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1. Introduction 
This document contains Final Report pertaining to work performed in “Mid-IR Microresonator-

Based Optical Frequency Combs” program, funded by AFOSR (Contract No. FA9550-12-C-

0068) and executed by OEwaves, Inc. (“OEwaves”) and The Aerospace Corporation 

(“Aerospace”).  

 The effort was aimed at investigating fundamental properties of frequency combs (Kerr 

combs) generated by cascading parametric nonlinear effects in whispering gallery mode (WGM) 

crystalline microresonators.  

  The main goals for the work were (a) theoretical extraction of microresonator design 

parameters and specifications enabling the generation of Kerr combs in the mid-infrared (mid-

IR) wavelength region and (b) demonstration of a mid-IR Kerr comb obtained by pumping a 

whispering gallery mode microresonator with a 4.5m quantum cascade laser (QCL), which 

amounts to the longest-wavelength Kerr comb to date and first to access the molecular 

fingerprint region of the optical spectrum, a critical enabler for a wide range of new military and 

civilian chemo/bio sensing applications.   

2. Major Accomplishments 
In this effort we performed a broad theoretical and experimental study of properties of 

microcavity Kerr frequency combs that led to publication of 14 refereed papers in Nature 

Communications, Optica, Optics Letters, etc.  One more paper is currently under consideration in 

Laser & Photonics Review. In particular, the Project resulted in the following breakthroughs in 

the field of linear and nonlinear mid-IR optics: 

 

 We observed generation of frequency combs centered at 4.5μm in high-finesse CaF2 and 

MgF2 whispering gallery mode resonators pumped with quantum cascade lasers. A 

frequency comb broader than a half of an octave was demonstrated when ~20mW of 

pump power was coupled to an MgF2 resonator characterized with quality factor > 10
8
. 

This is the longest-wavelength Kerr comb achieved to date. 

 We demonstrated quantum cascade lasers stabilized to high-Q crystalline mid-IR 

microcavities. The lasers operating at room temperature at around 4.5 m have linewidth 

approaching 10 kHz along with excellent spectral purity and are promising for on-chip 

mid-IR and IR spectrometers. 

3. Objectives 
No changes to the objectives of the research effort were introduced. The objectives are listed 

below. 

(1) Develop analytical and numerical models that elucidate how group velocity dispersion 

(GVD) affects key aspects of Kerr comb generation, including threshold power, repetition rate, 

overall comb spectral bandwidth, and temporal coherence. Derive solutions of the nonlinear 

differential equations describing the frequency comb generation, and analyze the solution 

stability in the case of anomalous, zero or normal net GVD. Determine the relationship between 

GVD and selected resonator mode families. 
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(2) Improve existing analytical models of Kerr combs by formulating a theoretical treatment of 

Kerr comb amplitude and phase fluctuation dynamics. Determine which set of requirements must 

be met in order to obtain mode-locked (coherent) octave spanning Kerr combs and explain why 

recently generated octave-spanning combs are incoherent. 

(3) Find the best resonator parameters for generation of wide and stable combs with high comb-

line visibility.  Tailor the theoretical analysis to finding microresonator parameters required for 

both spectrally wide and stable mid-IR frequency combs. Investigate materials suitable for comb 

generation at such wavelengths and quantitatively study the effect of the resonator morphology 

and mode characteristics on its GVD, with the goal of creating ideal conditions for mid-IR comb 

generation in well-established materials such as MgF2 and CaF2. 

(4) Formulate an optimized design of microresonator morphology and corresponding coupling 

optics to achieve efficient coupling of mid-IR pump light into the microresonator and low-

threshold mid-IR Kerr comb generation. Fabricate and package the ultra-high-Q microresonator 

according such design and make it transportable from OEwaves to Aerospace without 

degradation to the Q factor. 

(5) Investigate and demonstrate experimentally the coupling/locking of a mid-IR-wavelength, 

extended-cavity quantum cascade laser (EC-QCL) to a high-Q microresonator optical mode. In 

particular, study the effectiveness of passive (self-injection and thermal) and active (Pound-

Drever-Hall) locking schemes. Measure the linewidth, stability, and amplitude noise of the 

microresonator-locked QCL. Investigate, theoretically and experimentally, the properties of 

fabricated micro-resonators in the mid-IR.  Measure their Q-factors and explain the observations. 

(6) Demonstrate experimentally a Kerr frequency comb in the mid-IR centered at ~4.5m, using 

an EC-QCL as the pump source. Circumvent the unavailability of mid-IR optical spectral 

analyzers and/or multi-GHz-bandwidth by implementing interferometric techniques in the 

spectral/temporal characterization of the mid-IR comb. Use this detection apparatus to measure 

the mid-IR Kerr comb coherence and study phase locking of the comb harmonics. Characterize 

the amplitude and phase noise of the comb and compare it to the theory.  

 

(7) Investigate theoretically the generation of coherent Kerr combs spanning an octave or more 

in the mid-IR. Use the results of this analysis to derive a detailed design for an experimental 

demonstration of a mid-IR octave-spanning coherent Kerr comb.  

4. Accomplishments  
 

This section summarizes our achievements made towards the project Objectives. 

Fundamentals of Kerr Combs and WGM Resonators 
 

Model 

The baseline laser/microresonator configuration we considered in our Kerr comb 

generation model is schematically illustrated in Fig. 4-1. 
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4-1 Scheme of the Kerr frequency comb generator 

  

Kerr comb generation in solid-state optical microresonators stems from a four-wave 

mixing (FWM) process reminiscent of modulation instability and parametric oscillation in 

optical fibers. FWM is a nonlinear optical effect consisting of creation of frequency-domain 

sidebands, which surround the frequency of the laser coupled to the microresonator.  The 

sidebands are separated approximately by integer numbers of free spectral ranges (FSRs) of the 

resonator and normally equidistant from and symmetrically placed around the central laser 

frequency.  

 In order to numerically model Kerr frequency comb formation, we utilize a set of 

equations for light localized in discrete modes of the microresonator. The starting point is the 

standard Hamiltonian, 𝑉̂, describing the interaction between light and microresonator: 

  

                                                      𝑉̂ = −
ℎ𝑔

4𝜋
(𝑒̂+)2𝑒̂2   ,     𝑒̂ = ∑ 𝑎̂𝑗𝑁                                                 

(1)                       

Here, g is the light-matter coupling parameter and 𝑒̂ denotes the overall photon 

annihilation operator, expressed as the sum of annihilation operators corresponding to individual 

microresonator modes, each labeled as 𝑎̂𝑗 . For the purpose of numerical simulations, we chose 

to use N = number of modes = 101 (i.e. the pumped mode matched to the laser frequency plus 

100 adjacent modes). 

 Based on the form of the Hamiltonian V, we can derive “equations of motion”, i.e. 

equations for the time-dependent evolution of the optical field, in the following form 

 

   
𝑑

𝑑𝑡
𝑎̂𝑗 = −(𝛾 + 𝑖𝜔𝑗)𝑎̂𝑗 +

2𝜋𝑖

ℎ
[𝑉̂, 𝑎̂𝑗] + 𝐹𝑒−𝑖𝜔𝑡𝛿(𝑁+1)/2.𝑗             

(2) 

  

 Here, is the half width at half maximum common to all microresonator modes, j is the 

central frequency of the j
th

 mode, h is Planck's constant, F is the normalized pump laser 

amplitude, and  is the Kronecker delta operator. 
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4-2 Left: Normalized field amplitude in the optically pumped mode vs. frequency of the CW pump light. Solid lines show 
stable branches corresponding to generation of various Kerr combs, dots correspond to generation of chaotic combs or combs 
with time-depending envelopes. Plot (a) refers to a soft excitation regime (<1 photon per mode).  Plot (b) refers to hard 
excitation.  Stable solutions are realized for the particular nonzero initial condition and detuning selection. The comb can also 
be excited from nearly zero initial excitation of modes, if the pump frequency is shifted non-adiabatically, as shown in Fig. 4. 
Constant tuning of the pump frequency also permits to observe solutions corresponding to the stable branches. Right: 
Simulated spectra of the combs corresponding to stable-solution branches shown in the left panel, plot (b). For further 
details, see A. Matsko et al. Optics Letters 38, 525 (2013). 

 

 
  

Chaotic combs 

Numerical solutions of Eq. (2) showed that a chaotic comb generation regime 

characterized by a temporally unstable, spectrally asymmetric, and incoherent comb envelope is 

generally accessible for a wide range of initial conditions, as documented in Fig. 4-2. 

Interestingly, such chaotic solutions can be mistaken for stable, symmetric, coherent combs when 

experimentally observed with a standard optical spectrum analyzer (OSA). This artifact stems 

from millisecond-scale time averaging performed by OSAs, which masks the faster dynamics of 

the chaotic comb. Conversely, the corresponding comb-produced beat note, observed with a 

radio-frequency (RF) spectrum analyzer, is noisy, irregular, and significantly wider than the 

linear bandwidth of microresonator modes.  

We confirmed the existence of a chaotic Kerr combs through numerical simulation and 

matching experiment, as shown in Fig. 4-3.  We also found that "regular", coherent Kerr combs 

cannot be generated when no pump photons are initially present in the FWM sidebands i.e. when 

the sidebands originate from mere quantum fluctuations (parametric noise).  
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4-3 Optical spectrum of an incoherent Kerr comb [(a),(b)] and associated RF signals [(c),(d)] generated by  the comb on a fast 
photodiode. (a) and (c) represent simulation results, whereas (b) and (d)  are measurement results. To simulate the spectrum 
of the chaotic comb (a), we time averaged the chaotic comb spectra over time = 100∕γ. This averaging corresponds to the 
averaging introduced by an OSA used to observe the comb spectrum in the experiment. 

 

To produce a coherent comb using a single-frequency pump laser, one needs to change in 

a non-adiabatic fashion either the power or the detuning of the pump light. Figure 4-4 

exemplifies the simulated emergence of a regular, coherent comb from initially chaotic 

oscillations when the pump laser frequency suddenly moves to a position where regular solutions 

are allowed. The modification of the oscillation regime is accompanied by intricate transient 

comb dynamics which are identified for the first time in our analysis. 

 

4-4 Density plot showing the time dependence of amplitude of comb harmonics. This is an example of excitation of a regular 
frequency comb in an empty microresonator via non-adiabatic change of the oscillator parameters. When the detuning is 
modified (from -5 to -27 HWHM of the selected WGM, in this case), the abrupt change results in the generation of a regular, 
broad coherent comb. 
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4-5 Spectrum of amplitudes of optical harmonics of the frequency 
comb generated in a microresonator. The narrowest and widest 
spectra are presented in plots (a) and (b). 

 

Breather solitons 
Our numerical analysis also showed that Eq.  (2) admits breather soliton solutions, 

including  Kuznetsov-Ma  solitons, which are known solutions of the nonlinear Schrodinger 

equations and can form in high-finesse  microresonators for specific values of the pump beam 

frequency and power. In fact, we argue that the relatively slow time-domain modulation of Kerr 

comb frequency harmonics, observed in several recent experiments, can be attributed to such 

soliton formation. 

The temporal envelope of the pulse and corresponding spectral width of the frequency 

comb forming the pulse slowly varies in time as well as propagation distance in the case of KM 

solitons (see Figures 4-5 and 4-6). Such a behavior is known to be an example of Fermi-Pasta-

Ulam recurrence.  Since demodulation of the pulses on a fast photodiode would result in 

generation of low frequency RF harmonic, along with high frequency harmonics corresponding 

to the pulse repetition rate, we argue it is possible that resonant breathers were already generated 

in microresonators, and proper experimental techniques are needed for their observation. 
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Kerr frequency comb generation in overmoded resonators 

 Another result of our numerical analysis has been the elucidation of the process of Kerr 

comb formation in certain experimentally observed conditions, which include relatively small 

(<100 GHz) comb spacing, "soft" excitation (i.e. negligible pump power is initially present in all 

modes except the one being directly pumped), and zero or normal GVD. We found that such 

combs originate from the   interaction (mainly driven by unavoidable imperfections in the 

microresonator structure) among resonator modes belonging to different mode families 

overlapping within the same spatial volume.  

 Such interactions are to be expected in all "overmoded" microresonators, which support 

more than one mode family and indeed represent the majority of microresonators experimentally 

characterized in the literature to date. 

 Our analysis, detailed in A.A. Savchenkov et al., Optics Express 20, 27290 (2012), shows 

that scattering-based interaction among nearly degenerate optical modes is the key factor 

explaining the low-threshold generation of Kerr combs in resonators exhibiting small and/or 

large normal GVD. The mode interaction is found capable of effecting drastic changes in the 

local GVD, resulting in either a significant reduction or increase of the oscillation threshold. 

 We performed an experiment with a large, overmoded microresonator of near-zero GVD 

and observed generation of the frequency combs with envelopes similar to the ones predicted by 

the theory (see Fig. 4-7 and Fig. 4-8). 

4-6 The shortest (red solid line) and longest (blue dashed line) optical 
pulses generated in the resonator for the spectra shown in Fig. 6. 
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4-7 Left: Examples of numerically simulated Kerr combs in overmoded microresonators characterized by near-zero GVD and 
having the frequency of one mode shifted by inter-modal interactions. Right: Experimental spectra of three Kerr combs 
observed in the same overmoded WGM resonator when light is coupled to three arbitrary modes having strong interaction 
with other modes within the resonator. The wavelength of the pump light was changed to select specific modes, and 
depending on the mode selected, we observed: (a) single-FSR, (b) dual-FSR comb, and (c) triple-FSR combs. (see A. Savchenkov 
et al., Opt. Express 20, 27290-27298 (2012) for details) 

 

  

 

4-8 Amplitude distribution for the pump mode (a) and first two sidebands [(b) and (c)] of Kerr combs based on mode 
interaction. The sidebands are apparently unequal at any pump frequency detuning from the pumped optical mode as well 
as frequency separation (see Fig.8) between the two interacting modes resulting in local modification of the GVD of the 
microresonator. 

  

In our experiment we used a calcium fluoride (CaF2) resonator having diameter = 

6.721mm. The resonator had approximately 9.9 GHz free spectral range (FSR) and had loaded 

quality factor exceeding 10
9
. We pumped the resonator with 1545.5nm-wavelength light emitted 

by a distributed feedback semiconductor laser. The light was coupled to the resonator via a 

coupling prism. The optical power emitted by the laser was 15 mW, and 3.2-1 mW of the light 

entered the selected modes of the resonator (the values depend on the mode selection). The 

output light was collected using a PM Panda fiber and forwarded to an optical spectrum analyzer. 
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The measured spectra are shown in Fig. 4-7 and 4-9. It is worth recalling here that, in a resonator 

with near-zero normal GVD, frequency comb generation would be impossible unless mode 

interaction is assumed or optical seed is used to facilitate the hard excitation of the oscillation 

process. 

 

4-9 Measured GVD and Kerr frequency comb generation correlation. The measurement accuracy of the resonator spectrum is 
on the order of 10 Hz. (a) GVD parameter D (see A. Savchenkov et al., Opt. Express 20, 27290-27298 (2012) for details) for a 
CaF2 WGM resonator with 30 GHz free spectral range and 25 kHz loaded bandwidth. Two mode families are studied (data are 
shown by circles and squares). The comb generation is observed only in the modes corresponding to filled squares, when 
parameter D exceeds 1. (b) GVD parameter D for a CaF2 WGM resonator with 10 GHz free spectral range and 78 kHz loaded 
bandwidth. No comb generation is detected and D is always smaller than 0. Red diamonds stand for the theoretical value of 
the GVD parameter with no mode crossing taken into account. 

 

 Transient regime of Kerr comb formation 

The temporal growth of an optical Kerr frequency comb generated in a microresonator was 

studied both experimentally and numerically. We found that combs emerge from vacuum 

fluctuations of the electromagnetic field on time scales significantly exceeding the ring-down 

time of the resonator modes. The frequency harmonics of the comb spread starting from the 

optically pumped mode if the microresonator exhibits anomalous GVD. The harmonics have 

different growth rates resulting from a sequential four-wave mixing process that explains 

intrinsic mode locking of the comb (Fig. 4-10). 
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The transient behavior of the Kerr frequency comb can be verified experimentally if one 

measures the power of the comb harmonics exiting the resonator. Instead of the direct 

measurement of the optical harmonics, the power of the radio frequency (RF) signal generated 

on a fast photodiode by the comb can be measured. We performed such experiments, as detailed 

in A. A. Savchenkov et al., Physical Review A 86, 013838 (2012). 

 

 

4-10 (a) Transient behavior of the normalized amplitude of the electromagnetic field of the externally pumped optical mode. 
(b) The transient behavior of the light exiting the resonator is calculated for slightly over coupled modes, and for different 
values of nonlinearity/power. The oscillator reaches its steady state faster for larger nonlinearity/power, and slower for 
smaller nonlinearity/power. 

 

4-11  Schematic of the experimental setup. The WGM resonator is pumped with a DFB laser, self-injection locked to the 
selected mode. The output light is analyzed with an optical spectrum analyzer (OSA) showing the spectrum of the generated 
Kerr comb. Part of the light is sent to a fast photodiode (PD). The photocurrent, modulated with a frequency equal to the 
comb repetition rate, is directed to an RF power detector (RFD), and a fast oscilloscope. This signal is proportional to the 
convolution of the harmonics of the optical frequency comb. Some of the light is also detected with a slow photodiode (PD) 
and the photocurrent from this photodiode is forwarded to another channel of the same oscilloscope. This signal shows the 
integral DC power leaving the resonator. Comparing the signals with the fast oscilloscope we are able to measure the time 
delay between the generation of the Kerr comb and the moment the pump light enters the corresponding mode. 
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We used a calcium fluoride (CaF2) whispering gallery mode (WGM) microresonator with 

loaded Q-factor of 2.2×10
9
 (full width at the half maximum of the mode is 90 kHz, and 

corresponding ring down time 1.75μs). The intrinsic Q-factor of the resonator was 5.5 × 10
9
, 

which means that the attenuation of light in the modes was primarily given by the interaction 

with the evanescent field coupler (a glass prism), and not by the scattering and loss of the 

resonator host material. The resonator was pumped using a 1545nm distributed feedback (DFB) 

semiconductor laser, self-injection locked to a selected resonator mode. The laser was emitting 

approximately 6mW of power, 30% of which entered the resonator (see Fig. 4-11 for a schematic 

view of the experimental setup). The observed variation of the Kerr frequency comb dynamics is 

illustrated by Figure 4-12. 
 

 
4-12 Variation of the frequency comb dynamic when the same optical mode is pumped with different laser power. Left: 
Experimentally observed transient behavior of the Kerr frequency comb was measured via monitoring the power of the DC 
signal generated by the light exiting the resonator on a slow photodiode. The voltage at the photodiode is proportional to 
the power. Right: Same dependencies obtained via numerical simulation. 

The first demonstration of a Kerr frequency comb in a sapphire WGM resonator 

Sapphire is another material transparent in mid-IR. We studied theoretically, and demonstrated 

experimentally, generation of coherent optical frequency combs in a sapphire WGM resonator 

(Fig. 4-13). We verified phase locking of the comb harmonics by demodulating the comb on a 

fast photodiode and by observing production of a spectrally pure radio frequency signal. The 

sapphire resonator is an excellent candidate for on-chip device integration of the comb oscillator, 

because of excellent optical and superior mechanical properties of the material. 
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4-13 Demonstration of a sapphire WGM resonator: setup and optical spectra 

 

We performed numerical simulations and shown that Kerr comb generation is possible in the 

resonator as the resonator has proper value and sigh of GVD (Fig. 4-14). 

 

 

 

4-14 Results of theoretical analysis of the dispersive properties of the sapphire resonator (Left) and numerical simulations of 
a Kerr frequency comb that can be generated in the resonator (Right). 
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4-15 Left: Experimental setup used to generate and observe Kerr frequency comb in a sapphire WGM resonator. Right: 
Optical spectrum of the observed Kerr frequency comb as well as spectrum of the RF signal generated by the Kerr comb on a 
fast photodiode. 

We observed generation of Kerr frequency comb by pumping the resonator with continuous 

wave light (Fig. 4-15). The comb was demonstrated to be phase locked by demodulating it on a 

fast photodiode and generating a narrow RF beat note. To our knowledge, this is the first 

demonstration of generation of Kerr frequency comb in sapphire. 

 The sapphire frequency comb generators are particularly interesting because of the 

excellent mechanical and optical properties of the material. Monolithic sapphire resonators are 

much less prone to various environmental factors, when compared with other optical materials. 

For instance, because of substantially higher mechanical strength, these resonators are expected 

to produce oscillators with exceptionally low acceleration sensitivity, opening the way for 

applications on expanding range of mobile platforms. Furthermore, the relatively high refractive 

index of sapphire simplifies on-chip integration of the resonators. All these features point to the 

possibility of fabricating robust, chip-scale optical frequency comb generators based on sapphire. 

These resonators are also of interest as optical reference supercavities characterized with high 

quality factor in a broad wavelength range, and as external cavities for laser stabilization. 

Observation of normal GVD frequency comb 
Generation of Kerr frequency comb is phase matched in a broad range of parameters if GVD of 

the resonator modes is anomalous. However, phase matching is compromised in the case of 

purely normal GVD. While modulation instability as well as mode locking is still possible under 

this condition, generation of a broad frequency comb has not been previously demonstrated 

under net normal GVD.  

 Short optical pulses can be created in a Kerr frequency comb system if the optical loss of 

a nonlinear ring microresonator has specific frequency dependence. The loss dependence 

modifies the GVD of the resonator in a way similar to conventional mode locked lasers that can 
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operate at any GVD. This method, though, is not easily utilizable for a large variety of the 

broadband monolithic microresonators. 

 We observed a stable normal GVD Kerr frequency comb (Fig. 4-16). The shape of the 

frequency envelope of the comb differs significantly from the earlier predictions and 

observations. By demodulating the comb on a fast photodiode and observing the phase noise of 

the generated RF signal we prove that the frequency harmonics are phase locked. To ensure 

generality of the phenomenon we performed the experiment at two different wavelengths, 780 

nm and 795 nm, using several different resonators and confirmed generation of the mode locked 

combs with similar properties. 

 Using numerical simulations, we reproduced the frequency comb envelope and shown 

that the comb does not correspond to generation of a short optical pulse in the resonator; rather, 

the pulses are “dark,” i.e. they have lower power as compared to the DC background in the 

resonator (Fig. 4-17). The frequency comb produces bright pulses at the resonator output, due to 

the interference with the pump light. It is worth noting that generation of bright pulses inside the 

resonator usually leads to generation of “dark” pulses at the resonator output. The pump light has 

to be filtered out to enable observation of the bright pulses. 

 

 

 

4-16 Left: (a) Observation of Kerr frequency comb at 795 nm in MgF2 resonator. The comb is generated at the conditions of 
normal GVD. The optical spectrum is not resolved by the spectrum analyzer we used. (b) Spectrum of an RF signal generated 
by the frequency comb on a fast photodiode. Right: Theoretical simulation of the comb generation. The simulations are 
performed for various experimental conditions. 
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4-17 Left: Normal GVD Kerr frequency combs generated in a WGM resonator for two different values of pump power P. Right: 
Optical pulses generated in the resonator for pump power P=25P0 (P0 is characteristic power of the process described in the 
corresponding paper). Blue line corresponds to the whole comb spectrum. Red line corresponds to the pulses generated by 
beating several modes of the comb only. 

The first complete analytical study of mode locked Kerr frequency comb 

We analyzed mode locked regime of Kerr frequency comb using Lugiato-Lefever (LL) equation 

accompanied by the standard high finesse cavity input-output equation: 

 

Here A(T, t) is the slowly varying envelope of the electric field, T = z/Vg, z is the is distance 

traveled by the photon around the resonator circumference (T is ”slow time”), Vg = 1/1 is the 

group velocity, and t is the retarded time (the time in the frame of reference travelling along with 

the pulse with the group velocity, t ≡ t* −z/Vg, where t* is the physical time). TR is the resonator 

round trip time, R is the GVD of the resonator, R is the nonlinearity of the 

resonator,  is the amplitude attenuation per round trip, Tc is power loss per round trip due to 

coupling, d0 is the normalized frequency detuning, TR is the detuning between the 

pump light and the pumped mode,  is the eigenfrequency of the optically pumped mode,  is 

the carrier frequency of the pumping light, Pin
1/2

 exp(iin) stands for the external pump. 

We assumed that solution can be found in form 

 

and found parameters of the solution using perturbed Lagrange equations derived from Lagrange 

operator 

;
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Steady state solution as well as timing jitter of the pulse train generated in the resonator was 

found. The results were published in Optics Express 21 (23), 28862-28876 (2013). 

The first demonstration of a diamond microsphere WGM resonator 
Diamond is an excellent optical material that is transparent in mid-IR. The material is also 

attractive because of its exceptional physical and chemical properties, including thermal 

conductivity, as well as mechanical hardness. Recently developed methods of mass fabrication of 

inexpensive clean diamond crystals resulted in explosive growth of all kinds of devices based on 

the diamond. Optical microring resonators have been fabricated out of diamond. It was not clear 

if the measured Q-factors of microrings are related to the cleanness of the material, or if is 

limited by the fabrication technique. 

 Mechanical polishing allows reaching outstanding surface quality that has already led to 

demonstration of the highest finesse monolithic resonators. We used this technique to fabricate a 

diamond resonator (Fig. 4-18). The measured quality factor of the resonator was Q = 2.4x10
7
, 

which is two orders of magnitude larger compared with the best previously reported values. We 

found that in our case the measured Q-factor is limited by the material loss, which approaches 4 

x10
−3

 cm
−1

, and not by surface scattering. 
 

 
4-18 Demonstration of the first diamond WGM resonator: setup and optical spectra. 

 

Mid-IR Optics 

Experimental setup for the Kerr comb generation in the mid-IR 
 Considerable interest surrounds the generation of Kerr combs at mid-IR wavelengths, 

which may enable innovative molecular fingerprinting applications for in-situ and remote 
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biochemical detection. To date, however, the pursuit of this objective has been generally 

hampered by the lack of a viable approach to pumping microresonators at mid-IR wavelengths 

(for example, evanescent coupling from tapered fiber is not an option due to high mid-IR loss in 

fused-silica fibers), lack of suitable pump laser, and/or high mid-IR loss in the resonator material 

itself. 
 

 

 
 

4-19 Up: Schematic view of experimental setup for mid-IR Kerr comb generation. 
Down: Photograph of the experimental setup at Aerospace. 

  

We pursued an experimental realization of a mid-IR Kerr comb, which circumvents these 

issues, as illustrated in Fig. 4-19. In our experiment, the pump laser was distributed-feedback 

(DFB) QCL operating at central wavelength of approximately 4.51m. We acquired the laser as 
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an off-the-shelf item from Adtech Optics and performed its characterization at Aerospace 

laboratory facilities, as documented in Fig. 4-20. 

The DFB QCL emits maximum CW output power in excess of 75mW, exhibits single-

frequency spectrum (supplier-specified linewidth < 1 MHz) which can be continuously 

temperature-tuned, without mode hopping, over a wavelength range >10nm, and emits a single-

transverse-mode near-Gaussian beam of excellent spatial quality (M
2
 ~ 1.2).  

We coupled the output beam from the QCL into the packaged microresonator (which was 

transported from OEwaves to Aerospace facilities). The formatted beam was injected into the 

resonator using a free-space approach that leverages the mid-IR transparent, prismatic sapphire 

windows used to enclose the microresonator. This approach avoids the optical loss that would be 

incurred by using, for example, silica fibers (opaque at wavelengths > 2.7m) for light transport. 

A single-frequency 1.5m fiber laser (NKT-Photonics/Koheras Adjustik) is also included in the 

setup to provide a pilot beam to guide the alignment process. 
 

 

 
4-20 In clockwise direction from top: QCL output power vs. DC voltage across diode leads for various QCL temperature values; QCL 
drive current vs. applied DC voltage; Far-field spatial profile of the QCL output beam at max power; QCL output spectrum recorded 
with a monochromator for several temperature values (the spectral width is instrument-limited). 
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Resonator package 
We designed a packaged resonator that is protected from environmental contamination to study 

properties of the generated frequency comb as well as the properties of the self-injection locked 

laser emission. 

 

Design of resonator package 

 High-Q WGM resonators are prone to degradation under such environmental factors as 

dust and humidity. A proper package should be designed to make a resonator suitable for 

transportation outside the clean room environment. The package must also provide low thermal 

sensitivity. The distance between the evanescent field coupler surface and the resonator 

circumference is on the order of 0.1 um. Thermal changes of the package should not lead to 

closing the gap between the resonator and the coupling prism; otherwise the prism will damage 

the resonator.  

 We designed a sapphire package shown in Fig. 4-21.  The walls of the box are used to 

couple light in and out of the resonator. The box is designed such that the resonator can be 

operational in a laboratory environment and outside the clean room. 
 

 

  

4-21 Design of sapphire box for the resonator. The walls of the box are used as the coupling prisms. 

We reviewed properties of several materials transparent in the mid-IR and found that sapphire is 

the most suitable for fabrication of couplers for WGM resonators made either from calcium or 

magnesium fluoride (Table 1). The basic advantages of sapphire are transparency in the visible 

and near infrared, as well as high mechanical quality. 

Table 1: Indexes of refraction for several optical materials transparent at 4.6 um. 

Prism material Refractive index at 4.6 um 

BaF2 (partially soluble in water) 1.455 

Sapphire 1.652 

Zink Selenide 2.435 

Silicon 3.43 

GaAs 3.14 

Spinel (MgAl2O4) 1.71 
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Diamond 2.38 

 

 

 

4-22: Transparency of sapphire in accordance with two different sources (Left: 
http://www.alkor.net/sapphire_windows.html; Right: http://rmico.com/technical-notes/zns-cleartran-sapphire-
spinel#sapphire). Since the coupling prism is a couple of millimeters thick, it will enable coupling the comb lines with 
wavelength up to 6 um out of the resonator. Because of the wide transparency range it also allows comparing Kerr frequency 
comb generation at other wavelengths.   

 Refractive index of sapphire allows coupling with resonators made out of quartz, fused 

silica, various fluorides, since the index of refraction of sapphire is large enough (see Fig.4-22 

and Table 2). On the other hand, it is not as large as refractive index of silicone or germanium, so 

the boundary reflection is not very large. 

Table 2: Wavelength dependence of refractive index of sapphire. 

 
 

 We mounted the sapphire box at a thermally stabilized platform and verified thermal 

stability of the platform using commercial simulators (Fig.4-23). 
 

 

 

4-23 Example of simulations of thermo-mechanical properties of the sapphire package designed for the resonator. We 
insured by the simulations that reasonable temperature change does not result in significant deformation of the package. 
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Assembly of resonator package 

 

 We fabricated parts and assembled the packaged resonator in accordance with the design. 

The picture of the package is shown in Figure 4-24. To verify the quality of the resonator we 

checked the quality of the optical beam leaving the resonator (Figure 4-25) and the full width at 

the half maximum of the resonator (Figure 4-25).  
 

 

4-24 Packaged MgF2 microresonator in accordance with the design shown in Figures 4-23 and 4-21. The 
space gap between the prism and the resonator surfaces is fixed at about 200 nm 

Both measurements were performed at OEwaves using a 1.5 um laser. The measurement is 

possible since sapphire is transparent at 1.5 um and 4.6 um. The measured FWHM is optimal for 

the generation of the fundamental Kerr frequency comb, in accordance with the results of GVD 

simulations presented in Table 3 below. The packaged resonator was transferred to Aerospace 

Corp. for further study. 

 

 
4-25 Left: Far field picture of the light exiting the resonator at 1,500 nm. The picture confirms good beam quality. Right: 
Full width at the half maximum for the packaged resonator measured at ~1550 nm wavelength. 

 

Coupling of mid-IR coherent emission of a QCL to the packaged whispering gallery modes of 

the resonator was achieved and recorded. To prove that the coupling was achieved we measured 

both reflected and transmitted light through the resonator. Both signals were recorded (see Fig. 

4-26 and Fig. 4-27), which means that we succeeded in coupling light to a WGM.  
 

Distribution Statement A. Approved for public release, distribution is unlimited.



 

Contract No:  
FA9550-12-C-0068 OEwaves, Inc. 24 
 

 

4-26: Left: Picture of reflected and transmitted mid-IR beams made using a mid-IR camera. Right: Schematic of the 
experiment. 

 

Unfortunately, the resonator was damaged/contaminated during the experiments, so no Kerr 

frequency comb was observed. The resonator Q-factor dropped by several orders of magnitude in 

a couple of months. The contamination likely came from humidity in the lab and resulted in 

oxidation of the resonator package (see inset in Fig. 4-27). The package was not hermetically 

sealed at that time. We came to the following conclusions as the result of the experiment: 

 Measured bandwidth was reduced to 300-400MHz from sub-MHz. 

 There was no thermal nonlinearity or thermo-refractive noise observed at any laser 

power. This observation also indirectly shows that Q is too small to produce any other 

nonlinear effect. 

 The spectral cleanness and analysis of the far field with photodiode suggested good mode 

matching. 

 It was impossible to inspect the air-gaps  
 

 

4-27: Left: Spectrum of the resonator. Right: Measurement setup.  Inset: Picture of the resonator package with excessive 
oxidation of the steel pedestal.  
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We decided to i) improve the package and cover it with hermetic cover to reduce the damage probability; 

ii) create a self-injection locked QCL that can be used for comb generation and also for alignment and 

quality control of the packaged WGM resonator to be deliver to the Aerospace Corp. for further 

experiments. Since the establishment of these objectives, we have demonstrated the first mid-IR Kerr 

frequency comb, as it was planned in Year II of the effort.  

 

 

4-28: A new design of a MgF2 WGM with hermetically sealed package. 

 

We designed, fabricated, and packaged a new magnesium-fluoride (MgF2) microresonator 

suitable for generation of mid-infrared frequency combs. The package was improved 

significantly and protected from environment (Figure 4-28). The packaged microresonator was 

delivered to the Aerospace Corp., for experiments to couple light emitted by a single-transverse-

mode, single-frequency distributed-feedback quantum cascade laser (QCL) operating at 4.5 m 

wavelength into the microresonator. The effort was aimed at demonstrating the first 

microresonator-based Kerr comb at mid-infrared wavelengths. 

The first demonstration of a self-injection locked QCL 
In this effort we also designed and built the first self-injection locked QCL. To make the device 

we procured an AdTech QCL mounted on a C-mount. The laser was integrated with a CaF2 

WGM resonator having 10 GHz free spectral range. The output of the self-injection locked laser 

was coupled to a single mode 4.5 um fiber. The scheme and picture of the device is shown in 

Fig. 4-29. The laser has sub-kHz linewidth. The self-injection locked QCL can be made broadly 

tunable, which will open a new page in mid-IR molecular spectroscopy studies. 

 

 

4-29: Left: Scheme of the read-board self-injection locked QCL. Right: Picture of the assembled unit. 
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The first demonstration of the mid-IR Kerr frequency comb 
We have studied GVD and absorption of MgF2 and CaF2 resonators at 4.6 um for a WGM 

resonator with diameter on the order of 2.7mm (Table 3). The dispersion is large and anomalous, 

which is optimal for generation of optical frequency combs. The absorption of the material was 

expected to be small (see Fig. 4-30). However, the experiment had shown that it is much larger, 

so Q-factor of the resonator does not exceed 10
8
. 

Table 3: Dispersion parameters of magnesium and calcium fluoride resonators calculated at 4.6 um. 

Resonator 

Material 

Refractive index Dispersion parameter, 

~24 GHz FSR 

Radius, cm 

CaF2 1.404 300 kHz, anomalous 0.1361 

MgF2 1.3497 (ne); 1.3404 (no) 526 kHz, anomalous 0.1415 (e) 

 

 

4-30: Calculated theoretically quality factor limit versus wavelength for a calcium fluoride WGM resonator. The calculations 
are based on available measurement data for the material transparency in the UV, VIS, and IR frequency ranges. The 
maximum Q-factor exceeds 100 billion in the vicinity of 4.6 um (shown by gray circle). It worth noting that the maximum Q-
factor observed at 1550 nm approaches 3x10

11
 and is limited primarily by imperfectness of the material. 

 

We demonstrated generation of a Kerr frequency comb centered at 4.5 um using the self-

injection locked laser as early as April 2014. This is the first demonstration of a directly 

generated Kerr comb at such a long wavelength. The comb was generated when laser power fed 

to a selected WGM of the resonator exceeded certain threshold. 

 Snapshots of the comb spectra are shown in Figure 4-31. The measurements were 

performed using Thorlabs OSA205, that according to its specs has approximately 7.5 GHz 

resolution at 4.5 micron wavelength (corresponding to >12GHz 3dB resolution of two spectral 

harmonics) and -60 dBm noise floor. These specifications are not enough to resolve harmonics 

of the frequency comb separated by 10 GHz. We were able to observe the comb envelope, only. 

High order harmonics separated from the pump frequency by hundreds of GHz are clearly seen 

at Fig. 4-31.  
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4-31: Examples of the spectra of the Kerr frequency comb generated in the self-injection locked laser-based unit  
(see Fig. 4-29). 

 

Generation of a broad mid-IR frequency comb: a summary of the mid-IR comb 
generation effort 
 

In this section we summarize our efforts performed after the initial observation of the mid-IR 

frequency comb. We first describe why the problem is important, then list known approaches to 

generate mid-IR combs, and present our results. The main results of the effort are presented in 

this section. 

 Optical frequency combs represent an invaluable tool for atomic and molecular 

spectroscopy by providing the means for precise spectral calibration and parallel interrogation of 

multiple absorption features over a wide range of wavelengths [1-6]. Comb generation in the 

mid-infrared (mid-IR) is especially attractive as it permits access to the molecular “fingerprint” 

region of the optical spectrum (~3-20m wavelength), which contains strong ro-vibrational 

absorption features for many chemical species of environmental, industrial, medical, and military 

interest [7-9].  

 Direct generation of frequency combs is well established for the near-IR region of the 

spectrum owing to the availability of mature mode-locked sources such as titanium:sapphire and 

ytterbium-, erbium-, and thulium-doped fiber lasers [10-12]. As mode-locked laser technology is 

far less advanced at longer wavelengths [13-15], mid-IR frequency combs have often been 

obtained via parametric down-conversion of near-IR lasers in nonlinear crystals, which typically 

results in complex, laboratory-bound optical systems [16-23]. For field applications and insertion 
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into portable instruments, more compact and rugged architectures are desirable.  In principle, 

quantum cascade lasers (QCLs) would represent ideal sources for such architectures owing to 

their broad spectral coverage in the mid-IR (>3.5m), excellent beam quality, room-temperature 

operation, high electro-optic efficiency, and inherent support for “on-chip” integration [24-27]. 

Recently, a specially designed, ~7m wavelength QCL was mode-locked to generate a ~1m-

wide comb [28, 29]. However, standard commercially available QCLs are generally unsuitable 

for direct comb generation because they exhibit relatively narrow gain bandwidths. They also are 

inherently difficult to mode-lock because the lifetime of their emitting states is shorter than the 

laser cavity roundtrip time [30-32].  

 An alternative approach to generating broadband mid-IR combs within a practical and 

miniaturizable platform is to use a continuous-wave (CW) QCL to optically pump a whispering-

gallery-mode (WGM) microresonator [33-38]. In these devices, frequency combs (also referred 

to as Kerr combs) can be generated via cascaded four-wave mixing (FWM) processes initiated 

by frequency locking an external, “pump” laser source to a resonator WGM. Such cascade FWM 

processes, also known as “hyper-parametric oscillation”, are often driven by modulation 

instability [39] and result in the emission of a spectrally broad set of sidebands spaced by one or 

multiple free-spectral ranges of the resonator [40, 41]. Sidebands can be efficiently produced, 

even for mW-power CW pump sources, owing to the very tight optical confinement and very 

high quality factor (Q) of the WGM microresonator, which greatly enhance the photon density 

within the resonator modes, leading to strong nonlinear light/matter interactions (the Kerr effect) 

[42].  

 To date, nearly all realizations of Kerr combs have been near-IR pump lasers (e.g. ~ 1 or 

1.5 m diode lasers) and have not extended beyond ~ 2.5 m [43]. Very recently, a Kerr comb 

generated in a silicon micro-ring was reported to reach ~ 3.5 m [44].  However, attaining even 

longer wavelengths would be highly beneficial. For example, light in the 4-5m wavelength 

range exhibits good transmission through the atmosphere and overlaps with strong absorption 

bands of important greenhouse gases such as carbon dioxide (~4.2m) and nitrous oxide 

(~4.4m), carbon monoxide (~4.6m) and carbonyl sulfide (~4.8m). 

 In this Project we demonstrated the feasibility of combining QCLs and crystalline WGM 

microresonators to produce mid-IR Kerr combs within compactly integrated platforms. As our 

pump QCLs operated at 4.5m, the Kerr combs were generated at the longest wavelengths 

observed to date. 

 We selected magnesium- and calcium-fluoride (MgF2 and CaF2) as the host materials for 

the fabrication of crystalline microresonators, mainly because of their excellent optical 

transmission in the mid-IR, which affords very high Q values, and anomalous group-velocity 

dispersion (GVD) at 4.5 m. The anomalous GVD helps reduce the threshold power for the 

onset of hyper-parametric oscillation and effectively favors FWM and comb generation over 

parasitic nonlinearities such as Raman scattering [34, 45, 46].   
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4-32: QCL: Distributed-feedback, ~4.5m-wavelength quantum cascade laser (inset: photograph of the laser enclosure, 
temperature-tuning properties, and far-field profile of the laser output beam); M: Beam-steering mirror; FI: Faraday isolator; 
PM: Off-axis parabolic mirror; MRA: Microresonator assembly (inset: top-view photographs of the resonator and its 
sapphire-prism enclosure); L: Lens; DF: Single-mode delivery fiber; OSA: Optical spectrum analyzer.  

 In our first experiment, we used a commercially available, distributed-feedback (DFB) 

QCL emitting a single-frequency, near diffraction-limited Gaussian beam with a 4.5m central-

wavelength, and up to ~60mW CW power, to optically pump an MgF2 crystalline microresonator 

(see Fig. 4-32).  The microresonator was shaped as a truncated oblate spheroid of 1.8 and 0.25 

mm semi-axis dimensions and approximately 0.5 mm thickness [46]. The resonator intrinsic Q 

factor at ~ 4.5 m was ~2×10
8
, corresponding to ~330 kHz bandwidth.   The QCL output beam 

was collimated and evanescent-field coupled [47] into and out of the microresonator by means of 

sapphire prisms. The microresonator was installed in a protective enclosure, which provided 

temperature control to within 10
-3

 K.  The temperature control and judicious use of materials 

having dissimilar thermal expansion coefficients for resonator, coupling prism, and mounting 

substrate, enabled the fine adjustment of the resonator/coupling-prism air gap dimension to 

within ~100nm. The QCL output beam was passively coupled to microresonator WGMs via 

thermal frequency locking, made possible by the positive thermo-optic (dn/dT) coefficient of 

MgF2 [40, 48].  

 Kerr combs could be generated for QCL output powers as low as ~ 2 mW, when the 

prism/resonator gap was adjusted to yield a loaded resonator Q factor of ~ 1.5 × 10
8
 (~ 450 kHz 

bandwidth).  We observed two distinct combs characterized by mode spacing of ~ 2100 and 

~500 GHz (Fig. 4-33), respectively, which could be generated at smaller and larger offsets of the 

QCL laser frequency relative to the WGM mode frequency. As the QCL power was increased to 

~55 mW, the wider-spaced Kerr comb stretched to more than half of an octave (~3.7 to ~5.5 m, 

corresponding to over 25 THz), while the narrow-spaced comb remained confined to a ~ 2.5 THz 

region around the pump wavelength (Fig. 4-33b).  
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4-33: Logarithmic-scale, peak-normalized spectra of Kerr combs, obtained by optically pumping the MgF2 microresonator 

with ~55mW power at ~4.5 m wavelength. The spectra in (a) and (b) were obtained for different values of detuning 
between the pump laser frequency and resonator modes. A narrow-spaced (~500 GHz) comb, spectrally localized in the 
vicinity of the pump, persisted for a relatively wide range of detunings. A linear-scale spectrum of this comb plotted vs. 
frequency difference from the pump is shown in the inset of (a). A more widely spaced (~2.1 THz) comb, shown in (b), could 
be obtained for a narrower range of detunigs and spanned half an octave.    

 To illustrate the potential for compact and robust packaging of QCL-pumped WGM 

microresonators, we designed and built a demonstrator device consisting of a 4.5μm-wavelength 

DFB QCL chip, silicon collimating lenses, barium fluoride (BaF2) prism coupler, and truncated-

spheroid microresonator (3 and 0.21 mm semi-axis dimensions, ~0.5mm thickness), all mounted 

on a thermo-controller base (see Fig. 4-34).  For this device, the microresonator host material 

was calcium fluoride (CaF2), which shares many relevant optical and mechanical properties of 

MgF2. The device concept and overall dimensions (approximately 75×50×10 mm) are similar to 

those of previously reported units, in which we integrated WGM microresonators and ~1.5m-

wavelength telecom-type DFB diode lasers [49]. Because the negative thermo-optic coefficient 

of CaF2 makes thermal locking impractical, coupling of the QCL output to select WGMs of the 

microresonator was obtained by self-injection locking [49]. This approach also allows a robust 

and compact packaging of the laser-resonator system. 
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4-34: QCL: Distributed-feedback, ~4.5m-wavelength quantum cascade laser; L: Lens; P: Evanescent-field coupling prism, MR: 
Microresonator (inset: photograph of the compactly packaged resonator/coupling-prism/coupling-lens assembly); FI: 
Faraday isolator; TF: Tunable Lorentzian filter consisting of a second, MgF2 microresonator equipped with evanescent-field 
coupling prisms and installed on temperature-controlled base; OSA: Optical spectrum analyzer. 

In the CaF2 device we observed the generation of a Kerr comb at pump power as low as ~ 15 

mW. As we maximized the QCL power within the resonator to ~30mW, the comb stretched to a 

width of approximately 10 THz (Fig. 4-35). Similar to the case of the MgF2 microresonator, we 

could obtain different Kerr comb line spacing for different values of the QCL frequency to 

WGM offset. Moreover, for both resonators, the amplitude profiles of the comb envelopes, as 

well as the overall process of comb formation, appeared very similar to Kerr comb generation 

regimes driven by the modulation instability usually observed and analyzed in fused silica 

microresonators pumped at ~1.5m [50]. We characterized the observed spectrum by fitting 

comb lines to a Lorentzian profile (see Fig. 4-36), which yielded a 3dB linewidth ~ 60 kHz, i.e. 

over an order of magnitude narrower than the linewidth of the free-running QCL (~3 MHz). 

 In conclusion, we have demonstrated the generation of the longest-wavelength Kerr 

combs to date by optical pumping of crystalline WGM microresonators with 4.5m-wavelegnth 

DFB QCLs. The combs were observed for both thermal and self-injection passive locking of the 

QCL frequency to that of the resonator modes, and the comb width could exceed half an octave. 

Our experiments show that the generation of long-wavelength mid-IR combs can be obtained by 

combining QCLs and fluoride microresonators within integrated compact platforms in a manner 
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similar to well-established near-IR systems that are based, for example, on telecom-type diode 

lasers and silica resonators.  
 

 
4-35: (a) Logarithmic-scale, peak-normalized spectrum of Kerr comb obtained by optically pumping the CaF2 microresonator 

with ~30mW power emitted by a ~4.5m wavelength, distributed-feedback quantum cascade laser (QCL) self-injection-
locked to a resonator WGM. (b) Kerr comb spectrum obtained for the same pump power, but with different QCL/resonator-
mode frequency detuning. 

 

Methods 
Microresonator fabrication and properties 

Both microresonators described in this article were fabricated by cutting MgF2 and CaF2 

cylindrical preforms disks and successively fine polishing their circumferential edge into a 

spheroidal profile [51]. This resonator morphology has been shown to yield anomalous GVD.      

The GVD value can be conveniently characterized by the dimensionless parameter D, defined as 

[39, 40] 

D =
1

𝛾𝑖
(𝜈𝑖−1 + 𝜈𝑖+1 − 2𝜈𝑖) = −2𝜋𝑐

𝛽2(𝜈𝑖)𝑣𝐹𝑆𝑅
2

𝑛𝑖𝛾𝑖
. 

 

Here, “i” is a mode number, i (i) is the optical frequency (half width at half-maximum) of the 

i
th

 resonator WGM, ni is the refractive index of the host material corresponding to the frequency 

i, c is the speed of light in vacuum, and 𝜈𝐹𝑆𝑅 = (𝜈𝑖−1 + 𝜈𝑖−1)/2 is the free spectral range (FSR) 
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of the resonator, and 2 is the GVD of the resonator host material. Based on the known material 

dispersion and morphology of the resonators and assuming i ~ 170 kHz, we obtain FSR ~ 19.3 

and 11.2 GHz, hence D ~ 2 and 0.35 for the MgF2 and CaF2 resonators, respectively. The 

estimated D values are very suitable for the generation of stable, mode-locked Kerr combs and 

are known to enable observation of a diverse variety of comb structures including hyper-

parametric oscillations, type-II combs, and Turing patterns, which can all be accessed by 

judiciously adjusting the detuning between the pump laser optical frequency and WGM spectrum 

[39, 52-54]. Smaller values of D can result in broader comb generation for a given pump power 

and resonator Q, although the number of possible comb regimes would increase, which may 

degrade stability [41].  

 Both resonators had Q factors exceeding 10
10

 at ~ 1550 nm. The value of Q degraded by 

approximately two orders of magnitude in the mid-IR due to more pronounced multi-phonon 

effects and greater optical absorption by residual organic impurities [55]. As reported above, the 

MgF2 resonator intrinsic Q at mid-IR wavelengths was measured to be ~ 2 ×10
8
. This value was 

obtained by using the analytical expression derived in Ref. 56 to model the measured resonator 

spectral-line visibility vs. distance between resonator and coupling prism. We did not measure 

the intrinsic Q value for the CaF2 resonator used here, since it was monolithically integrated with 

the QCL; its Q was inferred to be ~ 3 ×10
7
 (corresponding to ~3 MHz bandwidth) based on 

comparison with other similar resonators available in our laboratory.   
 

 
4-36: Lorentzian fit (solid lines) to the pump (red dots) and to a Kerr comb spectral (blue dots) lines observed at the exit of the 
CaF2 microresonator optically pumped by ~20mW-
using a separate MgF2 microresonator as a tunable ~4MHz full-width-at-half-maximum (FWHM) band-pass filter. The 
Lorentzian fit yielded FWHM ~ 60kHz for both lines. 

 

Experimental setup and detection of the spectra 

The pump laser used for the MgF2 resonator experiment was a thermo-electrically cooled, 

-wavelength DFB QCL (Adtech Optics, “HHL” package), installed within a sealed and 

nitrogen-purged enclosure that included a collimating lens and zinc selenide exit window. The 
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QCL emitted a single-transverse-mode near-Gaussian beam having M
2
 ~1.2 and was mounted on 

a commercial heat sink (Arroyo “244-HHL”), which allowed us to temperature-tune the QCL 

output wavelength, without mode hops, over a >10nm-wide window at tuning rate ~0.37nm/K. 

The QCL output beam was transmitted through a mid-IR Faraday isolator (Innovation 

Photonics), then formatted and injected into the microresonator enclosure by a gold-coated off-

axis parabolic mirror having 50.8mm reflected focal length. A similar parabolic mirror was used 

to collect the beam exiting the microresonator. As the optical isolator blocks back reflections 

from the microresonator, thermal locking only was used to couple the QCL to resonator WGMs. 

To achieve thermal locking, we varied the driving QCL voltage, thus finely sweeping its output 

frequency around resonator resonances.  

 As mentioned above, the MgF2 microresonator was mounted within an optically 

transparent enclosure to protect it from dust and humidity, and allow transportability and 

operation in non-clean-room environments (see Fig. 1). In our design, we used evanescent-field 

coupling prisms to direct light in and out of the resonator. Uncoated sapphire was chosen as the 

enclosure material by virtue of its environmental stability, excellent optical transmission at mid-

IR wavelengths, and refractive index (~1.65 at ~4.5m), which is high enough to permit optical 

coupling into MgF2 (n ~ 1.34), yet low enough to keep Fresnel reflections down to ~6%. An 

important property of the resonator enclosure is its excellent thermal stability, which permits fine 

control of the magnitude of the resonator/sapphire-wall gap to within ~100nm, in a standard 

laboratory environment.    

 For the CaF2 resonator experiment, we used a ~4.5 m-wavelength, conductively cooled 

DFB QCL chip (Adtech Optics) as the pump source. The laser emits up to ~50 mW output power 

in a near-diffraction-limited Gaussian beam. Anti-reflection-coated spherical silicon lenses were 

used to collimate the QCL beam in and out of the resonator. The beam was injected into the 

resonator through a single, evanescent-field coupling BaF2 prism (n ~ 1.45 at ~ 4.5 m). Up to 

60% of the QCL output power could be injected into the microresonator. The insertion loss of 

the combined resonator/prism/coupling-lens subsystem was measured to be < 3dB. The QCL 

frequency was self-injection locked to resonator WGMs by letting light generated via Rayleigh 

scattering within the microresonator back into the QCL (no optical isolation is introduced 

between QCL and microresonator for this purpose).  

 In both experiments, the spectral data was obtained by directing the resonator output 

beam into a Fourier-transform optical spectrum analyzer (OSA) (Thorlabs OSA205) equipped 

with single-mode, mid-IR transmissive input optical fiber (IRflex). The output power was 

measured with a mercury-cadmium telluride (HgCdTe) photodetector (Thorlabs PDA10JT).  

 Since the OSA spectral resolution (8 GHz at ~ 4.5 m) was marginal for measuring the 

spectral linewidth of individual comb lines and fully discriminating dense combs, we fabricated a 

third, stand-alone WGM microresonator (host material:  MgF2) of similar design to those 

described above. By adjusting the spatial separation between the resonator surface and 

evanescent-field prism coupler, we could vary the resonator bandwidth in the 0.3 to 300 MHz 

range, thus effectively obtaining a tunable-bandwidth, first-order Lorentzian band-pass filter. By 

transmitting the CaF2 resonator output beam through this MgF2 filter prior to directing it to the 

OSA, and were able to fit individual comb lines (recorded over an ~ 1ms-long integration time) 

to Lorentzian profiles, which yielded a half-width at half maximum of ~60kHz. 
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