Appl Phys B (2010) 98: 61–67
DOI 10.1007/s00340-009-3735-1

Nd:YAG lasers at 1064 nm with 1-Hz linewidth
Y. Jiang · S. Fang · Z. Bi · X. Xu · L. Ma

Received: 19 April 2009 / Revised version: 9 July 2009 / Published online: 19 September 2009
© Springer-Verlag 2009

Abstract Two Nd:YAG lasers are tightly frequencystabilized to separately located, vertically mounted ultrastable cavities, which are connected by single-mode optical
fibers employing fiber phase noise cancellation. The optical
heterodyne beat between two independent lasers shows that
the linewidth of each laser reaches 1 Hz and the frequency
drift is less than 0.3 Hz/s.
PACS 42.55.Px · 42.60.Da · 42.62.Eh · 06.30.Ft

In this work, we have made improvements on these cavitystabilized Nd:YAG lasers. Temperature stabilization for
electro-optic modulators (EOM), fiber phase noise cancellation, and light intensity stabilization were implemented
on the experimental setup. With these improvements, the
laser is tightly frequency-stabilized to the ultrastable reference cavity. The optical heterodyne beat between two independent cavity-stabilized lasers with the same configuration
shows that the linewidth (FWHM, full width at half maximum) of each laser reaches 1 Hz and the frequency drift is
reduced to less than 0.3 Hz/s.

1 Introduction
Spectrally narrow lasers are required in optical atomic
clocks, high-resolution laser spectroscopy, measurements
of fundamental constants, and tests of fundamental physics
[1–8]. Most lasers available have broad spectral linewidths
on the order of kHz or even MHz due to fast phase fluctuations. To suppress phase noise, a laser can be frequencylocked to an ultrastable optical reference cavity with high finesse by using the Pound-Drever-Hall (PDH) technique [9].
Profiting from the length stability of the reference optical
cavity, the laser linewidth can be significantly reduced to
the Hz level [10–14]. With this kind of narrow linewidth
lasers, several clock transitions of cold atoms are observed
with linewidths of a few Hz [14–21].
In our early work [22], two Nd:YAG lasers at 1064 nm
were servo-locked to two separated vertically mounted optical cavities, and the linewidth of each laser reached 2 Hz.
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2 Experimental setup
In this work, the laser source to be stabilized is an Nd:YAG
laser operating at 1064 nm (Innolight OEM 200NE). By using the PDH technique, the laser frequency is servo-locked
to an ultrastable, Fabry-Perot (FP) cavity with a length of
77.5 mm and a finesse of nearly 300,000. The length stability of reference cavities is an important contribution to the
frequency stability and linewidth of cavity-stabilized lasers.
Since environmental noise modulates cavity length, the cavity has to be well designed and isolated from external perturbations.
As shown in Fig. 1, the reference cavity, which is made of
ULE (ultralow expansion) glass with a shape like an American football, is vertically supported by three Teflon posts
at its mid-plane, specially designed to minimize fluctuations
of the cavity length due to environmental perturbations [11].
To reduce radial forces in the cavity spacer due to thermal
expansion of the support structure, the Teflon posts rest in
holes of a ULE ring, since ULE has an ultralow thermal
expansion coefficient. This kind of cavity was designed by
JILA [14] and is commercially available from Advanced
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Fig. 1 Schematic diagram of
the experimental setup.
AOM: acousto-optic modulator;
EOM: electro-optic modulator;
PBS: polarization beam splitter;
λ/4: quarter-wave plate;
SM fiber: single-mode fiber;
PD: photodetector

Thin Film [23]. Then the cavity, together with the posts
and the ULE ring, are heat-shielded in a gold-coated copper
cylinder to achieve a homogenous thermal environment. The
copper heat shield is sitting inside a vacuum chamber on a
piece of soft rubber ring for damping and thermal isolation.
The whole vacuum chamber is evacuated to ∼10−7 mbar by
a 20 L/s ion pump, which is located at the bottom of the
vacuum chamber to prevent direct heat radiation from the
ion pump onto the ULE cavity (see Fig. 1). Two temperature controllers are separately employed for homogenous
temperature stabilization of the vacuum chamber, which is
made of aluminum alloy for better thermal conductivity. To
reduce the thermal influence of environmental perturbations,
the whole chamber is wrapped in thermal insulation. Good
temperature stabilization and thermal insulation yield a temperature instability of less than 1.5 mK at ∼28 °C in a 12-h
measurement.
Moreover, the reference cavity and parts of optical components are isolated from low-frequency vibrations with a
BM-4 bench top vibration isolation platform from Minus K
technology. Nevertheless, some part of acoustic noise can
fluctuate cavity length through air and cables. Therefore the
whole experimental setup is enclosed by a foam screen to reduce the direct influence of both air flow and acoustic transmission, and all the cables are suspended with springs and
rubber bands. Unfortunately, some cables, especially those
of the ion pumps and the lasers, are too stiff to prevent vibration coupling. Correspondingly, we replace the power supply cable of the ion pump with a softer one. As for the laser
cable, we place the laser head outside the vibration isolation
platform that holds the reference cavity. By using a single-

mode (SM) optical fiber, laser light can be easily transferred
to the vibration isolation platform.
On the vibration isolation platform, the light is frequencyshifted by an acousto-optic modulator (AOM) for optical isolation. Then the first-order diffraction beam passes
through an EOM to generate sidebands beside the laser carrier frequency by optical phase modulation. The temperature of the EOM is stabilized above room temperature with
a fluctuation of less than 0.1°C to reduce the influence of
residual amplitude modulation (RAM) [24, 25]. The light
reflected from the reference cavity is steered onto a photodetector (PD2 ) by a combination of a quarter-wave plate (λ/4)
and a polarization beam splitter (PBS). The PD2 detects the
optical beat signal between the carrier and the sidebands reflected by the reference cavity. Then the beat signal from
the PD2 is mixed down to get the frequency discrimination
signal, which is used to control a piezoelectric transducer
(PZT) bonded on the monolithic Nd:YAG crystal of the laser
for laser frequency stabilization to the reference cavity. The
servo bandwidth is about 44 kHz by analyzing servo error
signals.

3 Fiber phase noise cancellation
Optical fiber provides mechanical flexibility to transfer optical beams. However, it will cause some problems: the optical phase and polarization of laser light transferred through
the optical fiber are extremely sensitive to the environmental perturbations like pressure, temperature, etc. When laser
light with 1-Hz linewidth is transferred through an optical
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Fig. 2 Schematic diagram of the experimental setup for fiber phase
noise cancellation (FPNC). AOM: acousto-optic modulator; PBS: polarization beam splitter; L: lens; λ/4: quarter-wave plate; P: polarizer;
M: mirror; SM fiber: single-mode fiber; PD: photodetector

fiber, environmental perturbations will induce phase noise
onto the light. As a result, the light suffers from a random
phase modulation, and its linewidth after transfer is broadened. To maintain the phase coherence and narrow linewidth
of the laser light, active fiber phase noise cancellation is required [26–29].
A schematic diagram of fiber phase noise cancellation
is shown in Fig. 2. The light is split into two beams by
a PBS, a short path located before an AOM and a long
path containing the AOM and a SM fiber. The light in the
short path, as a local signal, is directly reflected by a mirror and passes through the PBS by going through a quarterwave plate (λ/4) twice. The light beam in the long path is
frequency-upshifted νAOM by the AOM and then makes one
trip through the fiber where fiber phase noise eiφ is written
on. At the far end of the fiber, which is polished flat and
normal, a portion of the light is reflected back through the
fiber and the AOM, with a total frequency shift of 2 × νAOM
and a phase noise of e2iφ . Some of the light is then reflected
by the PBS and beats with that from the short path on a
fast photodetector (PD3 ) to generate a beat signal around
2 × νAOM . This beat signal, where the fiber-induced phase
noise is encoded on, is then sent to a fiber phase noise cancellation (FPNC) electronic box to compare with a stable
reference RF signal from a frequency synthesizer to extract
a servo error signal. The servo error signal is then applied
on a VCO (voltage-controlled oscillator) to correct the fiberinduced phase noise. Then the output signal of the VCO is
frequency-divided by a factor of 2 and amplified to drive the
AOM for cancellation of the fiber-induced phase noise.
To test the performance of fiber phase noise cancellation,
a self-heterodyne method is used in Fig. 2. A SM fiber with a
length of 300 m is employed (without any jacket and nearly
open to the environment). A beat note centered at νAOM is
obtained at a photodetector (PD4 ) by heterodyning between
the fiber input and output light. Figures 3a and 3b show
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linewidths of the beat notes without and with active cancellations accordingly, observed on a high resolution fastFourier-transform (FFT) spectrum analyzer (SR770). Without active phase noise cancellation, the linewidth of the beat
note is 20.2 Hz when the resolution bandwidth (RBW) of
the FFT spectrum analyzer is 7.8 Hz, but, when active fiber
phase noise cancellation is applied, the linewidth reduces to
1.1 mHz, which is limited by the resolution of the FFT spectrum analyzer. Interestingly, we put the fiber in a tough environment where a fan as a perturbation source is turned on.
Without active cancellation the linewidth of the beat note is
broadened to the kHz level as shown in Fig. 3c. However, as
soon as fiber phase noise cancellation is applied again, the
beat note dramatically becomes narrower and its linewidth
reaches 2.5 mHz, as shown in Fig. 3d. These results show
that active phase noise cancellation can effectively cancel
fiber-induced phase noise, and it helps to maintain coherence between the fiber input and output light.

4 Intensity stabilization
Besides phase noise introduced by optical fibers, polarization is also extremely sensitive to environmental perturbations. When laser light is transferred through the fiber to the
vibration isolator platform, a polarizer will convert polarization noise into amplitude noise. With a 4-m-long fiber relative intensity fluctuation is measured to be as large as 10%.
The fluctuation of the input power directly results in a variation of the cavity length and so does the laser frequency
which is locked to the cavity. The intensity-dependent laser
frequency shift is measured to be ∼63 Hz/µW with an input
light power of about 50 µW. If the laser frequency shift is
expected to be controlled within 0.3 Hz/s, the relative amplitude fluctuation of input light should be controlled within
1 × 10−4 per second with the same input power. Therefore
active intensity stabilization is critically important.
Implementation of light intensity stabilization is quite
simple. As shown in Fig. 1, the power of the cavity input
light is monitored by a photodetector (PD1 ). This DC signal is then compared with a stable reference voltage to get
an error signal. After a loop filter, the error signal modifies the drive power of the AOM to servo the light power.
As a result, the relative intensity instability is reduced to
6.5 × 10−5 (1 s).

5 Results and discussion
To explore the frequency stability and linewidth of the laser,
we have built two laser systems with the same design and
independently stabilized to two ultrastable reference cavities. The laser light is sent to the vibration isolation platform
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Fig. 3 Heterodyne beat signals
between the fiber input and
output light: (a) linewidths
without active cancellation
(RBW = 7.8 Hz) and (b) with
active cancellation
(RBW = 0.95 mHz);
(c) linewidths without active
cancellation (RBW = 32 Hz)
and (d) with active cancellation
(RBW = 0.95 mHz) when a fan
as a perturbation source is
turned on

Fig. 4 (a) Frequency drift and
(b) calculated frequency drift
rate of the heterodyne beat
between two cavity-stabilized
lasers in three days. It was
interrupted by linewidth
measurements on each day

through a SM fiber with a length of 4 m. Both of the systems are equipped with fiber phase noise cancellation and
intensity stabilization. The frequency of the beat note between the two laser systems was detected on a photodetector
and counted by a digital counter which communicates with
a computer.
We measured the relative frequency drift of the beat note
in three days, only interrupted by linewidth measurements
on each day, as shown in Fig. 4a. It drifts within 10 kHz over
47 h. Figure 4b shows the calculated frequency drift rate
based on Fig. 4a. The frequency drift stays within ±0.3 Hz/s
over this time. The laser frequency drift was not linear. In
40% of total 47 h the frequency drift was less than 0.1 Hz/s.
An analysis of experimental results shows that temperature
stability of the vacuum chamber is one of the key to reducing

the frequency drift of the frequency-stabilized lasers. However, there is still a small laser frequency drift since the cavity temperature might not be stabilized at the temperature of
the zero thermal-expansion coefficient of the ULE.
The fractional Allan deviation of the beat note is calculated and shown in Fig. 5. This measurement was taken directly by counting the heterodyne beat. And a linear laser
frequency shift was removed by a linear fit to the data. Theoretical estimate of the thermal noise limited instability is
shown as a solid horizontal line at 1 × 10−15 .
Figure 5 shows that at averaging time of 1 s the instability of the laser is slightly bigger than the thermal noise limited instability, which might be some vibration or acoustic
noise applied on the vacuum chamber. However, at several
seconds, the instability is pretty close to that of the thermal
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Fig. 5 Fractional Allan
deviation of the stabilized laser
frequency. Linear laser
frequency drift was removed by
a linear fit to the data. A solid
line denotes the thermal noise
stability limit of the reference
optical cavity, which is near a
fractional frequency stability of
1 × 10−15

Fig. 6 Linewidth measurements over 11 days when the RBW of the
FFT spectrum analyzer is set at (a) 0.5 and (b) 0.25 Hz. And the corresponding expected linewidths are 1.46 and 1.39 Hz, respectively.
Linewidth measurements of the beat note between two frequency-

stabilized lasers are shown with triangle markers, and their distributions are fitted with solid lines. There is a cutoff at almost twice the
RBW of the FFT spectrum analyzer

noise limit, which might be corrected by removing the linear
drift term. At a relatively long timescale, the instability gets
bigger due to residual frequency drifts.
To measure the linewidth, the beat note between the
lasers was mixed down to nearly 20 kHz with a RF signal
from a synthesizer. And it was observed on a FFT spectrum
analyzer which took data automatically according to a computer program and without any drift compensation of the
beat frequency.
We made linewidth measurements over 11 days when
the RBW of the FFT spectrum analyzer was set at 0.5 and
0.25 Hz. respectively, as shown in Figs. 6a and 6b. Each
linewidth data is acquired by Lorentzian fitting the spectrum
data obtained from the FFT spectrum analyzer. Figure 7
shows two samples of the beat note (dot) and its Lorentzian
fit (solid line). In Fig. 7a, it shows a typical linewidth of
the beat signal between two lasers is 1.5 Hz with the RBW
of 0.5 Hz. When the RBW reduces to 0.25 Hz, a sub-hertz
linewidth can be observed as shown in Fig. 7b. Figure 6
shows that the linewidth distribution deviates from normal
distribution because there is a cutoff at nearly twice the resolution bandwidth of the FFT spectrum analyzer. Taking

RBW = 0.5 Hz as an example, there is less possibility for
linewidth observed to be less than 1 Hz due to the limitation
of the resolution bandwidth. When the RBW is 0.25 Hz, subHertz beat notes can be observed, as shown on Figure 6b.
Statistical analysis of the observed data shows that the expected linewidths with the RBW of 0.5 and 0.25 Hz are 1.46
and 1.39 Hz, respectively. Therefore the linewidth of each
laser reaches 1 Hz under the assumption that both stabilized
lasers have the same linewidth.
In the linewidth measurements, acquisition time Tacq
of each measurement increases as the resolution bandwidth of the FFT spectrum analyzer decreases. Therefore any frequency drift of the frequency-stabilized lasers
in Tacq will result in a broadened linewidth known as
drift-induced linewidth broadening. In this work, we measured the linewidth with both RBW = 0.5 Hz and RBW =
0.25 Hz, and the corresponding acquisition times were 2 and
4 s, respectively. In the experiment, the frequency drift kept
within ±0.3 Hz/s, hence the maximum drifts in the acquisition times were 0.6 and 1.2 Hz, respectively. It is obvious that the drift-induced linewidth broadening might cause
perceptible influence on the measurements with RBW =
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Fig. 7 Beat notes between two
frequency-stabilized lasers (dot)
and their Lorentzian fits (solid
line) with the RBW of (a) 0.5
and (b) 0.25 Hz, respectively

0.25 Hz, while it is not the case with RBW = 0.5 Hz. Therefore when frequency drift is further reduced, linewidth measurement could be improved.
On a relatively long timescale, taking 10 s as an example,
laser frequency drift can be removed by applying a feedforward frequency correction to an AOM [14]. Improvement
of the length stability of the reference cavity is a direct and
effective way to improve the laser frequency instability and
linewidth as well. (1) Light intensity fluctuation might be
a source to make cavity length unstable. Therefore, a better intensity stabilizer is required. (2) To reduce the effect
of the room temperature fluctuation on the vacuum chamber another temperature-controlled box outside the vacuum
chamber might be needed as well to improve the temperature stability. (3) Some experiments show that the temperature of the zero thermal-expansion coefficient of the ULE
may be below room temperature [30, 31]. To explore that
temperature point, we plan to make improvements on the
next step by applying Peltier elements to control the temperature of the vacuum chamber. This will enable us to determine the temperature of zero thermal-expansion coefficient of the cavities even below room temperature and to
further reduce the temperature fluctuations of the ULE reference cavities. (4) An acoustic isolation chamber can effectively reduce acoustic noise by as much as 40 dB, which
will help to reduce perturbation of the cavity length and thus
the laser frequency that is stabilized to it. (5) Furthermore,
even when we make the cavity insensitive to the thermal
fluctuation and vibration noise mentioned earlier, and reduce RAM perfectly, thermal noise of the reference cavity
is another important problem that limits the frequency stability of this kind of laser at 10−15 , which has drawn more
attention recently [32, 33]. It results from Brownian thermalmechanical noise, which occurs since there is kT /2 energy
per degree of freedom in any mechanical system like cavity spacing, mirror substrate and coating. Calculations show
that the flat thermal noise floor decreases when increasing
mirror separation and optical mode diameter. They also suggest that it is possible to gain an improvement by a factor
of 2 by trying a different substrate material [33].

6 Conclusion
Two Nd:YAG lasers are independently servo-locked to separately located, ultrastable cavities connected by optical
fibers. With fiber phase noise cancellations and light intensity stabilization, the linewidth of each laser is 1 Hz and the
frequency drift of the laser is less than 0.3 Hz/s.
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