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We demonstrate thermal noise limited and shot noise limited performance of ultra-stable diode laser
systems. The measured heterodyne beat linewidth between such two independent diode lasers reaches
0.74 Hz. The frequency instability of one single laser approaches 1.0 × 10−15 for averaging time
between 0.3 s and 10 s, which is close to the thermal noise limit of the reference cavity. Taking
advantage of these two ultra-stable laser systems, we systematically investigate the ultimate electrical
noise contributions, and derive expressions for the closed-loop spectral density of laser frequency
noise. The measured power spectral density of the beat frequency is compared with the theoretically
calculated closed-loop spectral density of the laser frequency noise, and they agree very well. It
illustrates the power and generality of the derived closed-loop spectral density formula of the laser
frequency noise. Our result demonstrates that a 10−17 level locking in a wide frequency range is
feasible with careful design. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4971852]

I. INTRODUCTION

Ultra-stable lasers are widely used in high resolution laser
spectroscopy,1 gravitational wave detection,2 fundamental
physics test,3 and optical clocks.4,5 To achieve very small
frequency instability, the laser is typically servo locked to
a high-finesse reference cavity using the Pound-Drever-Hall
(PDH) technique.6 The fundamental stability limitation of
the reference cavity comes from the Brownian motions of
the reference cavity materials.7,8 With cavity length in the
7–20 cm range, typical thermal noise limit is about 3 × 10−16

to 1 × 10−15.9–20

More information can be gained by looking at the spectral
content of the laser frequency noise. Better understanding
of the frequency noise can pave the way for laser stabilities
approaching 10−17 levels. In the low Fourier frequency domain
of less than 10-100 Hz, the thermal noise is the dominant
noise source, and the thermal noise can be reduced by using
longer reference cavities,21–24 cavities with low loss angle
crystalline coatings,25 or cryogenic cavities made from single-
crystal materials with a large mechanical Q factor.26–28 In
addition, intense research on the vibration effect, temperature
effect, and residual amplitude modulation (RAM) effect give
unambiguous instructions on how to build spectrally pure laser
systems. For instance, vibration immune cavity design based
on finite element analysis (FEA) can greatly reduce the cavity
length change due to ground vibration.10,11,15,29 The reference
cavities are housed in vacuum chambers with large thermal
time constants to suppress the temperature fluctuation effect on
the cavity length.13,14,16,30,31 In addition, cavity temperatures
are maintained at their thermal expansion zero crossing points.

Less information is available for suppressing laser fre-
quency noises in the high Fourier frequency domain.32–35

Through down-conversion process, high frequency noise can
affect the performance of optical clocks through Dick effect.36

a)Electronic mail: zehuanglu@mail.hust.edu.cn

In the frequency range above 100 Hz, the main laser frequency
noise contributions are laser free running noise due to limited
servo bandwidth, photon shot noise, and electrical noise. Due
to their large selection of wavelength range, low cost, small
footprint, diode lasers have become very versatile tools in
many precision measurement applications.19 But diode lasers
have much larger free running noise in the high frequency
range compared with fiber lasers or solid-state lasers. As a
consequence, it is well worth the effort to study the suppression
of high frequency laser noise.

Previously, Day et al. derived an expression of the slope
for the PDH frequency discriminator in the case of a quiet
Nd:YAG solid state laser.33 In this paper, we investigate the
shot noise limited locking performance using a modified
expression, taking into account the large servo bandwidth
required for diode lasers. The magnitude of the slope for the
PDH frequency discriminator is modelled without any free
parameters. We directly measure all the parameters used in
the expression. With all these efforts, we deduce the ultimate
limit of the closed-loop spectral density of laser frequency
noise. The theoretical analysis agrees well with the measured
power spectral density of the beat note of two ultra-stable
lasers.

In Sec. II, we describe the experimental setup of two
independent 1070 nm ultra-stable diode laser systems to
characterize frequency instability and noise contributions.
Thermal noise limited performance is demonstrated. The
Allan deviation of the beat note of the two ultra-stable diode
lasers reaches a level of 1 × 10−15 at 0.3 s–10 s, which is close
to the thermal noise limit of two 10 cm long ULE reference
cavities. The stabilized diode laser is amplified and then
frequency quadrupled to 267.4 nm to serve as a local oscillator
for an 27Al+ optical frequency standard. In Sec. III, we perform
theoretical calculations on the closed-loop frequency spectral
density of frequency noise in a stabilized laser system. In
addition, we determine the minimum frequency noise spectral
density in a real laser system. In Sec. IV, we measure the
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parameters used in the expression, taking advantage of the
two thermal noise limited ultra-stable laser systems. We
analyze the measured linear frequency power spectral density
of frequency noise for the beat note as the out-loop signal, and
find that not only laser power injected to the cavity but also
cavity linewidth and cavity coupling efficiency play critical
roles in the electrical noise level. We conclude in Sec. V.

II. EXPERIMENTAL SETUP

The two ultra-stable reference cavities (ATFilms, ATF-
6020-2) that we used are entirely made of ULE glass. Each
horizontally mounted cavity is 10 cm long, and its diameter
is 7 cm with a 0.5 in.-diameter bore hole along the central
axis. Two 1 in.-diameter ULE mirrors are optically contacted
to both sides of the spacer. The thermal noise limit of each
reference cavity is estimated to be 7.7 × 10−16, dominated
by the Brownian motion of the ULE mirror substrates.7,8

We named these two reference cavities as Cav1 and Cav2,
respectively. Their TEM00 mode linewidths are measured
to be 13.6 kHz and 4.5 kHz, corresponding to finesses of
110 000 and 333 000, respectively. The reference cavities
are housed in two vacuum chambers with pressures less
than 1 × 10−6 Pa for isolation from air pressure fluctuations,
temperature fluctuations, and acoustic noise. The temperature
of vacuum chambers is stabilized by digital temperature
control loops to T0(Cav1) = 36.8 ◦C and T0(Cav2) = 36.3 ◦C,
respectively. These temperatures are measured to be the zero
crossing temperatures of the coefficient of thermal expansion
for the cavities.31 The temperature fluctuation is about 1 mK in
24 h. The temperature stabilized vacuum chambers house two
polished gold-coated copper shields, which provide additional
passive isolation of external temperature fluctuations. The
ULE cavities are placed on four viton bars on the notched
surfaces where the mounting positions are optimized to
minimize the sensitivity to vibration through FEA. In addition,
the two vacuum chambers are separately placed on two active
vibration isolation (AVI) stages.

Figure 1 shows the optical setup of the two ultra-stable
laser systems. The laser source is a Littrow-Hänsch-type
grating stabilized external cavity diode laser (Toptica, DL
pro) operating at around 1070 nm, which is four times the
ultraviolet wavelength of the clock transition in an aluminum
ion. It has a free running fast linewidth of ∼100 kHz and the
output power is about 50 mW after a 70 dB isolator and a fiber
coupler with a 30 cm-long polarization maintaining fiber. They
are used to prevent spectral disturbances caused by optical
feedback and to provide a clean laser mode, respectively. The
diode laser is locked to the TEM00 mode of the reference cavity
with the PDH method. The laser beam is sent through a Glan-
Taylor polarizer with an extinction ratio of 106:1 to improve
the polarization purity, which can greatly suppress laser power
fluctuation due to the residual light polarization ellipticity. Two
laser frequencies are phase modulated by a 21 MHz electro-
optic modulator (EOM) and a 28 MHz EOM, respectively. We
deliberately choose two different modulation frequencies to
avoid error signal disturbance within the locking bandwidth.
The modulation indices for the two EOMs are tuned to an

FIG. 1. Experimental setup of the ultra-stable laser system. The red solid
line shows the optical path and the black dashed line represents the electronic
path.

optimal value of 1.08 to maximize the slope of the PDH
error signal. To reduce the RAM effect of the EOMs, Glan-
Taylor polarizers are placed in front of the EOMs to get high
polarization purity along the modulation axis of the EOMs.
Furthermore, the EOMs are actively temperature stabilized
with a temperature fluctuation less than 10 mK. Each laser
beam is focused on the flat coupling mirror of the reference
cavity with a diameter of 520 µm in order to mode match to
the TEM00 mode and typical coupling efficiencies for Cav1
and Cav2 are ∼30% and ∼60%, respectively. We normally
send 10–20 µW of laser power to the reference cavity for the
PDH lock. The reflected signal is detected with an InGaAs
PIN photodiode. The total optical path length is about 1.5 m.

The detected signal is demodulated using a frequency
mixer (Mini Circuits, ZP-3+). The same radio-frequency
(RF) signal for EOM driving is used as the local oscillator
(LO) input. In order to obtain the correct sine term at the
modulation frequency of the error signal, we shift the phase
of the RF signal with a delay box (Ortec, 425A). The obtained
error signal is sent through a fast analog linewidth controller
(Toptica, FALC) that acts as a low pass filter. The output is
split into two parts. One is used for fast feedback control
of the driving current of the diode laser with a measured
∼2 MHz servo bandwidth. The other one is used for slow
feedback control of the cavity length of the diode laser with a
measured 2 kHz servo bandwidth. The slow control is achieved
by applying the feedback signal to a piezo that is glued to the
grating inside the diode laser cavity.

After thoroughly characterizing the effect of temperature
fluctuation, vibration, power fluctuation, and residual ampli-
tude modulation effect, we measure the beat frequency of the
two locked diode lasers to evaluate the performance of the
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FIG. 2. Results of the ultrastable laser performance. (a) Optical beat note signal representing the short-term linewidth of the two lasers stabilized to Cav1 and
Cav2 cavities. The red circles show an average of twenty recorded beat notes, the FWHM is fitted to be 0.74 Hz using a Lorentzian function. (b) Fractional
frequency instability of a single laser, assuming two identical systems. The fractional frequency instability for a single laser is about 1.0 × 10−15 from 0.3 s to
10 s, shown with the black square points. (c) The blue curve is the power spectral density of a single laser, while the red dashed line is the thermal noise limit of
the 10-cm-long cavity.

stabilized lasers. Figure 2(a) shows a down converted beat
note frequency measured with a fast-Fourier-transform (FFT)
spectrum analyzer (Stanford Research Systems, SR785). A
resolution bandwidth of 0.25 Hz is used. The red circles are the
measured beat frequency which are averaged 20 times, and the
blue curve is a Lorentzian fit. The full width at half maximum
(FWHM) of the beat signal is 0.74 Hz. Assuming two identical
laser systems, the linewidth of one single laser is 0.52 Hz.
In addition, we down-convert the beat frequency to around
1 MHz, and record the frequency with a frequency counter
(Agilent, 53230A) with a 0.1 s gate time. All measurement
instruments including the spectrum analyzer, the counter, and
the signal generators are all referenced to an active hydrogen
maser (Symmetricom, MHM2010). As shown in Fig. 2(b),
the fractional frequency instability for a single laser is around
1.0 × 10−15 from 0.3 s to 10 s, which is close to the thermal
noise limit of the reference cavities. The power spectral density
of a single laser is shown in Fig. 2(c) with a blue curve, while
the red dashed line is the thermal noise limit of the 10-cm-long
cavity.

Based on these two laser systems with thermal noise
limited performance, we characterize the electrical noise
contributions to the achievable frequency instability of the
diode lasers in Secs. III and IV. With better understanding of
the electrical noise level, it will greatly help the development
of the next generation ultra-stable lasers aiming at the 10−17

level.

III. DERIVATION OF LASER FREQUENCY
NOISE EXPRESSION

Laser frequency stabilization discussed in Sec. II can be
modeled using control theory.33 The schematic representation
of a general laser frequency stabilization process is shown
in Fig. 3. An error signal is obtained when a diode laser
frequency is gone through a frequency discriminator with
a slope of Dν( f ) to convert optical frequency fluctuations
into electrical signal fluctuations. The frequency discriminator
noise is represented by Sdisc. The error signal is corrected by
a servo to generate enough gain and phase margin. The servo
has a frequency dependent gain coefficient G( f ), and the servo
noise is represented by Sservo( f ). The corrected error signal is

fed back to the laser actuator with a coefficient of K which
pulls the laser frequency back to the cavity’s transmission
peak. The actuator noise and the diode laser free running
noise are represented by Sactuator( f ) and Slaser( f ), respectively.
These two noises cannot be distinguished, and are added onto
the diode laser in a single step.

The closed-loop linear spectral density of frequency
noise, Scl, is given by

Scl =


| Slaser + Sactuator

1 + KGDν
|2 + | KSservo

1 + KGDν
|2 + | KGSdisc

1 + KGDν
|2,

(1)

where Dν is frequency discriminator slope in units of V/Hz,
G is the frequency dependent servo gain in unit of V/V, and
K is the actuator coefficient in units of Hz/V. The closed-loop
frequency noise can be separated as three parts: free running
laser noise, servo noise, and discriminator noise. Free running
laser noise and servo noise can be greatly suppressed with a
very large actuator coefficient K and servo gain G. In the limit
of large K and G, the closed-loop spectral density of laser
frequency noise, Scl,limit, can be expressed as

Scl,limit =
Sdisc

|Dν | . (2)

It is clear that Scl,limit is determined by the noise spectral
density of the frequency discriminator and the discriminator
slope.

For the PDH technique, frequency modulation is used to
detect the laser frequency noise in higher Fourier frequency

FIG. 3. Schematic representation of laser frequency stabilization to a refer-
ence cavity with the PDH technique.
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in order to minimize the technical noise contribution, such as
intensity noise. The Sdisc is the output of the frequency mixer
in the PDH error signal detection, which can be written as

Sdisc = κSRF = κR


NEP2 + 2hνPdet/ηd, (3)

where κ is the conversion loss of the frequency mixer with a
saturated LO power, SRF is the noise power spectral density in
the RF port of the mixer, R is the responsivity of the combined
system of the PD and the transimpedance amplifier in units of
V/W, NEP is the optical noise equivalent power of the PD for
the PDH error signal detection, ηd is the quantum efficiency
of the detector, and Pdet is the laser power that is reflected back
from the cavity and detected by the PD. Pdet can be expressed
as

Pdet = (1 − α)J2
0(β)Pin + 2J2

1(β)Pin, (4)

where α is the coupling efficiency of the optical reference
cavity and Pin is the injected laser power to the optical
reference cavity, and J0(β) and J1(β) are the zeroth order
and the first order Bessel functions, respectively. We neglect
higher order terms when β = 1.08. As can be seen, both laser
shot noise and electrical noise from the PD contribute to the
noise of the discriminator, especially when weak laser power
is used. High laser power will heat the ultra-stable cavity’s
mirrors and coatings which degrades the frequency stability.

According to Eq. (2), a large value of the slope of
the frequency discriminator is essential in the PDH laser
frequency stabilization system. The slope of the frequency
discriminator has a frequency dependence such that its value
decreases when the laser frequency is away from the cavity
transmission peak. The expression for this slope can be written
as33,34

Dν( f ) = 8J0(β)J1(β)RPin

∆νc


sinc2(π f /F∆νc)

1 + 4F2

π2 sin2(π f /F∆νc)

≈ 8J0(β)J1(β)RPin

∆νc

1
1 + 2i f /∆νc

, (5)

where F is the finesse of the cavity, ∆νc is the linewidth of
the cavity, f is the frequency difference between the laser
frequency and the cavity’s transmission peak. Equation (5) is
the voltage signal at the PD output end without considering
the effect of the mixer demodulation process and the reference

cavity’s coupling efficiency. Taking that into account, Eq. (5)
becomes

Dν( f ) = κα
8J0(β)J1(β)RPin

∆νc

1
1 + 2i f /∆νc

. (6)

In this expression, the amplitude and the phase of the PDH
discriminator slope demonstrate a low-pass filter function with
Fourier frequency. The phase shift in the error signal and time
delay in the control loop prevent us from reaching an unlimited
servo bandwidth, therefore a proper servo is very important in
this system.

Substituting Eqs. (3) and (6) into Eq. (2), we obtain the
discriminator noise limit of the PDH locking in the dispersion
mode

Scl,limit =


NEP2 + 2hνPdet/ηd

8αJ0(β)J1(β)Pin
|∆νc + 2i f |. (7)

The discriminator limit has a white frequency noise charac-
teristic for low frequencies, and increases by 20 dB/decade
when f is sufficiently larger than the linewidth of the cavity.
To obtain a low discriminator noise limit and reach the shot
noise limit, NEP of the PD should be as small as possible,
enough laser power should be used until the laser intensity
noise affects the final frequency stability, and α should be as
large as possible.

Equation (7) has been experimentally proved to be valid,
but the measurement process is too tedious. To simplify the
system characterization process, we rewrite Eqs. (6) and (7)
as

Dν( f ) = D0

1 + 2i f /∆νc
, (8)

Scl,limit =
Sdisc

D0
|1 + 2i f /∆νc |. (9)

D0 is the discriminator slope at f = 0 that can be measured in a
real system. To determine the ultimate limit of the closed-loop
laser frequency noise spectral density, we can directly measure
the discriminator noise Sdisc, D0, and the linewidth of the cavity
∆νc.

FIG. 4. (a) The blue circled points show the noise spectral density of the discriminator without laser input onto the PD, measured with the spectrum analyzer.
(b) Discriminator noise vs. laser power detected by the PD.
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IV. LASER FREQUENCY NOISE ANALYSIS

Taking advantage of the two developed 1070 nm ultra-
stable diode laser systems, we can verify the ultimate limit of
the closed-loop laser frequency noise spectral density using
the beat note of the two laser systems. We measure all the
needed parameters in the two systems, and make comparisons
with the theory discussed in Sec. III.

First, we measure the discriminator noise Sdisc from the
IF port of the mixer. The measurement results are shown in
Fig. 4. The noise spectral density of the discriminator without
laser input onto the PD is shown in Fig. 4(a), measured with
a spectrum analyzer (Agilent, N9030A). We also measure the
changes of the discriminator noise with laser power detected
by the PD, as shown in Fig. 4(b).

To find the value of the discriminator slope D0, we
cannot simply measure it by sweeping the laser frequency
over the cavity resonance frequency since the free running
diode laser’s linewidth is more than one order of magnitude
larger than that of the cavity. To solve this problem, we use
the beat signal of the two stabilized diode laser systems.
With system 2 as reference, we modulate the error signal
of laser system 1 with a 0.2 Hz Vpp = 4 mV square wave
while keeping the laser locked to the cavity. A square wave
modulation with an amplitude of fpp = 1 kHz is obtained from
the beat frequency of the two lasers, as shown in Fig. 5.
The measurement indicates that a small introduced voltage
perturbation can cause a corresponding frequency change.
Thus, D0 = Vpp/ fpp = 4 µV/Hz for laser system 1 when the
input laser power is 20 µW. In this way, the D0 for different
laser systems and different input powers can be measured. The
discriminator slope of system 2 is measured to be 30 µV/Hz
with a 20 µW input power. The difference between the two
discriminator slopes is caused by different cavity linewidths
and different laser coupling efficiencies into the cavities. The
laser coupling efficiency of system 2 is about two times better
than that of system 1.

By substituting all the measured parameters into Eq. (9),
we can obtain the contribution of the two cavities’ discrim-
inator noises. We measure the frequency noise of the beat
frequency of the two lasers with IQ demodulation using the

FIG. 5. Discriminator slope measured with the beat frequency of the two
ultra-stable lasers, when the laser locked to Cav1 is modulated by a 0.2 Hz
4 mV peak to peak square wave. A 1 kHz peak to peak frequency modulation
is observed.

RF spectrum analyzer.37 The IQ method can distinguish phase
noise and amplitude noise from the beatnote. The power
spectral density of the beat frequency under different input
powers is recorded and compared with the corresponding
discriminator noises, as shown in Fig. 6. We fix the parameters
of system 2 as Pin = 20 µW, Sdisc = 0.17 µV/

√
Hz, and D0

= 30 µV/Hz. And then we change the input power of system
1 from 10 µW to 44 µW. Figures 6(a) and 6(b) demonstrate
that the power spectral density of the beat frequency is limited
by the discriminator noise of system 1 from 1 kHz to 100 kHz,
when the input power is 10 µW and 20 µW. For Fourier
frequencies larger than 100 kHz, K , G, and Dν are no longer
much larger than 1, so the simplification of Eq. (9) does not
work in these frequencies. When the laser power is 44 µW in
system 1, we can see that the lowest power spectrum density
reaches a level of 0.04 Hz/

√
Hz. This level is not limited

by the electrical noises, demonstrating shot noise limited
performance. Other noise sources, such as vibration noise,
might also contribute to this noise level. But they must be
in much smaller levels, otherwise in Fig. 6(b) the measured
noise spectrum will not agree with the discriminator noise.

FIG. 6. Linear power spectral density of beat note frequency and corresponding discriminator noises of two systems under different input powers. We keep
the parameters of system 2 constant with Pin= 20 µW, Sdisc= 0.17 µV/

√
Hz, and D0= 30 µV/Hz. And then we change the input power of system 1 from

10 µW to 44 µW. (a) Pin= 10 µW, Sdisc= 0.15 µV/
√

Hz, D0= 2 µV/Hz. The minimum value of the beatnote power spectral density is 0.08 Hz/
√

Hz, limited
by the discriminator noise of system 1. (b) Pin= 20 µW, Sdisc= 0.17 µV/

√
Hz, D0= 4 µV/Hz. The minimum value of the beatnote power spectral density is

0.06 Hz/
√

Hz, limited by the discriminator noise of system 1. (c) Pin= 44 µW, Sdisc= 0.21 µV/
√

Hz, D0= 8.7 µV/Hz. The minimum value of the beatnote
power spectral density is 0.04 Hz/

√
Hz. The thermal noise limit is also indicated with an open squared line.
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FIG. 7. Fractional frequency instability calculated from Eq. (7), with δνc
= 4.5 kHz, Pin= 50 µW, and α = 0.5. The electrical noise contribution can
be suppressed down to the level of 10−17 at averaging time larger than 0.01 s.
The black dashed curve shows the white frequency noise contribution, and
the red dashed curve shows the random walk noise contribution.

The peaks in the low frequency range are caused by power
line noise at 50 Hz and its harmonic frequency. There are also
some peaks caused by vibrational noise.

The development speed of ultra-stable lasers is fascinat-
ing, and the laser stability is approaching a level of 10−17.24

Great care has to be paid to suppress the electrical noise
down to the level of 10−17. Taking Eq. (7) as an ideal
case, we can obtain the ultimate limit of the spectral noise
density and calculate the corresponding fractional frequency
instability. For example, in Fig. 7, according to Eq. (7), we
can calculate Scl,limit = 3.77 × 10−4|1 + 2i f

∆νc
| Hz/

√
Hz, using a

4.5 kHz linewidth reference cavity, 50 µW input power, and
α = 0.5. We then convert the power spectral density of the
laser frequency noise into Allan deviation. From the slopes of
power spectral density, we know that the types of noise are
white frequency noise and random walk noise.38 As shown in
Fig. 7, the ultimate limit contribution of the electrical noise is
estimated to be in the level of 10−17 in a wide frequency range.

V. CONCLUSION

In conclusion, we demonstrate thermal noise limited and
shot noise limited performance of ultra-stable diode laser
systems. The fractional frequency instability of a single diode
laser is around 1.0 × 10−15 between 0.3 s and 10 s averaging
time, which is close to the thermal noise limit of the reference
cavity. The FWHM of the optical beat signal is 0.74 Hz,
indicating a 0.52 Hz linewidth of one single laser. Taking
advantage of the two ultra-stable laser systems, we investigate
the ultimate limit of the electrical noise contributions and
derive expressions for the closed-loop laser frequency noise
spectral density. The measurements of the relevant parameters
based on the two laser systems are discussed as well, including
discriminator noise at the mixer end, and real discriminator
slope. In addition, we compare the experimental power
spectral density of the beat note frequency with the theoretical
calculated closed-loop laser frequency noise spectral density,
and the results agree very well. So we can realistically estimate

the electrical noise contribution to the system performance,
and offer guidelines in designing an ultra-stable laser system
that has stability approaching 10−17 level in the future.
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