
1852 OPTICS LETTERS / Vol. 23, No. 23 / December 1, 1998
Quantum noise in a continuous-wave laser-diode-pumped
Nd:YAG linear optical amplifier
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We present measurements of the power noise that is due to optical amplif ication in a laser-diode-pumped
Nd:YAG free-space traveling-wave linear amplif ier in a master-oscillator–power-amplif ier configuration. The
quantum noise behavior of the optical amplif ier was demonstrated by use of InGaAs photodetectors in a
balanced detection configuration, at a total photocurrent of 100 mA and in a frequency band from 6.25 to
15.625 MHz. The experimental results are in good agreement with predictions.  1998 Optical Society of
America
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High-power, low-noise lasers are required for laser
interferometric gravitational-wave detection1,2 and
free-space optical communication.3 The advanced
detector in the Laser Interferometer Gravitational
Wave Observatory (LIGO) program will require a low-
noise, continuous-wave (cw), 100-W, single-frequency,
diffraction-limited TEM00 mode laser.4 High single-
pass gains demonstrated in cw laser-diode-pumped
zigzag slab lasers5 indicate that cw amplif ication in
a Nd:YAG master-oscillator–power-amplifier (MOPA)
configuration is a feasible design for a power-scalable,
single-frequency, diffraction-limited TEM00 mode
laser.4,6,7 Suitable master oscillators are available in
the form of monolithic Nd:YAG nonplanar ring oscilla-
tors,8 which have demonstrated power and frequency
noise levels that meet the initial LIGO noise require-
ments. However, the MOPA design approach raises
the question of the power noise properties of optical
amplification and the potential need for power-noise
reduction by use of passive mode filtering with a
premode cleaner9 after the power amplifier.

Laser interferometric gravitational-wave detectors
typically require that one use rf modulation and de-
modulation techniques to avoid the effects of low-
frequency laser power noise and 1yf noise in the
photodetector. A noise-budget analysis of these in-
terferometers indicates that the detector sensitivity
for gravitational-wave signal frequencies above 300 Hz
will be limited by photocurrent noise at the rf modula-
tion frequency. Therefore the laser power noise must
be essentially shot noise limited at the rf modulation
frequency for a photocurrent corresponding to the out-
put power at the interferometer output port.

In this Letter we confirm experimentally the pre-
dicted noise performance of a free-space Nd:YAG
traveling-wave amplifier operating in the linear gain
regime. In previous work on the photon statistics
of linear traveling-wave amplifiers,10 researchers
considered primarily high-gain, single-spatial-mode
0146-9592/98/231852-03$15.00/0
guided-wave semiconductor11 and fiber laser am-
plif iers12 used in long-distance optical transmission
systems. In studies of argon-laser amplifiers existing
noise theories were applied to free-space ampli-
fiers.13 However, the multiline operation of the
argon-ion laser system required a detailed analysis
of the spontaneous emission factor. The four-level
nature of the Nd:YAG laser system simplifies this
analysis because of the complete inversion of the
gain medium. To our knowledge we present the first
quantitative measurement of the quantum noise of a
linear free-space Nd:YAG optical amplifier.

The theoretical analysis developed by Shimoda
et al.10 defines a photon statistics master equation
that describes the evolution of the photon-number
probability distribution as a function of stimulated
emission, stimulated absorption, and spontaneous
emission along the amplifier. Starting with the
photon statistics master equation, and following the
treatment of Desurvire,12 the mean output photon
number of the amplifier, knampszodl, and its variance,
samp

2szod, for a single spatial mode propagating in the
z direction, normalized to a 1-s measurement time, are
given by

knampszodl  Gszod kns0dl 1 fspfGszod 2 1g , (1)

samp
2szod  G2szod fsin

2s0d 2 kns0dlg 1 Gszod kns0dl

1 2Gszod kns0dlfspfGszod 2 1g

1 hfspfGszod 2 1gj2 1 fspfGszod 2 1g . (2)

Here kns0dl and sin
2s0d are the mean and the vari-

ance in the photon number per second in a single
transverse mode at the input to the amplifier, respec-
tively. The amplifier output is taken at distance zo.
The amplif ier power gain for the uniformly pumped
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gain medium is given by Gszod  expfsseN2 2 saN1 2
adzog, where N2 and N1 are the atomic population
densities (in atomsycm3) in the upper and lower laser
levels, respectively, se and sa are the emission and
absorption cross sections (in cm2) for the lasing tran-
sition, respectively, and a is the distributed power
loss per unit length in the zig-zag slab amplifier that
is due to loss at the total internal ref lections. The
amplifier spontaneous emission factor is defined as
fsp  seN2ysseN2 2 saN1 2 ad.

If the amplifier input signal is shot noise limited,
then sin

2s0d  kns0dl. Additionally, if the mean am-
plif ier input photon number is much larger than the
spontaneous emission factor skns0dl .. fspd, Eq. (2)
simplifies to

samp
2szod  Gszod kns0dl h1 1 2fspfGszod 2 1gj . (3)

Experimentally the variance in the electrical-noise
power from the photodetectors, sdet

2, is the measur-
able quantity. Equation (3) must be modified to in-
clude the optical transmission efficiency between the
amplifier and the photodetectors, htr , and the photode-
tector quantum efficiency, hdet. The transmission ef-
ficiency and photodetection processes are described as
Bernoulli random deletion processes, and the variance
of these processes is given by12

sh
2  h2samp

2 1 hs1 2 hd knampl , (4)

where h  htrhdet.
The variance in the electrical-noise power at the out-

put of the photodetectors is given by the relationship
sdet

2  2e2hsh
2BoBe, where e is the charge of an elec-

tron, Bo is the optical bandwidth of the amplifier, Be
is the detector electronic bandwidth, and Be ,, Bo.
The shot noise associated with a dc photocurrent is de-
fined as sshot

2  2eIdcBe, where Idc  Gsz0d kns0dleB0.
Therefore the variance of the measured electrical-noise
power from the photodetectors, sdet

2, normalized to
the shot noise limit of the dc photocurrent, sshot

2, is
given by

sdet
2ysshot

2  h1 1 2hfspfGszod 2 1gj . (5)

The right-hand side of Eq. (5) describes a gain-
dependent excess-noise factor that predicts the
increase in power noise that is due to optical amplif ica-
tion of a shot noise limited master oscillator in a MOPA
laser, compared with the noise of an equivalent-power
shot noise limited laser.

Figure 1 shows the experimental apparatus, which
consists of a master oscillator, a power-amplif ier, and a
detection apparatus. The master oscillator is a mono-
lithic, single-frequency, TEM00, laser-diode-pumped
Nd:YAG nonplanar ring laser (Lightwave Electronics
Model 126-1064-700), locked to a Fabry–Perot ring
cavity by a rf locking technique.14 The Fabry–Perot
ring cavity reduces the master oscillator power noise to
the shot noise limit at the amplifier input as required
by Eq. (5). Additionally, the ring cavity acts as a
spatial filter to ensure TEM00 mode input to the
optical amplifier. The transfer function for power
noise suppression by the Fabry–Perot ring cavity is
H sf d  1yf1 1 sfyfcd2g0.5; the 3-dB cutoff frequency
fc for the s-polarization input field is 87 kHz.9 The
power noise of the laser at the output of the Fabry–
Perot ring cavity was measured to be shot noise limited
above 5 MHz for a dc photocurrent of 100 mA.

The laser-diode-pumped Nd:YAG zigzag slab am-
plif ier pump source consists of 21 fiber-coupled
laser-diode arrays, each with a maximum power of
10 W.3 The angle-multiplexed configuration15 shown
in Fig. 1 provides a convenient technique for multipass
operation of the zig-zag slab with Brewster angle end
faces. The triple-pass configuration provides a total
power gain of 4.5 and 126 W of laser-diode pump
power.

The detection system consists of two identical
ETX2000 Epitaxx InGaAs photodiodes operating
with a 5-V bias voltage, ac coupled to high-current
transimpedance amplifiers, and a HP 70000 rf spec-
trum analyzer. The balanced detector configuration
provides a simultaneous measurement of the total
power noise on the sum signal and of the uncorrelated
shot-noise level for the total photocurrent on the dif-
ference signal. For each measurement we attenuated
the amplifier input signal to ensure that the same
optical power was incident upon the photodetectors for
each amplif ier gain setting. Thus all measurments
were made with a constant 50 mA of photocurrent
from each photodiode, for a total photocurrent of
100 mA. Measurements were averaged over a fre-
quency range of 6.25–15.625 MHz; this range was

Fig. 1. Schematic of the power-noise measurement appa-
ratus. The master oscillator is locked to the Fabry–Perot
ring cavity by a rf modulation locking technique. Above
5 MHz, the output of the Fabry–Perot ring cavity is shot
noise limited at 100-mA photocurrent. The Nd:YAG zig-
zag slab amplifier is pumped with 126 W of fiber-coupled
laser-diode power. The output of the amplifier is mea-
sured with a balanced pair of InGaAs photodetectors and
a rf spectrum analyzer.
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Fig. 2. Power noise as a function of amplifier power gain
G compared with the theoretical prediction. The noise is
presented in units of times above the shot noise limit, and
this provides a measure of the gain-dependent power noise
that is due to optical amplification normalized to the shot
noise level for the 100-mA photocurrent.

limited by the bandwidth of the photodetectors and the
transimpedance amplifiers.

Figure 2 shows the measured power noise of the
amplified signal relative to the shot noise limit for
the 100-mA photocurrent versus the measured ampli-
fier power gain G. The theoretical prediction of the
power noise that is due to optical amplification given
by Eq. (5) is shown as the solid line. All factors in the
theoretical prediction are calculated from values mea-
sured in the experiment; there are no free parameters.
The measured optical transmission and the quantum
efficiency of the photodetectors were htr  0.95 and
hdet  0.97, respectively. The spontaneous emission
factor, fsp, can be calculated from the measured am-
plif ier power gain G and the measured transmission
loss of a  0.95%ycm for the triple-pass amplif ier. In
the regime in which the amplif ier is being optically
pumped by the laser diodes but remains below the am-
plif ier transparency point sgain , lossd, both the ampli-
fier spontaneous emission factor, fsp, and sG 2 1d have
negative values. Therefore, Eq. (5) correctly predicts
power noise above the shot noise limit when the ampli-
fier is operating below the transparency point.

In summary, we have measured the high-frequency
power noise of a free-space linear optical amplif ier.
The experimental results are in excellent agreement
with quantum-noise theory. Additionally, we demon-
strated the reduction of power noise by use of a passive
Fabry–Perot ring cavity as a temporal filter. Shot
noise limited measurements at 100-mA photocurrent,
equivalent to 130 mW of optical power, demonstrated
the operation of the high-current, high-quantum-
eff iciency photodetectors. Future experiments will
evaluate the power noise characteristics of saturated
optical amplif iers for high-power applications. These
techniques for power noise measurement and reduction
are key steps toward the design of a 100-W MOPA
system capable of meeting the requirements for use in
an advanced gravitational-wave interferometer.
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