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The accuracy of high-resolution spectroscopy depends critically on the stability, frequency control, and traceability
available from laser sources. In this work, we report exact tunable frequency synthesis and phase control of a terahertz
laser. The terahertz laser is locked by a terahertz injection phase lock loop for the first time, with the terahertz signal gen-
erated by heterodyning selected lines from an all-fiber infrared frequency comb generator in an ultrafast photodetector.
The comb line frequency separation is exactly determined by a Global Positioning System-locked microwave frequency
synthesizer, providing traceability of the terahertz laser frequency to primary standards. The locking technique reduced
the heterodyne linewidth of the terahertz laser to a measurement instrument-limited linewidth of <1 Hz, robust against
short- and long-term environmental fluctuations. The terahertz laser frequency can be tuned in increments determined
only by the microwave synthesizer resolution, and the phase of the laser, relative to the reference, is independently
and precisely controlled within a range 0.3 . These findings are expected to enable applications in phase-resolved
high-precision terahertz gas spectroscopy and radiometry.
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1. INTRODUCTION

An ideal single-frequency laser produces an electromagnetic wave
that is defined by three values: its amplitude, frequency, and phase.
Since the invention of the laser [1] there has been a huge effort
devoted both to stabilize these parameters to ensure that they
remain constant over time and to control them with high precision.
The highly stable and precise laser sources that are now available
across the visible and near-infrared spectrum have enabled a diverse
range of applications, from sensing [2—4], imaging [5,6], and
LIDAR [7,8] to measurements of gravitational waves [9].

The terahertz region of the electromagnetic spectrum is com-
paratively underdeveloped, with a lack of stabilized laser sources.
There are a number of applications where a narrow linewidth and
stable terahertz source is essential. Remote sensing for atmospheric
and astronomical observations makes use of local oscillators (LOS)
[10-12] where the linewidth and stability of the LO source defines
the resolution and accuracy of the measurement. A compact, sta-
ble, and narrow linewidth terahertz source is also highly desirable
for satellite and airborne radiometry [13-15]. Furthermore, if tera-
hertz laser sources could be stabilized with metrological precision,
there are exciting applicationsin tests of physical constants [16—18]
and charge conjugation parity [19] in this frequency region, where
many gas molecules exhibit fundamental rotational and vibrational
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modes. Recent advances in laser cooling have allowed molecules
to be cooled to mK and even  uK regimes [20], reducing the
Doppler broadening of these molecular species to subkilohertz
linewidths.

The most versatile and promising laser source in this part of
the spectrum is the terahertz frequency quantum cascade laser
(QCL). The appeal of this source has led to intense research activity
in the field of terahertz QCLs since the first demonstration [21].
Major advances in the past decade include realization of emission
frequenciesranging from 1.2 THz [22] to 5 THz [23],upto 2.4 W
output power [24] and terahertz frequency comb emission [25].
The intrinsic linewidth of the terahertz QCL is of the order of a
few hundreds of Hz [26,27] but thermal, electric, and mechani-
cal instabilities typically result in free-running linewidths of a
few MHz [28]. This has led to the development of several tech-
niques to stabilize the frequency of QCLs, including locking to
a gas absorption line [29], a multiplied microwave source [30],
femtosecond laser frequency combs [31,32], and a femtosecond
frequency comb stabilized to a primary frequency reference [33].
All of these methods only make use of an electrical feedback to
stabilize the frequency of the QCL to a stable reference source. A
significant drawback of this technique is that the bandwidth over
which the frequency fluctuations can be compensated is limited
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