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Ultra-high spectral purity laser derived from
weak external distributed perturbation

Laiyang Dang', Ligang Huang?, Leilei Shi', Fuhui Li, Guolu Yin, Lei Gao,
Tianyi Lan, Yujia Li, Lidan Jiang and Tao Zhuo*

Ultra-high spectral purity lasers are of considerable research interests in numerous fields such as coherent optical com-
munication, microwave photonics, distributed optical fiber sensing, gravitational wave detection, optical clock, and so on.
Herein, to deeply purify laser spectrum with compact size under normal condition, we propose a novel and practical idea
to effectively suppress the spontaneous radiation of the laser cavity through weak external distributed perturbation. Sub-
sequently, a laser configuration consisting of a main lasing cavity and an external distributed feedback cavity is pro-
posed. The feedback signal with continuous spatio-temporal phase transition controlled by a distributed feedback struc-
ture is injected into the main cavity, which can deeply suppress the coupling rate from the spontaneous radiation to the
stimulated emission and extremely purify the laser spectrum. Eventually, an ultra-narrow linewidth on-chip laser system
with a side mode suppression ratio greater than 80 dB, an output linewidth of 10 Hz, and a relative intensity noise less
than -150 dB/Hz is successfully obtained under normal conditions. The proposed concept in this work provides a new
perspective for extreme regulation of laser parameters by using weak external distributed perturbation, which can be val-
id for various gain-type lasers with wide wavelength bands.
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Introduction coherence light sources, which mainly includes two

With the rapid development of optical information tech- types, i.e., optoelectronic circuit feedback'*"'” and optical

nology, high-coherence light source has become the core
carrier to promote the development of coherent optical
communication'™, optical precision measurement®?,
and signal synthesis”!! due to its ultra-long coherent
length and superior low phase noise. Moreover, spec-
trum linewidth acting as one of the critical parameters
employed to characterize the coherence of a laser light
source has drawn considerable research attention in aca-
demia and industry'>'*. Many laser configurations with
feedback structure have been proposed to obtain high-

feedback'®-°. For the optoelectronic circuit feedback, the
coherence improvement mainly depends on the laser fre-
quency stabilization technology that relies on electrical
feedback and compensates for the frequency difference
between the laser and the reference frequency. This kind
of laser frequency stabilization technology has a com-
plex structure and high cost, which is not convenient for
large-scale integrated development of lasers. For the op-
tical feedback method, it is usually based on a fixed ex-
ternal cavity up to now, which mainly depends on the
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increase of cavity length to improve the coherence of the
laser source. However, the external feedback from finite
feedback surfaces with fixed routes will induce the peri-
odic laser phase jump with the interference between the
main cavity laser and the feedback light, which eventu-
ally leads the laser to oscillate into multi new longitudin-
al modes?'??, and the laser frequency will be sensitive to
environmental vibrations'”#"%, thermal dynamics
noise’* %, and other factors that might restrict further
improvements of the laser coherence. It is worth noting
that high-Q-microcavity-based feedback with narrow-
band filtering effect has been extensively investigated,
whereas its wavelength selectivity limits the adaptability
to the main laser cavity when tuning the wavelength*!.

In this work, we propose a compression concept to
realize extreme laser spectrum purification under the ex-
citation from a distributed feedback structure. In this
type of laser cavity structure, the feedback signal that can
continuously tune laser phase, avoiding phase jump, is
fed back into the main cavity, which could effectively
suppress the coupling strength between the spontaneous
radiation and the stimulated emission and eventually
deeply compress the linewidth during the laser oscilla-
tion. The proposed distributed external feedback can be
generated in a scattering optical waveguide with wide op-
eration wavelength range, which can be used for diverse
kinds of laser main cavities, such as Fabry-Perot laser, a
distributed feedback laser, and distributed Bragg reflect-
or laser. On this basis, we experimentally investigate and
verify the proposed compression concept by utilizing an
on-chip laser system with an external distributed feed-
back structure. Eventually, we successfully obtained an
ultra-narrow linewidth laser under normal conditions
with a side mode suppression ratio (SMSR) of 80 dB,
output linewidth of 10 Hz, and a relative intensity noise
(RIN) of —152 dB/Hz. The proposed laser structure with
distributed feedback affords a new degree of freedom to
realize the extreme laser spectrum purification, which
also paves the way to extremely controlling laser para-
meters such as time-frequency and polarization, under
condition of controllable coherence.

Theoretical analysis and simulation

The proposed laser configuration consists of the main
cavity and an external cavity with distributed feedback
characteristics. Compared to the traditional optical feed-
back, our architecture presents a novel configuration to
achieve an extreme laser spectrum purification, as shown

https://doi.org/10.29026/0ea.2023.210149

in Fig. 1(a). Herein, the main laser cavity with a medium
gain generates an initial broadband gain by exploiting
the pumping technology. Subsequently, an initial lasing
signal outputs from one side of the main cavity to the ex-
ternal feedback cavity after an initial gain oscillation and
longitudinal mode competition. The main cavity laser
linewidth broadening is due to the energy coupling
between the stimulated emission and spontaneous radi-
ation, which leads to the random and cumulative per-
turbation of the laser frequency in the main cavity and
the formation of emission-line broadening. To weaken
the coupling strength of spontaneous radiation, the ex-
ternal distributed cavity structure is introduced. The first
effect is to increase the cycling time of laser in the main
cavity with distributed feedback, which can reduce the
noise coupling rate from the spontaneous radiation, and
greatly reduce the intrinsic linewidth. The second effect
is that the distributed weak feedback can be considered
to continuously modify the laser phase in the time do-
main, because each feedback intensity from a single scat-
tering point is even weaker than the spontaneous radi-
ation, as shown in the inset of Fig. 1(a), which can avoid
the phase jump in the time domain as caused by the tra-
ditional fixed-cavity feedback that usually forms strong
multi-longitudinal mode competition. Therefore, the
distributed weak feedback can not only slow down the
spontaneous radiation coupling rate, but also have the
ability to maintain the laser to the single longitudinal
mode operation state. Hence, the phase fluctuation (A¢)
and noise coupling strength induced by the spontaneous
radiation per cycle in the main cavity are greatly reduced
based on the weak distributed feedback, as shown in Fig.
1(b). Consequently, the laser spectrum is highly purified
in the phase noise suppression process, as shown in
Fig. 1(c).

Based on the proposed laser configuration, we analyze
the suppression principle of spontaneous radiation and
the optical feedback signal acting as the excitation signal
during the laser oscillation. In this process, it is neces-
sary to deeply analyze the characteristics of photon num-
ber density in the active cavity. Herein, combined with
the optical feedback characteristics from the external
cavity possessing the distributed feedback, the simplified
two-level rate equation of the photon number density
corresponding to the gain oscillation of the proposed
laser configuration can be described as®>*:

dN. (v)
dt

— ARWa () + sy (9) + Ny (v) — D ()

negl
(1)
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Fig. 1 | Principle of laser spectral purification based on distributed weak perturbation. (a) A novel laser configuration. (b) Evolution of laser

phase fluctuation and noise coupling strength with different round trips. (c) Spectral distribution at different noise levels.

where Ny (v) denotes the photon density in the main
cavity during the operation of the laser, v isthe fre-
quency of the laser signal, An is the number of reversed-
carriers in the energy band, n, is the carrier density at
lasing energy-level, W3;(v) and Aji(v) represent the
probabilities of stimulated emission and spontaneous ra-
diation from E; to Ej, respectively. Np(v) is the photon
density corresponding to the feedback-mode signal from
the distributed feedback structure, c is the speed of light
in vacuum, y is the single-pass loss of the main cavity,
nefr is the effective refractive index of the active cavity,
and [ is the geometric length of the resonator. Due to the
inevitable intrinsic loss of the cavity-mode signal in the
distributed feedback structure, the photon density cor-
responding to the cavity-mode signal traversing a trans-
mission length z from the input terminal can be ex-
pressed as:

N, (v) = N, (v) exp (—az) )
where a denotes the transmission loss coefficient in the
feedback structure, No(v)=cTNpy(v)/negl represents the

initial photon number density injected into the distrib-
uted feedback structure, and T is the transmissivity cor-
responding to the output end of the main cavity. Based
on the above analysis, the feedback photon number
density from the dz length within the distributed feed-
back structure can be described as:

dN; (v) = N, (v) pOSexp (—az) dz

= N, (v) fOSexp (—2az) dz , (3)

where f is the feedback coefficient corresponding to each
particle, © is the particle concentration on the feedback
plane within the distributed feedback structure, and S is
the effective area corresponding to each feedback plane.
Based on the distribution characteristics of the equival-
ent feedback plane for the proposed laser structure and
the resonant characteristics of the cavity mode signal, the
spectral linewidth of the cavity mode signal correspond-
ing to the feedback plane at the z-axis will decrease as the
distance for the z value increases. This is due to the
change of the effective cavity length attributed to each
equivalent feedback plane situated at a different site in

210149-3



Dang LY et al. Opto-Electron Adv 6, 210149 (2023)

https://doi.org/10.29026/0ea.2023.210149

the feedback structure’~**. Contrary to the traditional
optical feedback method that is based on a fixed cavity,
the performance of the main laser cavity would not be
influenced by the feedback signal from one or more of
the feedback planes. This phenomenon mainly depends
on the overall characteristics of the distributed feedback
structure. To reveal the resonant characteristics of the
cavity mode signal that corresponds to the feedback
planes at different sites along the z-axis of the feedback
structure, the bandwidth of the cavity mode signal re-
lated to the feedback plane at the z-axis, while consider-
ing the unidirectional transmission loss, can be ex-

pressed as:
_ [l — BOSexp (—az)]

Avp (2) = Sz : (4)

In our theoretical model, the feedback photon density
is caused by the scattering of injected photons by con-
tinuously distributed dielectric particles in the distrib-
uted feedback structure. Here, we cannot directly treat
the distributed feedback signal as the same power that is
feedback into the main cavity as the traditional optical
feedback. Herein, to further reveal the influence of the
overall characteristics of the distributed feedback struc-
ture on the improved laser performance, it is necessary
to calculate the photon density of the feedback signal ac-
cumulated at each point of the feedback structure.
Hence, we can express the total feedback photon density
injected into the main laser as:

Ni (v) = LL N, (v)BOSexp (—2az) dz
= W [1—exp(—2aL)] , (5)

where L is the entire length of the feedback structure. If
the remaining parameters of the feedback structure are
unchanged, the photon density injected into the main
laser cavity will be accumulated as the length L of the
feedback structure increases. In this situation, based on
the distribution characteristics of the particles in the
feedback structure, the cavity mode signal matched with
the output wavelength of the main cavity will be domin-
ant and act as the required excitation signal for the laser
gain to suppress the spontaneous radiation. Herein, the
corresponding spontaneous radiation rate has been
deeply analyzed when the laser is oscillating stably

(dNp(v)/dt=0), which can be expressed as follows:
Ry (v) = mAy (v)
cyNn, (v
C M) ) e () . (6)

I’leﬂrl

The spontaneous radiation rate R,;(v) would be sup-
pressed with the increase of the photon number density
Ng(v) of the cavity mode signal injected into the main
laser cavity. The phase fluctuations of the optical field
caused by the spontaneous radiation would be the main
factor for the intrinsic linewidth*. This shows that effect-
ively suppressing the spontaneous radiation by utilizing
the external feedback signal is fundamental to realizing
extreme laser linewidth compression. Based on the above
analysis, the laser linewidth equation, which is modified
due to the presence of the feedback signal from the dis-
tributed feedback structure, can be expressed as:

_ L
Av = N, _OORZI(v)dv
c(l+7) [x TpOS
= A e PP exp(—2al
4ATtn ¢ 187 Tal 1= exp(=2aL)]

(7)
where 7 represents the linewidth enhancement factor,

Nm=joo Nm(v)dv the total photon density in the main

cavity, ngoo Anos(v)dv the gain factor, and 02;(v) the
emission cr:;s—section of each frequency mode. The
stimulated emission probability can be expressed as
W21(v)=cNm021(v)/nefr for the homogeneous broadening
medium. The proposed laser structure is essential to real-
ize the laser linewidth deep compression by effectively
controlling the photon number density from the distrib-
uted feedback structure.

To validate our analysis, we conduct the simulation il-
lustrated in Fig. 2. The laser linewidth evolution based on
distributed external feedback as a function of the feed-
back structure under different feedback coefficients is il-
lustrated in Fig. 2(a). Herein, it can be deduced that the
laser linewidth can be compressed with the feedback
length and coefficient increase. In addition, in order to
theoretically verify the trade-off between the photon
number density of the main cavity and the feedback
structure, the laser output linewidth is calculated for dif-
ferent feedback ratios as shown in Fig. 2(b). Figure 2(c)
demonstrates the interplay between the laser linewidth
compression law and length L’s distributed feedback
structure when the feedback coefficient f4=1.5 %107,
where the brightness of the curve color marks the spec-
tral linewidth. In principle, the output spectrum be-
comes narrower as the length increases, thereby present-
ing a sharp compression for the output spectrum in the
length range of 30 m. Subsequently, the linewidth gradu-
ally tends to be an ideal state at a slow rate, suggesting
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Fig. 2 | Simulation results of laser linewidth evolution. (a) Output linewidth evolution with the feedback length under different feedback coeffi-

cients. (b) Linewidth curve at the different feedback ratios. Two-dimensional pseudocolor maps of the spectra vary (c) with the length and (d) with

feedback ratio.

that the cavity-mode signal from the distributed feed-
back structure plays the role of the optical power feed-
back and realizes a deep compression of the laser
linewidth by suppressing the spontaneous radiation dur-
ing the laser oscillation. Figure 2(d) illustrates the vari-
ation characteristics of the laser linewidth at different
feedback ratios. Similarly, the output spectrum is indic-
ated by the brightness of the curve color, where it is evid-
ent that as the feedback ratio increases, the spectrum be-
comes narrower. This phenomenon suggests that the size
of the distributed feedback structure can be reduced by
mainly enhancing the feedback coefficient. Therefore, an
artificial waveguide structure with high feedback coeffi-
cient can be designed to reduce the feedback length in
the case of an equivalent frequency spectrum purifica-
tion. In this way, the laser system based on a distributed
feedback scheme can further develop in the direction of
miniaturization. At the same time, it is convenient to
mitigate the influence of external noise from the envir-
onment that acts on the laser. Compared with the con-
ventional optical feedback based on a fixed cavity*’’, the
proposed laser configuration assisted by the distributed
feedback can attain extreme laser linewidth compression.
This is feasible by providing a cavity mode signal that co-
incides with the wavelength of the main cavity to sup-

press the spontaneous radiation effectively. In principle,

as long as the spontaneous radiation in the laser gain me-
dium is completely suppressed, the laser can exhibit an

ideal monochromatic output.

Experimental step

To verify the proposed laser linewidth compression
concept, we propose an on-chip laser system based on a
distributed feedback external cavity. The structure is
presented in Fig. 3 and primarily consists of the main
laser cavity and an external distributed feedback struc-
ture. Here, a waveguide structure with appropriate
length and feedback coefficient can be used as an extern-
al cavity to deeply compress the linewidth, such as an op-
tical fiber, microstructure waveguide, whispering-gal-
lery-mode (WGM) resonator, and so on. The feedback
distribution should be as continuous as possible to en-
sure the continuity of the feedback phase, so as to ensure
that the resonant energy with the main cavity laser fre-
quency always exists and could be accumulated. It is
worth noting that the distributed feedback from the
WGM resonator forms significant filtering effect, which
weakens the wavelength adaptability to follow the main
laser cavity frequency. The main laser cavity is driven by
current to provide an initial optical signal with an out-
put linewidth of megahertz magnitude. The main cavity

emits a signal which is injected into the distributed
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feedback structure via a beam splitter, wherein a cavity
mode signal matched with the lasing wavelength is
formed and fed back into the main cavity to provide an
excitation signal required by the laser gain. We utilized
an optical isolator (ISO) to mitigate the influence of re-
flection from the measurement system. Due to the sup-
pression of spontaneous radiation in the laser gain pro-
cess by a feedback signal from the distributed feedback
structure, an ultra-narrow linewidth laser will be ob-
tained eventually. In addition, to ensure the accuracy of
characterizing the output laser, we employ a frequency
noise measurement method based on differential phase
demodulation, and a beat frequency method by exploit-
ing two lasers with the same parameters.

Experimental results and discussion

Based on the proposed laser system, the experimental
results are shown in Fig. 4. Two identical lasers have
been built to directly demonstrate the ultra-narrow char-
acteristics of the laser-assisted by the distributed feed-
back. A real-time oscilloscope with a bandwidth of 20
GHz measures the beat-frequency signal between the two
lasers with the corresponding signal presented in Fig.
4(a). In the figure, the electric spectrum that corres-
ponds to the free-running DFB laser and the laser-as-
sisted by a feedback power ratio of -45 dB are illustrated
by blue and red curves, respectively. The spectral line-
width of the red curve is much smaller than that of the
blue curve. Moreover, an SMSR > 80 dB is demonstrated
from the curve in a span of 40 MHz. As highlighted in
Fig. 4(b), the fitting result of the output linewidth corres-
ponding to the red curve in Fig. 4(a) is approximately 10

Hz. It is worth noting that such a linewidth value has
managed to maintain a top-level state-of-the-art per-
formance under a room-temperature condition (the cur-
rent minimum integral linewidth is about 25 Hz™).
Compared to the free-running DFB laser linewidth, the
linewidth of the proposed method is successfully com-
pressed by five orders of magnitude. The frequency noise
power spectral density (PSD) spectrum is then obtained
with the demodulated transient frequency by fast Fouri-
er transformation (FFT), as shown in Fig. 4(c). Herein,
the frequency noise PSD corresponding to the free-run-
ning DFB laser and the laser-assisted by distributed feed-
back is indicated by black and red curves, respectively.
The white noise floor (red curve) is suppressed by 70 dB
compared with that of the black curve, and it is ap-
proaching sub-Hz*/Hz magnitude, which suggests that
the output linewidth is about several Hz. In addition, the
measurement noise floor (gray curve) and white noise
floor (red curve) almost coincide, indicating that the
linewidth is approximately approaching the measure-
ment limit. To further demonstrate the stability of the
distributed feedback laser structure, we measure the rel-
ative intensity noise. The corresponding results are illus-
trated in Fig. 4(d), in which the red and blue curves rep-
resenting the RIN spectrum result with and without dis-
tributed feedback. Figure 4(d) demonstrates that the RIN
spectrum (red curve) is suppressed by 20 dB, suggesting
that the influence from external disturbances can be sup-
pressed by the feedback signal that coincides with the
wavelength of the main cavity in this laser configuration.
Consequently, the measured RIN floor is below -155
dB/Hz in the frequency range over 3 MHz.
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We further reveal the influence of the feedback ratio
from the distributed feedback structure on the laser out-
put characteristics, with the corresponding experimental
results illustrated in Fig. 5. Herein, the feedback ratio is
varied by controlling the length of the feedback struc-
ture. The frequency noise PSD curves measured under
the different feedback ratios are shown in Fig. 5(a),
demonstrating that the frequency noise floor within the
white noise area around 10 kHz gradually varies from the
10° Hz to the sub-Hz order. The latter indicates that the
intrinsic laser linewidth, which determines the Lorentzi-
an shape, decreases as the feedback ratio increases. The
corresponding Lorentzian linewidth variation curve is il-
lustrated in Fig. 5(b). The last plot confirms the theory,
as the inherent laser frequency noise can be well restric-
ted with more robust distributed feedback.

Figure 6 presents the dynamic process of the self-ad-
aptive laser linewidth compression. In Fig. 6(a), we ob-
serve that when an electro-optic modulator switches on
the feedback, the transient spectrum is extremely com-
pressed with time, especially in the range indicated by
the yellow curve. The corresponding Lorentzian
linewidth is presented in Fig. 6(b), demonstrating that
the linewidth is sharply compressed from the MHz to the

10-Hz order in a time range of 1.1 ms. This shows that
the transition time of the laser from the free-running
state to the compression state is on the order of milli-
seconds. To further reveal the adaptive compression
characteristics of the proposed laser configuration for
different wavelengths, we investigate the dynamic pro-
cess of the output spectrum in the switching process of
the main cavity wavelength by precisely tuning the tem-
perature of the laser diode. Fig. 6(c) and 6(d) demon-
strate the transient spectrum and the corresponding
Lorentzian linewidth while switching the frequency of
the main laser cavity. The frequency switching time is
At=2.5 ms, which contains three processes, i.e., decom-
pression, free running, and recompression. Herein, the
switching time between two steady states depends on the
two processes, i.e., the frequency-changing and linewidth-
narrowing. The process of modifying the temperature of
the laser diode is a dominant contributing factor to the
relatively long switching time. Therefore, the adaptive
process can be further shortened by speeding up the fre-
quency-changing process. Figure 6 suggests that the line-
width increases sharply when the main laser feedback
cavity signal is detuning, indicating that the feedback sig-
nal matched with the wavelength of the main cavity plays
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Fig. 6 | Self-adaptive compression process of laser linewidth. (a) Transient spectrum and (b) corresponding Lorentzian linewidth when
switching on the feedback. (c) Transient spectrum and (d) corresponding Lorentzian linewidth when tuning the frequency of the main laser cavity.

a decisive role in extreme laser linewidth compression.
Overall, our findings demonstrate adaptive compression
characteristics from the distributed feedback.

The proposed compression concept relying on a weak
external distributed perturbation creates a new perspect-
ive to obtain ultra-high coherent light sources and fur-
ther extremely control multi laser parameters of time-
frequency and polarization. It is desirable to compress
the integral linewidth to sub-Hz level, when inserting the

entire laser system into a vacuum with low temperature
for extreme thermostatic and vibration isolation in the
future work. To improve the tuning performance of the
proposed laser structure, the dynamic response of the
gain medium and feedback distribution feature needs to
be further studied.

Conclusion

In conclusion, we propose a laser spectrum purification
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scheme of main cavity with external distributed feed-
back structure, which can greatly enhance the laser co-
herence. In this type of laser cavity structure, the distrib-
uted feedback signal could effectively suppress spontan-
eous radiation and deeply compress the linewidth dur-
ing the laser oscillation. In the experiment, we verify the
proposed compression concept by utilizing an on-chip
laser system with a weak external distributed feedback
structure. Under normal conditions, we obtain an ultra-
high spectrum purity laser with an SMSR of 80 dB, out-
put linewidth of 10 Hz, and a RIN of -152 dB/Hz at 1
MH?z frequency offset. Also, we reveal the adaptive puri-
fication characteristics of the proposed laser configura-
tion for different output wavelengths, by investigating
the transient aspects of the output spectrum while
switching the laser wavelength. The proposed concept
and laser configuration create a new perspective for im-
proving and obtaining high coherence laser sources,
which is also of great significance for extremely con-
trolling diverse laser parameters such as time-frequency
and polarization.
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