CHIN. PHYS. LETT. Vol. 28 No.7(2011) 074211

Noise Suppression of a Single Frequency Fiber Laser *
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We present an experimental demonstration of fiber laser noise suppression by the mode cleaner. The intensity
noise of a single frequency fiber laser is suppressed near the shot noise limit after a sideband frequency of 3 MHz.
Two series mode cleaners are used to improve the noise suppression. The noise reduction is over 27 dB at 3 MHz.

PACS: 42.50.Lc, 42.55.Wd

Narrow-linewidth and stable-operation fiber
lasers!""?) have been developed very recently. They
have become an important kind of laser because of
their potential applications in optical sensors, opti-
cal communications, precise measurement and quan-
tum information. However, the intensity noise of
normal single frequency fiber lasers is very large and
severely limits their use in quantum information appli-
cations such as entanglement generation,[”] quantum
teleportation,["] quantum computation[B] and quan-
tum secret sharing.[’]

Fiber laser intensity noise includes beating noise,
environmental perturbations, thermal noise and fluc-
tuations in pump power.l”) Various methods for par-
tially reducing output noise have been proposed. High
frequency beating noise from fiber ring lasers can be
reduced by intracavity spectral filtering.[>”! Relax-
ation oscillation noise can be suppressed by integrat-
ing a negative feedback circuit.!'%>'!] In 2009, we sup-
pressed the intensity noise of a fiber laser significantly
by opto-electronic feedback at 6 MHz,['?! however the
noise suppression bandwidth was narrow and was lim-
ited by the bandwidth of the opto-electronic feedback
loop.

A mode cleanerl'>'"l was proposed to filter
the laser beam both spatially and temporally for
gravitational-wave detection. Willke et al.l'”! used a
mode cleaner to suppress intensity noise of a 10-W
laser-diode-pumped Nd:YAG master oscillator power
amplifier (MOPA), and the intensity noise reached
the shot noise limit after 10 MHz. In 2005, Hald
and Ruseval'®l used a Fabry-Perot cavity as a mode
cleaner to suppress the phase noise of an amplified
diode laser. Recently, a mode cleaner was used suc-
cessfully to suppress the intensity noise of a high-
power photodiode array to the shot noise limit.!'")

In this Letter, we report the experimental intensity
noise suppression of a fiber laser with mode cleaners.
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Using two series mode cleaners, the intensity noise is
suppressed near to the shot noise limit after 3 MHz,
the noise reduction over 27 dB is obtained.

In general, the output of a single frequency fiber
laser always has a great deal of excessive intensity
noise, especially at lower sideband frequencies. For
example, the intensity noise of a fiber laser is 27 dB
above the shot noise limit (SNL) below 3MHz in
Fig. 1.
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Fig.1. The intensity noise of a fiber laser: (a) SNL, (b)
intensity noise.

A mode cleaner cavity consists of symmetric input
and output couplings, as shown in Fig.2. M1 and M2
are the input and output couplings, respectively. The
equation of motion for a two-ended cavity with one
input and one output coupler can be expressed as!'®]

& (t) = ’yd (t) + 2’Yicdic (t) + 2’yocdoc (t)
+V2na (1), (1)

where a, a;c and .. is the intracavity field, input
field and input vacuum field from the output cou-
pling, respectively; a; is the vacuum noise term cor-
responding to intracavity loss; 7ic, Yocandy; are the
resonator decay rates corresponding to the input cou-

*Supported by the National Natural Science Foundation (60978008), the National Basic Research Program of China
(2010CB923102), and the Specialized Research Fund for the Doctoral Program of China (200801080004)

**Correspondence author. Email: jrgao@sxu.edu.cn
(© 2011 Chinese Physical Society and IOP Publishing Ltd

074211-1


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org

CHIN. PHYS. LETT. Vol. 28 No.7(2011) 074211

pler, output coupler and intracavity loss, respectively;
Y=%ic + Yoc + V1 is the total decay rate.
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Fig. 2. Scheme of the present mode cleaner.

We have the steady-state equation at @ (t)=0,

0= —yo + 2’)’icaicy (2)

where @ = (a), aic = (Gic); (@) and (G;.) are the mean
value of fields @ and ., respectively; (do.)=0, and
(@)=0.

Then, we obtain the steady-state solution

29icic /- (3)

Then, the output field from the mode cleaner is

Qout = \/27704 = 2\/ lyic'yocaic/’y' (4)

For simplification, the operators in Eq. (1) can be ex-
panded in terms of their coherent amplitude and quan-
tum noise operator, a; = (a;) + da; with (d&;) = 0,
and the second-order terms in the quantum noise op-
erators are neglected. Then, Eq. (1) can be rewritten
as

(5& (t) = — ’Y(Sd (t) + vV 2’}/icé&ic (t) + V 2’70066%0 (t)
+ /270 (). (5)

It can be easily solved by taking the Fourier trans-
form into the frequency domain. We can obtain the
amplitude and phase quadratures of the field with the
definition X" = (a; + a/ ) and X~ = (a; — &I)/z

[\/QVIC(SXi )+ V2700 X2 (w)
+ V28X (W)] /(v = iw). (6)

The output field from the resonator can be directly
obtained by using the input-output formalism:['®]

out -V 270CXi
The fluctuations of the output field can be ex-
pressed as

out [\/ 4710'7005ch + (270c — 1)5Xojf:(w)
+ VA0 0 X (w } v —iw). (7)

The intensity noise spectrum of the output field is

X E (w

‘/in -1
Vour (W) =< 6 X T (w) >=1+ Lw (8)
1+ (37)

where v = w/27 is the sideband frequency; ov = 55

is the bandwidth of the mode cleaner (c is the veloc-
ity of light in vacuum, [ is the cavity length); Vi, (v) is
the initial input noise, Vi, (w) =< §X+i,2(w) >. Tt is
obvious that noise suppression ability is dependent on
the bandwidth of the mode cleaner. For a fixed cavity
length, the ability will be high if the total decay rate
v is low, that is, we have a mode cleaner cavity with
high finesse.

The transmission efficiency of the mode cleaner is

2
Qout 4’7ic’700
n= =—5 (9)
Qic v
As mentioned above, a mode cleaner is a cavity with
symmetric input and output coupling, so vic = Yoc-

The transmission efficiency of a mode cleaner can be
written as

47ic’70€ < " )
n= —(1-2) . (10)
v? gl

From Eq.(10), we can see that when v, << =, the
transmission efficiency can reach 1.

It is difficult to obtain a very high finesse cavity
with high transmission efficiency because of unavoid-
able cavity losses ~;. If we need suppress noise more,
we can use more than one mode cleaner worked in se-
ries, and one’s output field is connected to the input
of another. The output intensity noise spectrum of
two mode cleaners can be expressed as

Vin(v) — 1
(1+ GO+ 62)7)

where dvq and dvy are the bandwidths of the first mode
cleaner and the second mode cleaner, respectively.
The transmission efficiency of the system is

Vou(v) = 1+ (11)

n=1mn-n, (12)

where 7; and 72 are the transmission efficiencies of
the first mode cleaner and the second mode cleaner,
respectively.

In general, by using N mode cleaners in series to
suppress laser noise, the intensity noise spectrum of
the output field can be calculated by

Vin(v) —1
N b

I (1+ (%))

=1

Vout(v) = 1 + (13)

and the transmission efficiency of system is

N
n= Hm (14)

Here N is the number of mode cleaners, dv; is the
bandwidth of the ith mode cleaner and 7); is the trans-
mission efficiency of the ¢th mode cleaner.
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Figure 3 schematically shows the experimental
setup. The laser system consists of two parts: a single
frequency fiber laser source with 20 mW output at the
wavelength 1080 nm and a fiber laser amplifier with
2 W output. We suppress the laser noise by two mode
cleaners, MC1 and MC2, which construct a ring cav-
ity with two flat mirrors (input and output coupling)
and one concave mirror of 1 m curvature radius. After
passing through the mode cleaners, the noise can be
suppressed significantly. The laser is locked to MC1 to
stabilize the frequency of the laser, and MC2 is locked
to the laser.
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Fig. 3. The experimental setup of intensity noise suppres-
sion of the fiber laser with the mode cleaner. Laser: Fiber
laser; AOM: audio-optical modulator; MC1 and MC2:
mode cleaner; SA: spectrum analyzer.
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Fig. 4. Fluctuation intensity of the laser after locking it
to MC1: (a) without AOM, (b) with AOM.

If the fineness of the cavity is high, the error sig-
nal will be sharp. The response of the feedback loop
and the laser system must be rapid enough to lock
the laser frequency on the mode cleaner 1. Otherwise,
it is difficult to lock the laser on the cavity steadily.
In the experiment, we use an audio-optics modula-
tor (AOM) as a fast response control.'”) The trans-
missions from MC1 without and with the AOM are
shown in Fig.4(a) and 4(b). We can see obviously
that Fig. 4(b) is much better than Fig. 4(a). The fast
response control is necessary in the locking system.
Furthermore, the laser is steadily locked to MC1.

The fineness of MC1 is 1000; the cavity length

is 42cm and the bandwidth is 0.7 MHz. Transmis-

sion loss of the input coupler and the output cou-
pler is 0.38%; the intracavity loss is 0.24%; the total
loss is 1%, and the transmission efficiency of MC1 is
58%. The noise spectrum after mode cleaner MC1
is shown in Fig.5, green (dashed) line is the initial
noise of the laser, black (dotted) and blue (solid) lines
are the experimental and theoretical results as Eq. (8)
after noise suppression, respectively; the red (dot-dot-
dashed) line is the SNL. As shown in Fig. 4 in compar-
ison with the initial noise of the laser, the laser noise
after the mode cleaner is reduced by about 20 dB and
the noises reach the SNL after 7MHz.
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Fig. 5. The output noise through MC1.
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Fig. 6. The output noise through MC2.

The fineness of MC2 is 680; the cavity length is
50 cm and the bandwidth is about 1 MHz. Transmis-
sion loss of the input coupler and the output coupler
is 0.38%; the intracavity loss is 0.24%; the total loss is
1%; the transmission efficiency of MC2 also is 58% and
the total transmission efficiency of the system is 34%.
After mode cleaner MC2, the noise is suppressed fur-
ther. The noise spectrum is shown in Fig. 6, the green
(dashed) line is also the initial noise of the laser, the
black (dotted) and blue (solid) lines are the experi-
mental and theoretical results as Eq. (11) after noise
suppression, respectively; the red (dash dot dot) line
is the SNL. Compared with the initial noise of the
laser, the noise of the laser after two mode cleaners
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is reduced by over 27dB, as shown in Fig.5, and the
noises reach the SNL after 3 MHz.

The degree of noise suppression depends on the
bandwidth of the mode cleaner. To decrease the
bandwidth, there are two methods: increase the cav-
ity length and decrease the total loss of the cavity
[Eq. (8)]. Increasing the cavity length will make ma-
chine stability of the system poor and this method is
not practicable. The cavity losses are due to the trans-
mission of two flat mirrors (input and output mirror),
the concave mirror and other intracavities. In the ex-
periment, only decreasing the transmission of the two
flat mirrors can reduce the bandwidth, whereas the
transmission efficiency is also decreased [Eq. (9)]. To
decrease the bandwidth and to improve the transmis-
sion efficiency simultaneously [Egs. (8) and (10)], the
loss of the concave mirror must be largely decreased
to improve the cleanliness of the cavity (Yic = Yoe >>
). Using this method, we can suppress the noise bet-
ter and make the transmission efficiency above 90%.

In summary, the intensity noise of a fiber laser is
successfully suppressed with two series mode cleaners,
and the noise of the output laser reaches the SNL af-
ter 3MHz. The frequency of the laser locked to MC1
is also stabilized at the same time. After noise sup-
pression, the fiber laser with low noise can be used
in quantum optics, quantum information, for exam-
ple, to be applied in quantum key distribution,”! to
generate entangled states,[”] which is an important re-
source for future quantum information technology.

074211-4

References

(1]
2]
(3]
(4]
[5]
(6]
(7]
(8]
(9]
[10]
[11]
[12]
[13]
[14]
[15]

[16]
[17]

[18]
[19]

[20]

Zhang Y J, Wang W, Zhou R L, Song S F, Tian Y and
Wang Y Z 2010 Chin. Phys. Lett. 27 074214

Wang X L, Zhou P, MaY X, Ma H T, Xu X J, Liu Z J and
Zhao Y J 2010 Chin. Phys. Lett. 27 124201

Ou Z Y, Pereira S, Kimble H J and Peng K C 1992 Phys.
Rev. Lett. 68 3663

Reid M D and Drummond P D 1988 Phys. Rev. Lett. 60
2731

Furusawa A, S gensen J L, Braunstein S L, Fuchs C A,
Kimble H J and Polzik E S 1998 Science 282 706

Lance A M, Symul T, Bowen W P, Sanders B C and Lam
P K 2004 Phys. Rev. Lett. 92 177903

Cheng Y, Kringlebotn J T, Loh W H, Laming R I and
Payne D N 1995 Opt. Lett. 20 875

Sanders S, Dawson J W, Park N and Vahala K J 1992 Appl.
Phys. Lett. 60 2583

Sanders S, Park N, Dawson J W and Vahala K J 1992 Appl.
Phys. Lett. 61 1889

Spiegelberg C, Geng J H, Hu Y D 2004 Journal of Light-
wave Technology, 22 57

Ball GA, Hull G and Holton C 2008 Electron. Lett. 29
1623

Liu K, Yang R G, Zhang H L, Bai Y F, Zhang J X and Gao
J R 2009 Chin. J. Lasers 36 1852

Ridiger A, Schilling R, Schnupp L, Winkler W, Billing H
and Maischberger K 1981 Opt. Acta 28 641

Skeldon K D, Strain K A, Grant A T and Hough J 1996 Rev.
Sci. Instrum. 67 2443

Willke B, Uehara N, Gustafson E K, Byer R L, King P J,
Seel S U and Savage R L 1998 Opt. Lett. 23 1704

Hald J and Ruseva V 2005 J. Opt. Soc. Am. B 22 2338
Kwee P, Willke B and Danzmann K 2009 Opt. Lett. 34
2912

Collett M J and Gardiner C W 1984 Phys. Rev. A 30 1386
Ludlow A D, Huang X, Notcutt M, Zanon-Willette T, Fore-
man S M, Boyd M M, Blatt S and Ye J 2007 Opt. Lett. 32
641

Grosshans F, Assche G V, Wenger J, Brouri R, Cerf N J
and Grangier P 2003 Nature 421 238


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1088/0256-307X/27/7/074214
http://dx.doi.org/10.1088/0256-307X/27/12/124201
http://dx.doi.org/10.1103/PhysRevLett.68.3663
http://dx.doi.org/10.1103/PhysRevLett.60.2731
http://dx.doi.org/10.1126/science.282.5389.706
http://dx.doi.org/10.1103/PhysRevLett.92.177903
http://dx.doi.org/10.1364/OL.20.000875
http://dx.doi.org/10.1063/1.106916
http://dx.doi.org/10.1063/1.108379
http://dx.doi.org/10.1109/JLT.2003.822208
http://dx.doi.org/10.1049/el:19931081
http://dx.doi.org/10.3788/CJL20093607.1852
http://dx.doi.org/10.1063/1.1147194
http://dx.doi.org/10.1364/OL.23.001704
http://dx.doi.org/10.1364/JOSAB.22.002338
http://dx.doi.org/10.1364/OL.34.002912
http://dx.doi.org/10.1103/PhysRevA.30.1386
http://dx.doi.org/10.1364/OL.32.000641
http://dx.doi.org/10.1038/nature01289

	Title
	Fig. 1
	Eq. (1)
	Fig. 2
	Eq. (2)
	Eq. (3)
	Eq. (4)
	Eq. (5)
	Eq. (6)
	Eq. (7)
	Eq. (8)
	Eq. (9)
	Eq. (10)
	Eq. (11)
	Eq. (12)
	Eq. (13)
	Eq. (14)
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	References

