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Abstract
Optical resonators serve as excellent spatiotemporal filters

and are widely used for stabilizing laser frequency. They
can also function as passive optical enhancement cavities
(OECs), providing power gains of thousands to tens of thou-
sands. High-power OECs hold promise for applications
such as steady-state microbunching (SSMB) advanced light
sources and laser interferometer gravitational-wave observa-
tory (LIGO). However, systematic studies on the phase noise
characteristics of high-power OECs remain lacking. In this
paper, based on a high-power OEC platform, we measure
the phase noise of both the injected laser and the transmitted
laser, and investigate the influence of key cavity-locking pa-
rameters on the phase noise performance, thereby providing
valuable references for the application of high-power OECs.

INTRODUCTION
Optical resonators, leveraging coherent superposition of

light fields, enable resonant enhancement of laser power
while simultaneously acting as spatiotemporal filters for
optical fields. The intracavity field exhibits excellent trans-
verse mode quality and frequency stability, leading to a wide
range of applications. Carefully designed ultrastable cavi-
ties can be used as optical frequency references, achieving
laser outputs with ultra-low linewidths [1, 2]. The phase-
sensitive characteristic of optical cavities has also been ex-
ploited in laser interferometer gravitational-wave observa-
tory (LIGO) [3]. Moreover, advances in coating techniques
for ultrahigh-reflectivity mirrors have facilitated the develop-
ment of optical enhancement cavities (OECs), where power
gains of more than ten thousand can produce megawatt-level
intracavity circulating power [4–6]. Such high-power cavi-
ties offer new potential solutions for fields such as inertial
confinement fusion and ion neutralization [7, 8]. OECs are
also widely used in accelerator-based advanced light source
research, for example, in the ThomX project, the Gamma
Factory, and the steady-state microbunching (SSMB) ad-
vanced light source [4, 5, 9–11]. Current research on high-
power OECs has focused primarily on stored intracavity
power, mirror thermal effects, and damage thresholds [4–6],
with few studies addressing the phase noise characteristics of
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high-power OECs. Nevertheless, phase noise performance
is critically important for applications such as SSMB and
LIGO [3,11,12]. Taking SSMB as an example, it not only
requires megawatt-level intracavity power but also stable
phase locking among several high-power cavities, which
imposes stringent demands on cavity design. Based on a
megawatt-level OEC platform, we employ the heterodyne
self-beat technique to measure the phase noise properties of
both the injected laser and the transmitted laser. We analyze
the possible underlying mechanisms and compare the influ-
ence of different cavity-locking parameters on phase noise
performance, thereby providing a new perspective for cavity
optimization.

EXPERIMENTAL SETUP AND
MEASUREMENT METHOD

We have constructed a four-mirror OEC platform consist-
ing of high-reflectivity mirrors, a vacuum system, a low-
noise continuous-wave laser, an optical transmission line,
and a cavity locking electronics system, as shown in Fig.
1. The cavity itself is composed of four high-reflectivity
mirrors: two flat mirrors (M1, M2) and two concave mir-
rors (M3, M4), where M1 serves as the input coupling mir-
ror. Due to minor contamination from environmental dust
and imperfections in coating smoothness, the experimen-
tally measured finesse of the cavity is 26,000, lower than
the theoretical value of 32,000, corresponding to an actual
cavity linewidth of approximately 3.1 kHz. The low-noise
continuous-wave laser can deliver an incident laser power
of up to approximately 130 W. The optical transmission
line consists of lenses, waveplates, and motorized mirrors,
enabling mode matching, polarization matching, and align-
ment of the incident laser to the cavity resonance mode. The
Pound-Drever-Hall (PDH) locking technique is utilized to
lock the laser frequency to the cavity resonance. It features a
dual-loop structure: a digital slow loop using a piezoelectric
transducer (PZT) as the actuator and an analog fast loop
using an acousto-optic modulator (AOM) as the actuator.
Based on this platform, we measured the phase noise of both
the injected laser and the transmitted laser using a hetero-
dyne self-beat technique, as illustrated in Fig. 1. The laser
under test was coupled into an optical fiber and split into two
paths. One path was frequency-shifted by 110 MHz using
an AOM, while the other path propagated through a 1 km
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Figure 1: Layout of the high-power OEC and the method for phase noise measurement.

delay fiber to ensure loss of mutual coherence. The phase
noise was then obtained by demodulating the beat signal
between the two paths. The measurements of the injected
and transmitted lasers differ only in the probing location:
before and after the optical cavity, respectively.

(b)

(a)

Figure 2: (a) The phase noise (PN) PSD of the injected laser
under open-loop and closed-loop conditions, and the phase
noise PSD and RIN of transmitted laser from the cavity
under closed-loop. (b) The phase noise PSD of the injected
laser at different intracavity powers.

MEASUREMENT RESULTS AND
ANALYSIS OF PHASE NOISE

Phase-noise measurements were conducted for the in-
jected laser in both the open-loop and closed-loop states, as
well as for the transmitted laser in the closed-loop state. The
corresponding phase-noise power spectral densities (PSDs)
are shown in Fig. 2(a). Testing phase noise in open-loop state
is actually testing the noise of the laser itself, determined
by the intrinsic oscillator noise and amplifier-induced fluc-
tuations, resulting in an integrated root‑mean‑square (RMS)
frequency jitter of 7.3 kHz over 10 Hz-1 MHz. When locked,
the cavity operates at 500�kW intracavity power. The laser
frequency is constrained to the cavity resonance, and the
phase-noise spectrum is shaped by both the servo dynamics
and the cavity response. Notably, a pronounced increase in
phase noise is observed in the low-frequency range [5 Hz, 1
kHz]. As shown in Fig. 2(b), when the intracavity powers
are 12 kW, 252 kW, and 513 kW, the phase noise of the in-
jected laser exhibits good consistency in the low-frequency
range below 1 kHz. Consequently, cavity thermal noise is
unlikely to be the dominant contributor to the observed low-
frequency phase noise. Instead, mechanical vibrations of
the cavity structure and electronic noise from the locking
loop are the primary sources. This result can be expected,
as the current cavity design incorporates no active measures
to stabilize the cavity length. From a few kilohertz to 1
MHz, the phase noise of the transmitted laser is substantially
lower than that of both the injected laser and the free-running
laser, confirming that the optical cavity maintains a high fi-
nesse under high-power operation and exhibits an intrinsic
low-pass filtering effect. Over the frequency range [1 kHz,
1 MHz], the RMS frequency jitters are 2.60 kHz for the
transmitted laser and 6.16 kHz for the injected laser under
closed‑loop conditions. In addition, a prominent servo bump
appears at 65 kHz in the phase noise PSD of the injected
laser, originating from the limited bandwidth of the feedback
loop [2]. The distinct resonant peaks at 203.4 kHz and its
harmonics are introduced by the self‑heterodyne technique,
with their specific frequencies determined by the length of
the delay fiber. The relative intensity noise (RIN) of the
transmitted laser, shown as the gray curve in Fig.�2(a), ex-
hibits a cutoff frequency consistent with the measured cavity
linewidth, further confirming that the finesse is preserved at
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Figure 3: Phase noise PSD of the transmitted laser under different PID parameters. Since the phase noise exhibits almost
no variation below 100 Hz and above 3 kHz, these frequency ranges are not shown in the figure.

high average power. As shown in Fig. 2(b), the correlation
between the phase noise of the injected laser and the intra-
cavity power is mainly observed in the frequency range of
1�kHz to 10�kHz, with a trend that higher intracavity power
leads to higher phase noise PSD. Therefore, the phase noise
in this frequency range may be attributed to thermal effects
of the optical cavity, such as coating thermal noise [13].
Meanwhile, our experiments also reveal that the parame-
ter settings of the cavity locking loop significantly affect
the phase noise in this frequency band. The proportional-
integral-derivative (PID) parameters of the slow loop and
the frequency modulation parameters of the AOM in the
fast loop serve as the main control variables. Under a fixed
intracavity power of approximately 250�kW, we measured
the phase noise of the transmitted laser for different sets of
loop control parameters. The influence of each parameter
was investigated using a single-variable control method. The
measurement results are presented in Fig.�3. It is evident that
the P and D parameters have a more significant impact on
phase noise than the I parameter. This is because the P and
D settings are designed to provide fast response to frequency
noise, whereas the I parameter primarily eliminates static
errors and mainly affects low-frequency noise performance.
The AOM serves as the actuator of the analog fast loop to
rapidly compensate for high‑frequency frequency noise of
the laser. Specifically, the error signal generated by the PDH
method is used as the external modulation signal for a signal
generator operating in frequency modulation (FM) mode,
which then outputs an electrical signal (center frequency
110�MHz) whose frequency deviation is proportional to the
amplitude of the error signal. The proportionality coefficient
is defined as the frequency deviation (FM�dev). This signal
is amplified and drives the AOM, thereby compensating for
frequency fluctuations of the injected laser. The FM�dev acts
as a tunable gain of the fast loop and significantly affects the
phase noise performance (Fig.�4). In the frequency range of
1�kHz to 10�kHz, the phase noise PSD reaches its minimum
when the FM dev is set to 900�kHz, indicating that the loop
achieves the efficient suppression of phase noise in this band
under this setting. It should be noted that the optimal choice
of AOM parameters is jointly determined by factors such as
the loop architecture, signal delay, and the frequency noise
characteristics of the laser. Furthermore, because the AOM

is primarily used to suppress high‑frequency noise, its pa-
rameters play a crucial role in determining the overall loop
bandwidth. A larger FM dev results in a higher loop band-
width, which shifts the servo bump to a higher frequency.
At the same time, the phase margin is reduced, making the
servo bump more pronounced.

Figure 4: Phase noise of the transmitted laser under different
AOM FM deviation settings.

CONCLUSION

This paper presents phase noise measurement results ob-
tained on the high-power OEC platform at Tsinghua Univer-
sity. Due to mechanical vibrations of the cavity structure
and electronic noise of the feedback loop, the low-frequency
phase noise increases significantly compared with that of the
seed laser. Above 10�kHz, the phase noise of the transmitted
laser under closed-loop operation is substantially lower than
that of the injected laser, demonstrating the low-pass filtering
effect of the cavity. Apart from the cavity itself, the param-
eters of the cavity locking loop also strongly influence the
phase noise performance. The phase noise characteristics
exhibited by the high-power OECs provide a valuable refer-
ence for their applications and offer a new perspective for
optimizing cavity design and achieving more stable locking.
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