes the details of stabilizing a TQCL to the kilohertz level.

A free-running TQCL’s frequency varies with temperature fluctuations and power supply
current noise through the active medium’s index of refraction temperature dependence. With
a conventional power supply (typically mA of noise) a TQCL’s linewidth is several MHz
wide, when measured over a time scale of seconds. In order to reduce the linewidth to the
kHz level, the laser current source must have a noise level on the order of microamps (based
on our measured current tunability of 6 MHz/mA). Such low noise, high current power
supplies are not readily available. Additionally, temperature fluctuations have to be removed
because of the TQCL’s temperature sensitivity (100-200 MHz/K). Laser frequency
stabilization to an external frequency reference can simultaneously reduce both current and
temperature instabilities. Two possible compact frequency locking techniques involve using a
molecular absorption resonance or the harmonic of an ultra-stable microwave source, but
neither technique has yet been demonstrated. Instead, other complex THz sources, which
have greater stability than the TQCL, have been used to demonstrate locking. Active
stabilization was first demonstrated by Betz, et. al. [9], who achieved a 65 kHz full width at
half maximum (FWHM) linewidth for a 3.06 TQCL, by locking to the 3.106 THz line of a
CO, optically pumped laser (OPL). They attributed the rather large residual linewidth to the
10 kHz bandwidth limit of the feedback loop. Very recently, Rabanus, et. al. [10], achieved a
much-improved 100 Hz linewidth by phase-locking a 1.5 THz QCL to a microwave-driven,
harmonically generated THz source operating at 1499.3 GHz. However, data on the long-
term stability of the lock circuit were not provided.

In this paper, we re-examine the issue of locking a TQCL to an OPL. Betz et. al. [9] used a
source locking frequency counter (EIP 575) in their stabilization circuit. The EIP 575 is a
microprocessor-based instrument with a sequence of pre-programmed operations designed to
phase lock an external frequency to an internal, stable, and settable source. The "black box"
nature of its operation limits remediation efforts in cases where phase locking fails. At the
Submillimeter-Wave Technology Laboratory (STL), after failing to lock an OPL-QCL
microwave beat frequency with this instrument, a more controllable, analog, frequency-
locking approach was adopted to better understand the sources of noise.

2. Frequency locking technique

The QCL (2.408 THz, 1 mW of maximum optical power) was grown by UMass Lowell’s
Photonics Center, processed by Spire Corporation, and fully characterized by STL. The
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details can be found in Ref. 11, 12. The TQCL was based on a single surface plasmon
waveguide and had a 4 mm cavity length and a 100 pm waveguide ridge width. The laser in
the CW mode emitted radiation primarily in a single-longitudinal mode (SLM) up to a bias
voltage of 3.7 V and a multi-lodgitudinal mode (MLM) at higher voltages. It was mounted in
a liquid-helium (LHe) dewar to keep the ambient device temperature at about 5 K. A hollow
dielectric Pyrex tube of 30 mm length and 1.5 mm inner diameter was used as a mode filter to
significantly improve the laser radiation transverse mode content to a near-Gaussian beam
profile [12]. The TQCL was operated at 3.6 V (478 mA), approximately 0.2 V above
threshold, to maintain the laser output to a single-longitudinal mode. The laser was driven by
a 6 V battery through a 15 Q potentiometer. A very stable CO, OPL was used as the reference
source, which had a linewidth of 20-30 kHz due to mechanical and acoustic-induced laser
cavity perturbations.

Schottky 56 dB

2408 GHz BS diode amplifier Mixer
FIR gas laser BOO MHz 18 MHz
CH,DOH P HPF band-pass filter
T 20dB
amplifier
Spectrum Microwave
2408 GH
z | QCL Analyzer source
. Ref. signal (62 kHz)

Battery-based | |Feedback
QCL bias box circult

3

le] Lock-in amplifier

Detector

Fig. 1. Circuit configuration used in frequency locking the TQCL to the OPL. The modulated
microwave source and bandpass filter provided an error signal that stabilized the intermediate
frequency (IF), (voci—vorL), and locked the quantum cascade laser to the OPL reference source.

The experimental setup is shown in Fig. 1. The CW free-running TQCL was mixed with
the CW OPL, which lased on the 2409.293 GHz line of CH,DOH. The TQCL radiation was
collimated with an off-axis parabolic (OAP) mirror and, after combining with the reference
radiation, focused with a second OAP onto the antenna of a whisker-contacted, corner-
reflector-mounted Schottky barrier diode (SD) type 1T17, made by University of Virginia.
The powers of the TQCL and the gas laser incident on the SD were about 300 pW and 3 mW,
respectively. The TQCL frequency was approximately 1 GHz below the frequency of the gas
laser. The GHz IF signal was amplified (56 dB), high-pass-filtered, and downconverted to 18
MHz with a microwave mixer and synthesizer source. The TQCL spectral properties were
determined by analyzing the GHz IF signal with a spectrum analyzer. The 18 MHz signal was
amplified (20 dB) and passed through a nominal 400 kHz (-3 dB) wide RF bandpass filter
(BPF) centered at 18 MHz. The measured transmission spectrum of the BPF, shown in Fig. 2,
has a FWHM of 610 kHz.

The synthesizer signal was sinusoidally frequency modulated at 62 kHz with a modulation
depth of 500 kHz, and the 62 kHz modulation frequency was used as a reference signal for a
lock-in amplifier (LIA), whose input was the RF-rectified 18 MHz signal. The lock-in output
at the reference frequency is the first derivative of the bandpass signal which, fed back
through the feedback circuit box to the QCL bias circuit at the proper gain setting and lock-in
time constant, locked the frequency, Av = (vopr, — Vocr) to the synthesizer signal. A 1 kHz
bandwidth of the feedback loop was determined by the optimized LIA time constant of 1 ms.
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Fig. 2. Bandpass filter transmission spectrum with 610 kHz FWHM.

The feedback circuit is shown in Fig. 3. Proportional and integral feedback stages with
independent and adjustable gain controls can be seen in the diagram. The fast frequency
fluctuations were corrected by the proportional part of the circuit. The integrator (0.75 s time
constant), based on an operational amplifier (OA), was designed to remove a very slow
frequency drift. The feedback loop gains were adjusted by two 100 kQ variable resistors. To
correct the error signal polarity change produced by the integrator, an inverting amplifier with
a gain of one was added to the integral part of the circuit. Both OAs were fed by 12 V
batteries.

1 uF Integrator infout

1.5 uF
ia

LIA output

1kQ .
100Q 500 kQ
g‘%/ 1000 100 kO 150Q
= TLOB4CN AV\/\/—‘W\/—
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Fig. 3. The electronic feedback loop.
3. Stability results

The main results of the paper are shown in Figs. 4(a) and 4(b), where the locked spectra of
(VoL — Vocr) with 3-4 kHz linewidth (FWHM), taken over a frequency sweep duration of 60
seconds, are presented. To indicate a narrowing from 200 kHz to 3-4 kHz for the optimum
parameters of the feedback circuit, an unlocked spectrum with a sweep time of 5 seconds is
shown in Fig. 4(c).
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Fig. 4. Frequency spectra of (voc-Vorr) (RBW stands for a resolution bandwidth): (a) and (b)
under locked conditions with 60 s scan time (4 kHz FWHM), (c) 5 sec scan with free-running
QCL (200 kHz FWHM).

In principle, Av = (Vop, — Vocr) can be more stable than the reference frequency, vopr, if
the feedback loop is sufficiently agile to adjust vy, to correct for the jitter of vopr, while
simultaneously correcting for current fluctuations in the battery-driven QCL bias circuit. The
measured linewidth, Av = 4 kHz, is narrower than the OPL reference, Avopr, by a factor of 5,
showing that the lock circuit is in great measure tracking the OPL frequency jitter. A similar
spectral feature transferring effect can be found in Ref. 13, where a 9.2 ym QCL was phase-
locked to a CO, laser line. Using two identical BPFs in series (450 kHz FWHM) instead of
one did not reduce the beat frequency linewidth any further. Thus, we have shown that a 1
MHz feedback loop bandwidth is not required to reduce a TQCL linewidth to the kHz level,
as assumed in Ref. 9.

The subsidiary peaks (420 kHz, 980 kHz, 1.4 MHz offset) in the beat spectrum shown in
Fig. 4(b) have not been clearly identified. Beating of secondary transverse modes of the OPL,
which was over-moded due to the large tube diameter for this wavelength, with the single
mode of the QCL is the probable source of the three offset beat signals.

The locked spectrum with 50 ms sweep time averaged over 100 sweeps is presented in
Fig. 5. The narrower linewidth of the fast-sweep, multiply-averaged spectrum, as compared
with the slower single-sweep, Fig. 4(a), implies that the feedback circuit controls the
frequency drift in Av better than it does the jitter. While reduced 50-fold by the lock, the jitter
is still evident in the flat peak of the spectrum of Fig. 4(a). Further adjustments of the
feedback circuit and a more stable reference source may enable TQCL frequency stabilization
to a (-3 dB) linewidth of 1 kHz or less, with the frequency-locking approach described here.
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Fig. 5. Frequency spectrum (1 kHz FWHM) under locked condition with 50 ms scan time (the
spectrum was averaged over 100 scans).

The unlocked TQCL experienced, in addition to a short-term frequency jitter, a long-term
frequency drift with a relatively constant rate of approximately +4.8 kHz/sec. The drift is
shown in Fig. 6(a), where the beat frequency deviation was recorded with time. The slow and
constant temperature drift of the 15 Q potentiometer was the source of this effect. When the
TQCL was stabilized with only a proportional part of the feedback circuit, the beat frequency
linewidth and frequency drift was reduced to 3-4 kHz and 50 Hz/sec, respectively.
Employment of the integrator in the frequency locking process did not reduce the linewidth
any further, but did help to substantially reduce the drift to a value of 0.13 Hz/sec. This can
be seen in Fig. 6(b), where a typical time-domain record of the beat frequency for a 45-min
period is presented. The time interval between readings was 2 seconds. After about 2100
seconds the TQCL dewar ran out of LHe and, as a result, frequency drift increased. The
maximum frequency excursion was only about 200 Hz within a 40 minute time frame.
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Fig. 6. Beat frequency fluctuation recorded (2 sec/point) during: (a) a 12-min time interval of
the free-running TQCL, (Inset: Allan variance plot of the unlocked laser discussed in Sect.4),
(b) a 45-min time interval of the locked TQCL.

The largest correction signal that the integrator can produce was 12 V. By the time the
TQCL dewar emptied, the error signal monitor (Fig. 3) indicated only 2 V. Thus, the
frequency locking time was restricted only by the dewar’s LHe capacity and can be extended
significantly by using a different TQCL cooling system.

4. Time domain analysis

In order to quantitatively evaluate the TQCL and OPL beat frequency stability, a two-sample
Allan variance was calculated for averaging times between 2 s and 300 s. The Allan variance
is defined by [14,15]:

m—1
PR D (=T M)

2(m—1)vg ‘=
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where m is the number of measurements of V;, each averaged over a t time interval
(assuming zero dead time) and v, is the mean frequency. The square root of Allan variance is
called Allan deviation (AD). Fig. 7(a) shows Allan variance calculated using frequency
fluctuation data from 2-2100 s time interval (before the TQCL temperature increased due to
lack of LHe in the dewar). Increasing the averaging time improves the beat frequency
stability by averaging noise. The Allan deviation reaches its minimum value of

0'(2, 26): 7.1-107° at the optimum averaging time of 26 s. After this point longer averaging

times reduce the level of stability. Plotting log (c%) versus log (t) allows identification of the
noise types [14,16]. As can be seen from Fig. 7(b), the curve has a slope of about -1 in region
I for short integration times up to © = 26 s (log t =1.4), indicating that white noise was
dominant in this section. Flicker noise (1/f) is responsible for the flat minimum section in
region II from t= 26 s to 40 s (1.4 < log (1) < 1.6). After this point low-frequency random-
walk and flicker-walk noises (drifts) drive the curve up with a slope of ~ 1.8 (section III).
Environmental perturbations like mechanical vibrations and temperature fluctuations are
responsible for this type of noise.
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o 0.8 15.4
o ] “o
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Fig. 7. (a) Allan variance o” (red line) plot and its fit curve (blue line) for the locked TQCL,
(b) Log 6* vs Log 1. Region I (slope -1) is dominated by white noise, region II (slope 0) is
dominated by flicker noise, and region III (fractional slope of 1.8) is dominated by a noise type
positioned in power law model between random-walk (slope 1) and flicker-walk (slope 2)
noises.
Frequency noise consists of white (W ~ £°), flicker (F ~ f ), random-walk (RW ~ f ), and
flicker-walk (FW ~ f ) noise. The Allan variance in our case can be represented by the
expression [16]:

o*(2,7)=apy v’ +ap, vt +a, +a, /T 2
A fitting routine to our data (Fig. 7(a)) gives the following noise level constants:
Apy =5%x107"a,, =2.49x107,a, =42x107"%,a, =9.97x107'°.

White noise is the dominant noise with some contribution from flicker and some weak
frequency drift expressed by FW and RW noise. However, since we are analyzing the beat
signal between the OPL and TQCL, we cannot identify the source (the OPL or the TQCL) of
the noise. To make a comparison between locked and unlocked beat frequency stability,
Allan variance of the free-running TQCL was calculated and shown in the inset of Fig. 6(a).
It can be described by the formula

0'2(2, T)ZbFWT2 3)

where the fitting constant is
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by =1.228x107"".

The fit between the measured data is perfect. Flicker-walk noise is the only noise that can be
identified here as it should be since there is a very strong frequency drift of the unlocked laser
(Fig. 6(a)). By comparing the noise level coefficients we conclude that significant noise
reduction has been achieved.

6. Conclusion

It has been demonstrated that the THz QCL can be frequency locked and stabilized to that of a
THz reference source using downconversion, comparison to a microwave synthesizer signal,
RF filtering, and a relatively slow (t ~ 1ms) proportional and integral analog feedback circuit.
The frequency stability of the beat signal, Av, based on the square root of Allan variance, was
estimated (7.1 x 10” at the optimum averaging time of 26 sec). The long-term stability of the
OPL and the proportional/integral feedback circuit maintained the 3-4 kHz linewidth for a
time of 45 minutes, limited only by the capacity of the LHe dewar. THz QCLs with achieved
frequency stability can be used as transmitters in short-range coherent transceivers and many
other applications.
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