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Efficient Suppression of Laser Excess Noises for Quantum
Optomechanical System
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Abstract: The suppression of laser excess noise using a cascaded imbalanced Mach-Zehnder interferometer
with fiber optic components was proposed and demonstrated in the experiment. By developing an
automatic phase control system, the phase of the fiber interferometer with a large path imbalance
(127 m) can be stabilized in a long term, and the laser excess noise around 800 kHz and its integer
multiples can be efficiently suppressed by more than 45 dB. The effective frequency bands of the noise
filter can be controlled by adjusting the arm-length difference of the interferometer. The approach
provides an effective solution for achieving compact and cost-effective laser noise reduction, and can be
applied directly to the quantum optomechanical system where shot-noise-limited laser can be required.
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0 Introduction

For various high precision optical measurement

[1-3]

fields, such as gravitational wave detection"'™ and laser

]

inspection™’,  high optical

these

ultrasonic resolution

interferometers are wusually employed. In
applications, a high-performance single frequency laser
is required. The solid-state lasers are traditional optical

sources which can provide a high power coherent

emission with narrow linewidth and good stability.
Recently  the

semiconductor lasers and fiber lasers are becoming

maturity of  single  frequency
alternatives for such optical measurements. However,
all of these above laser sources suffer from large excess
noises far above the shot noise level. Such excess
frequency and intensity noises of the laser can degrade
the measurement sensitivity. To achieve the shot noise

limit performance, the fluctuations of the laser sources
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should be suppressed to reach the shot-noise level.
Furthermore, low noise (shot-noise-limited) lasers are
also crucial to the performance of the atom
interferometry™’, preparation of nonclassical states of

]

light™™, entangled states of atoms™ , and most recent

quantum optomechanics'™ !,

In order to reduce the laser excess noises, several
approaches have been proposed and demonstrated. An
active feedback loop has been demonstrated to suppress
the relaxation oscillation of a Nd: YAG laser™"™". It is
noted that this method is only effective for the intensity
noise. Narrow linewidth Fabry-Perot cavity!'®'" can
well reduce both the frequency and intensity noises at
the frequency range above the linewidth of the cavity.
This method usually demands the high finesse cavity
and a sophisticated servo system, which will result in a
complex and costly system. For instance, in order to
reduce the laser noise at a low frequency band less than
1 MHz, a very high finesse cavity with linewidth of
8.6 kHz was employed™, furthermore, a vacuum
chamber was also involved to isolate the environment
noises and prevent contamination of the cavity mirrors.
Compared with the high-finesse Fabry-Perot cavity
where the light field propagates in free space, a passive

U817 can easily attain very narrow

fiber ring cavity
linewidth due to the long lengths of intra-cavity fiber.
However, the output power from such device is limited
by the Stimulated Brillouin Scattering (SBS) threshold
which has a typical value of several hundreds of
microwatts.

In this paper, we propose an approach for efficient
reduction of laser excess noise using a cascaded
Imbalanced Mach-Zehnder Interferometer (IMZI)™*#
with fiber optic components and demonstrate. To this
end, an automatic phase control system is developed
and the fiber interferometer with a 127 m path
imbalance could stay locked stably in a long term. The
laser excess noise is significantly reduced by more than
45 dB at targeted frequency bands where low laser
noises are required. Because no fiber cavity is involved,
our approach is robust to the SBS and can handle higher
laser power with the order of several tens of milliwatt.
The presented system eliminates the requirements of
high finesse cavity and vacuum system, and allows for
efficient laser noise reduction at frequency band below
one megahertz with only compact and cost-effective
fiber devices.

This approach can be used for the suppression of
laser excess noises at the frequency band of phonon
modes in optomechanical experiments based on Si3N4

[9-11]

membranes where the typical frequencies of the low

order phonon modes are around 1 MHz. Such these
excess noises can preclude ground-state cooling of

optomechanical systems™*".

1 Theoretical analysis

The basic unit of our noise eater is an IMZI with

an arm-length difference of AL, as shown in Fig. 1(a).
A A
The input mode A,, mixes with the vacuum field A,, at a
A
50 ¢ 50 Beam-Splitter (BS) and two output modes A,

A
and A, are obtained. The two emerging modes then
travel via different paths which introduce a delay time ¢

and recombine at a second 50 : 50 BS. Finally two

output modes Aoml and Acmz are produced. Noted that
AL is much larger than the optical wavelength and can
introduce a frequency-dependent phase shift. If the
relative optical phase shift of the carrier (w,) of the
input mode is set to be ¢ =2mn(m is an integer) and
the delay time is set to be wr=(2n+ 1) x (n is an
integer and w is the RF frequency of the side mode),
the carrier mode and the RF sideband mode will
undergo different phase shift and radiate from different
output ports of the IMZI due to the constructive
interference and destructive interference, respectively.
Therefore, the laser excess noise at certain frequencies

of w can be eliminated.

A
A

A
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]
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]
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(a) Cascaded imbalanced Mach-Zehnder interferometer
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Spectrum 3 S > b
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EOM: electro-optical amplitude modulator; BS, BS,-BS;: 50:50
beam splitters; PZT: piezoelectric transducer; API: automatic
proportional-integral controller

(b) Schematic of the experimental setup for laser noise suppression

Fig.1 Schematic of the cascaded imbalanced Mach-Zehnder
interferometer and the experimental setup
We assume that the single frequency input laser is

relatively intense and the input fields are given by
Aw(D=a+dA, (D D
Au(D=58A, D 2)

where A, (1) is the input field. ¢ is its classical mean

A
amplitude (¢ is assumed to be real), § A, (¢) represent
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the time-varying component of the field including both

the classical and quantum fluctuations of the input

A A
field, A,; () and § A,; (¢) represent the vacuum field.
The two emerging modes just before the second BS can

be written as

A= [—A t—D+A, (t—0] (3)
J2
Aw=LrA (0+A, 0] 7
L) == in (2 v (Z
J2

where z = AL/c and ¢ = w,z are the delay time and
phase shift introduced by the arm-length difference AL
(AL is the optical path length) of the IMZI, w, is the
carrier frequency. Finally, the output fields from the

single-pass IMZI can be given by
A 7i A A :i y
Am,u(t)—ﬁ(A‘(t) A1) 2a(l-l—e )+

1 A A A
7[8 An(DF8AL (D Fe*(BA, (t—) —

S A, (t—)] 5)
A (D="L2CA(O+A () 6
ouz (1) ——=(A, (1 Az
J2

The field quadrature operator is defined as )A(ﬁ(t)z

A A
e "A(t)+e’A"(¢), and the corresponding fluctuation

in the quadrature is then given by

A 1 A A
8 X0 (D :7[3 X0 ()+8 X% (o) +

: A A
(XL (t—)—8 XL (t—o))] 7
By means of a Fourier transform, Eq. (7) can be

rewritten as

5 X0 (@) :%[a X0 ()45 X, () +

e (5 X0 () —5 X% ()] (8

Adjusting the optical phase of the carrier

frequency to ¢ = 2mn (m is an integer), the noise
spectrum for the output field Am,‘, is
C18 X0 () | =cos* (we/2) (18 X0 () |) +
sin’ Cwz/2) (18 X! ()| (9
By using the similar procedure, the noise spectrum
for the output field A, can also be obtained
(18 X0 (@) | 5y =cos’ (wr/2) ¢ |8 X" () 1)+
sin® Cwe/2) ¢ |8 X, () [*) (10)

For ¢ = 2mm, due to constructive interference of

one have

( Am,”(t”:a from Eq. (5). If the delay time ¢ is
further adjusted to ¢ = n/,, here Q, is the targeted

the carrier of the input optical field,

sideband frequency at which the excess noise will be

removed, Eq. (9) can be rewritten as
A A
CL8 X0 () [2) =cos’ Lwn/ Cawy,) ] 18 X, (o) |7+
A
sin”Lan/(2w,) ] < 18 X% (w) |*) 1D

Therefore, the excess noises at the sideband

frequencies (2n + 1) Q, (n is an integer) can be

A
eliminated completely and the output laser field A,.,
can reach the shot noise limit due to the destructive
interference of the sideband modes. It is noted that this
noise filtering only works within discrete narrow
frequency bands around the center frequency (2n—+
1)Q,. To extend the effective frequency bands of the
noise filter, a cascaded noise filtering scheme can be
utilized in which the transmitted light is reinjected into
the IMZI for a second passage to improve the filtering
effect. In this case, the noise spectrum of output field
A
A.. by a double-pass through the IMZI is given by
A , A )
CI8 X0 () |P) = cos'[an/(20,) 118 X2 () |*) +
A
sin’ [own/ (20,0 J{C |8 XL () |+
2 A 2
cos’[awn/(20,) 118 X% () |7)} (12)

Given the targeted frequency of Q,=27x810 kHz,
Fig. 2 (a) and (b) shows the theoretical simulations of
the single-pass and double-pass noise suppression,
respectively. In Fig. 2 we assume that the noise power
of input field is 50 dB above the shot-noise level

A -
18 X! (w)|*>= 10° (shot noise unit). It is evident
that the double-pass configuration effectively extends

the bandwidth of noise filtering In Fig. 3, the

60
50 Single-pass
< filtering

S 4t
§ L
8 30 - \
° L
£ 20k Double-pass
Z L filtering

10

Shot-noise level
0 N\
0 400 800 1200 1600
Frequency/kHz

Fig. 2 Simulations of the noise filtering at the targeted
frequency of 810 kHz
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2
3 30F Double-pass!
Q filtering
Z

10

0 Shot-noise level )
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Fig. 3 Periodic laser noise suppression where the notch
frequencies satisfy w= (2n+1), and Q, =27 X
810 kHz
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reduction of the laser excess noise is shown at an
laser noise
the

frequencies satisfy w=(2n+1)(2, ,» here n is an integer.

extended frequency range. A periodic

suppression can be observed where notch

2 Experimental results and discussions

The schematic of the experimental setup is shown
in Fig. 1 (b). The light source is a single frequency
continuous wave Nd: YAG laser at 1 064 nm. To verify
the performance of our noise filter, a high excess-noise
laser field is required. Since our laser exhibits relatively
low noise, an electro-optical amplitude modulator
driven by white noises was utilized to modulate the
amplitude of laser. As a result, an output light field
with excess intensity noise approximately 50 dB above
the shot-noise level is prepared.

The modulated laser is coupled to a fiber circulator
then the IMZI which
polarization-maintaining fiber components. Two 50 :
50 fiber beam splitters and a length of fiber with 127 m
long form the IMZI.
127 m is determined by the targeted frequency Q, =
810 kHz and AL, ==nc/(n,) s here c=3X10° m/s is

the speed of light in vacuum, n=1. 445 is the refractive

and entered consists of

The arm-length difference of

index of fiber core at 1064 nm. To enable the optical
phase adjusting, a fiber stretcher is constructed by
winding part of the fiber onto a cylindrical Piezoelectric
Transducer (PZT). By changing the applied voltage of
the PZT, the fiber will be stretched and hence a fiber
phase shifter is realized. The optical phase can be
shifted about 40w when the voltage applied to the PZT
reaches 100 volts. By adjusting the relative phase of
the IMZI to be zero, constructive interference will take
place at outl of the IMZI,

destructive interface occurs provided the light for phase

while the out2 where

locking loop. To make a double-pass configuration, a
fiber mirror is connected to the outl port, which
reflects the filtered light field by single-pass back to the
IMZI. The resulting light field filtered by double-pass
finally comes out of the filter setup from port 3 of the
fiber circulator.

A dither-locking method with a
frequency of 4 kHz is used to lock the relative phase of
the IMZI to zero degree. The light radiated from out2
of the IMZI is high
photodetector and the detected RF signal is mixed down

modulation

received by a sensitive
with a properly phase-shifted local oscillator to produce

an error signal. The error signal is sent to an
Automatic Proportional-Integral controller ( API) and
the output signal is amplified and feed back to the PZT
to achieve the phase locking. It should be noted that
once the single-pass IMZI is phase locked, the cascaded

IMZI is locked correspondingly due to the same optical

paths shared by the forward and backward IMZI. To
isolate the mechanical vibrations which are harmful to
the phase locking loop, the fiber IMZI is placed inside
an anechoic chamber. By using above techniques, the
IMZI could stay locked for one minute or so.

The long-term stable phase-locking is necessary
for the normal operation of the system. It is found that
the main limitation for the locking is due to the
temperature fluctuations of the environment, which is
crucial to the phase locking of the IMZI with a large
path imbalance (127 m here). For fused silica single
the
coefficient is 9. 2 X 107°/C and thermal expansion

mode fibers wused here, typical thermo-optic
coefficient is 5. 5 X 1077 /'C. The corresponding phase
shift per degree centigrade for 127 m fiber can be
calculated to be 1102 X 2x/°C, which is much larger
than the maximum feedback phase shift (40x) that can
be provided by our fiber stretcher. To decrease the
effect of temperature variations, we install the 127 m
fiber into a temperature-controlled oven with stability
of 0.01°C. In this case, the IMZI could stay locked for
more than one hour until the output of the servo system
reaches its maximum value.

In our experiment, the fiber is wound on a spool
made of plastic and then enclosed in the oven. This
results in low thermal conductivity and degrades
temperature stability of the fiber. Further extending of
the locking time can be achieved by improving the
thermal contact between the oven and the fiber to
ensure a low thermal contact resistance. Meanwhile,
one can increase the fiber length wound onto the PZT
to extend the range of feedback phase shift. A

combination of above two methods will improve
significantly the duration of the phase locking.

In our current system, to facilitate the locking
when the system loses lock, we design an automatic
servo system which can relock the IMZI automatically
within 20 milliseconds once the system loses lock. The
basic building block of the automatic servo system is
the API (Fig. 4). The API consists of five parts, an
integrator, an operational amplifier, an absolute value
circuit, a comparator, and a photovoltaic relay.
Whenever the output voltage of the API exceeds
+10 V, the voltage comparator will output a high level
signal. This signal can trigger the photovoltaic relay to
switch-off, which provides a discharge path for the
integrator capacitor C, and resets the integrator. The
discharge process continues until the output voltage of
the API returns to less than 0.5 V, at this stage,
the voltage comparator will output a low level signal
which will cause the photovoltaic relay to switch-on.
Then the integrator capacitor C, will begin to charge
the restarts.  Above

again and locking process

0827001~ 4
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procedure will be repeated whenever the output voltage
of the API exceeds £ 10 V and enabled an automatic
phase locking of the IMZI.

Com@tor<

Photovoltaic
relay

Fig. 4 Automatic proportional-integral controller

To measure the intensity noise of the laser, a self-
homodyne detector which is built from two ETX-500
(JDSU) photodiodes are employed and the detected
photocurrent signals are analyzed by a spectrum
analyzer. The noise power of the difference
photocurrent signal and the sum photocurrent signal
correspond to the shot noise level and the intensity
noise, respectively. Fig. 5 shows the measured laser
noise spectra from 400 kHz to 1. 2 MHz with a
detected light power of 410 pw (the settings of the
spectrum analyzer: resolution bandwidth is 2 kHz and
video bandwidth is 51 Hz). Trace e represents the
electronic dark noise and trace d is the shot-noise level.
Trace a denotes the intensity noise of the input laser
which is more than 50 dB above the shot-noise level.
Trace b and c plots noise spectrum of the filtered laser
for single-pass filtering and double-pass filtering,
respectively. For single-pass filtering, around 40 dB of
noise suppression can be observed at 800 kHz. The
noise filtering effect is significantly enhanced by the
double-pass scheme, the dip of the noise suppression is
deeper and much wider and about 48 dB of noise
reduction is achieved. Fig. 6 plots the noise filtering
results from 400 kHz to 8 MHz ( the settings of the
-10
,20 -
30
-40 +
=50 +
,60 -
=70
-80
-90 +
-100

Noise power/dBm

400 600 800 1000 1200
Frequency/kHz

Fig. 5 The noise spectra of the filtered laser from
400 kHz to 1.2 MHz

-40
501 1y
g
s}
2
5 60 [
z
o
(="
9 70 |
k=
Z
,80 L
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,90 1 1 1 1 1 1 l 1
0 2000 4000 6000 8000
Frequency/kHz

Fig. 6 The noise spectra of the filtered laser from 400 kHz
to 8 MHz. Periodic laser noise suppression can be
observed

spectrum analyzer: resolution bandwidth is 15 kHz and

video bandwidth is 200 Hz). As expected, a periodic

noise suppression is observed clearly, which is in
consistent with the theoretical prediction (the noise
peak around 1.4 MHz is due to the modulation error).

In principle, one can obtain a perfect noise
reduction, i. e. , infinite noise filtering at the targeted
frequency w=(2n+1)£,. However, the realistic noise
suppression is inevitably limited by the non-ideal fiber
devices. For instance, the imbalanced splitting of 50 :
50 fiber beam-splitter and unequal losses introduced by
the two arms of the IMZI, both can lead to incomplete
interference. The finite return loss of the fiber
components in our system is another possible issue, i.
e. » a small portion of the noisy input laser is reflected
back directly and directed to the port3 of the fiber
circulator without been filtered.

In our experiment, the total transmission ratio of
the IMZI is ~21%. The loss is mainly coming from
the fiber circulator (~3 dB for Ports 1-2 plus 2-3),
fiber 50 :

single pass including connectors). By using better low-

50 beam splitter (~ 1 dB for each piece,

loss fiber components and employing the technique of
fusion splicing rather than fiber connectors currently
utilized in our system, one can reduce the inserting loss
significantly and transmission ratio higher than 50%
can be expected. For high power operation, one should
be careful to the influence of the SBS. According to the
experimental results of Ref. [187], the estimated SBS
threshold of our 100 mW,.
Experimentally, we inject up to 50 mW of laser into
the IMZI and no SBS phenomenon is observed.

system is around

Another issue is the spontaneous Brillouin scattering,
i. e. Guided Acoustic Wave Brillouin Scattering
(GAWBS) in the fiber, which can introduce excess
noise to the laser even if the input power is below the

SBS threshold.
scattering spectrum of GAWBS is discrete and the

However, it is known that the

0827001~ 5
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frequency of the lowest mode is beyond 20 MHz 1.

For such a low frequency range considered here, the

influence of these noises are trivial.

3 Conclusion
We

implemented an efficient filtering system for laser

have proposed and experimentally
excess noise based on a cascaded imbalanced Mach-
Zehnder interferometer. By properly adjusting the arm-
length difference of the interferometer, the excess
noises of the laser field at specific frequency bands can
be suppressed greatly. The presented device utilizes
the fiber components and has the merits of simple,
compact, and low-cost. This system will be used in our
Si3N4
membranes whose frequency of fundamental mode is

around 800 kHz. Besides this

system may find potential applications in the fields of

optomechanical  experiments  based on

above application,

precision optical measurements, quantum optics, etc.
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