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Noise Cancellation in Laser Emission
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We have investigated the properties of light emitted into the nearest subthreshold mode on either side
of the single lasing mode of an argon-ion laser. This light beats with the laser line and hence contributes
to the laser's intensity-fluctuation noise spectrum over a range of frequencies centered close to the longi-
tudinal mode separation. The noise contribution from one subthreshold mode is shown to be strongly an-
ticorrelated with that from the other, leading to optical noise cancellation.

PACS numbers: 42.60.—v

Noise cancellation is a well-established technique in

acoustics [I] and electronic signal processing [2] whereby
undesirable fluctuations are suppressed by destructive in-

terference. This is achieved by the addition of an "an-
tinoise" component equal in amplitude, but with opposite
phase. In this Letter, we demonstrate that an optical
analog of this phenomenon occurs naturally in the inten-
sity-fluctuation noise spectrum of the laser. The funda-
mental properties of the spontaneous-emission noise that
accompanies coherent laser light are only partially under-
stood, despite considerable current research activity [3].
The existence of strong correlations between the gain
contributions from opposite sides of the laser line for the
above-threshold laser amplifier [4,5] suggests the possibil-
ity of similar correlations between the corresponding
noise contributions. We report here clear experimental
verification of such correlations, for light emitted into the
nearest subthreshold mode on either side of the single las-

ing mode of an argon-ion laser. The correlations produce
dramatic cancellation eAects between the noise contribu-
tions from opposite sides of the 1aser line.

In previous work [5] we have investigated the gain
profiles and noise spectra for a single-mode Ar+ laser
over a range of frequencies centered close to the longitu-
dinal mode spacing. The noise originates from beating
between the lasing mode and light emitted into the two
adjacent subthreshold modes, one on each side. In the
present investigation we observe the noise spectrum re-
sulting from beating between the lasing mode and only
one of the subthreshold noise sidebands, the other side-
band having been eliminated by optical filtering. If the
sidebands were to consist of uncorrelated Gaussian noise,
then addition of the second sideband would result in a
simple doubling of the noise power density, the shape of
the spectrum being unaAected. In fact, our data show
that adding the second sideband significantly reduces the
noise level, demonstrating cancellation of strongly an-
ticorrelated noise sidebands.

Figure 1 shows the experimental arrangement, with a
single mode of the double-ended Ar+ laser (frequency
vt ) selected by means of a temperature-tuned intracavity
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FIG. 1. The experimental arrangement. The measurement
beam is incident on detector 4, having had one of its noise side-
bands filtered out on reflection by the etalon FPE. The locking
beam (dashed line) ensures that the etalon is resonant with one
noise sideband. AOM: acousto-optic modulator; BS: beam
splitter; PBS: polarizing beam splitter; PZT: piezoelectric
transducer.

solid etalon. This introduces a small extra loss for the
other modes, keeping them below threshold [Fig. 2(a)].
The etalon is tuned to achieve the symmetrical arrange-
ment by maximizing the laser power. The laser cavity
has a mode spacing h, =156.02 MHz, and both mirrors
have approximately 95% reflectivity. The output power is
varied by adjustment of the discharge current. The laser
output in the measurement beam (Fig. 1), consisting of
the lasing mode with a broadband noise sideband on each
side, is incident on a Fabry-Perot etalon, tuned to
transmit nearly all the light in one of the noise sidebands.
Thus, the light reflected from the etalon has the spectrum
depicted in Fig. 2(b): the lasing mode together with only
one noise sideband. This reflected beam is incident on
detector 8, and the single-sideband intensity-fluctuation
noise profiles are obtained by spectral analysis of the
detector current. The behavior does not depend upon
which of the two sidebands has been filtered.
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FIG. 2. (a) Position of the lasing mode, subthreshold modes
with locking beam, and intracavity etalon transmission function
centered on the lasing mode. (b) Spectrum of the beam in-
cident on detector A, for single-sideband intensity-fluctuation
noise measurements.
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A standard combination of polarizing beam splitter
and quarter-wave plate allows efficient separation of
reflected and incident beams, and eliminates feedback of
light into the laser. The filtering etalon (FPE) consists of
a pair of identical mirrors, with reflectivity 89% and ra-
dius of curvature 15 m, set 21.5 cm apart in a thermally
isolated cavity. Its mode spacing is thus 698 MHz with a
mode width of 26 MHz. The etalon is accurately piezo
tuned to transmit one of the noise sidebands. This is
achieved by shifting the frequency of the other laser out-
put (the locking beam in Fig. 1) to lie close to that of the
sideband. The etalon is locked into resonance with this
beam by maximizing its transmission, via feedback to the
piezo. It is essential to match the shape of the incident
measurement beam to the resonant mode of the Fabry-
Perot cavity [6]. Any mismatch reduces the etalon
transmission leading to significant reflection of the reject-
ed sideband in the measurement beam. By careful align-
ment, this residual reflection was reduced to less than 1%
of the incident sideband intensity [7].

Measurements with both noise sidebands present are
also easily obtained by tuning etalon FPE so that the
laser frequency lies halfway between two of the etalon
modes. All three spectral components are then detected
by 2, since they are reflected with close to 100%
efficiency, and negligible phase change [6]. A direct
quantitative comparison between the single-sideband and
double-sideband noise spectra can be made, to assess the
strength of correlation between sidebands. Figure 3
shows a series of single- and double-sideband spectra at
increasing values of laser power P. The normalized
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pumping rate, or cooperation parameter C, is also indi-
cated [4,5]. The double-sideband noise spectra are
symmetrical Lorentzians, which display the shift and
broadening analyzed in detail in Ref. [5]. In contrast,
however, the single-sideband noise is always centered
close to the mode spacing, and shows a varying degree of
asymmetry, while its width is relatively insensitive to
changes in C. The noise cancellation clearly manifests it-
self in the behavior of the peak noise power levels: While
the single-sideband noise shows a gradual increase with

increasing pump rate, the double-sideband noise rapidly
declines. The degree of cancellation is greatest close to
the mode spacing h. It may be quantified by comparing
the double-sideband noise level with the single-sideband
noise level at frequency h, . Their ratio is plotted in Fig. 4;
the noise reduction which results from addition of the
second sideband is already over an order of magnitude at
P =5.5 mW (C =2).

Closer inspection of the experimental noise spectra in

Fig. 3 reveals that the asymmetric single-sideband pro-
files can be accurately represented by a sum of two

FREQUENCY (MHz)

FIG. 3. Intensity-fluctuation noise spectra for single- and
double-sideband detection at several laser powers. In the ab-
sence of correlations, the double-sideband noise power would

simply be twice that for the single sideband.
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The field has pure amplitude modulation (AM) for p =0,
pure phase modulation (PM) for p =tr, and combinations
of AM and PM for intermediate values of p.

The measured quantity for detection of the double-
sideband intensity-fluctuation noise spectrum is

INCOHERENT ADDITION
(OR QUADRATURE)

lEt. Eg+Et. Et*l =4E s cos (y/2), (4)

Only the AM component from the real field (3) contrib-
utes to the measured spectrum. By contrast, the mea-
sured quantities for the single-sideband spectra are
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FIG. 4. Ratios of double-sideband noise to single-sideband
noise, measured at the mode spacing h, .

Et =Eexp( —icoLt),

Es =cexp[ t (m, + m) t+ ty]—,

Et =eexp[ i(coL —co—)t] .

(2)

The signal and image fields are assigned the same ampli-
tude e=e(co), in view of the symmetric excitation of the
noise sidebands, but they difler in phase by p =&(co).
When s((E it is easily shown, to first order in s/E, that

ReET = [E+2scos(p/2) cos(cot —p/2) j

x cos [toe t —(2s/E) sin (p/2) cos(cot —p/2) 1 .

(3)

Lorentzians [8]. One of these has a width of about 250
kHz and is centered at the mode spacing A. The other
Lorentzian has the same width and shift as the double-
sideband noise spectrum, reduced in height by approxi-
mately a factor of 4. To explain these results we have
developed a theory of laser noise [8], which derives spec-
tra for double- and single-sideband detection, using a
standard approach based on the Maxwell-Bloch equations
with Langevin noise forces [9]. However, for the pur-
poses of this Letter, our observations can be interpreted
in terms of a very general classical model. Consider a
carrier wave (representing the lasing mode) of angular
frequency coL modulated by two weak sidebands (repre-
senting emission into the subthreshold modes) at coL+co
(which we call the signal) and coL

—co (the image). The
total complex field is therefore

ET =EL+Eg+ E(,
where

IE~ Eel'=I E~ E*tl'=E s [cos (P/2)+sin (P/2)]. (5)

Both AM and PM now contribute, and the former has
one-quarter of its magnitude observed in the double-
sideband spectrum (4). Single-sideband detection is a
well-known technique for detecting PM at radio frequen-
cies.

In terms of the above model, the double-sideband mea-
surements shown in Fig. 3 determine the AM component
of the laser side-mode noise spectra, and this component
also features in the single-sideband spectra with its
strength reduced by a factor of 4. Subtraction of this
AM part from the single-sideband spectra in Fig. 3 leaves
the PM component of the sideband noise. These are
Lorentzian spectra whose widths represent the degree of
quenching of the subthreshold modes by the extra loss
from the intracavity etalon. Their widths are accordingly
close to the diA'erence (-200 kHz [5]) between their
own damping rate and that of the central lasing mode. In
order to apply this simple classical model to the interpre-
tation of our laser noise spectra, the amplitudes and
phases of the two sidebands must be considered as sto-
chastic random variables, whose fluctuations are deter-
mined by the laser dynamics. It is, however, clear from
the measurements in Figs. 3 and 4, and confirmed by the
detailed theory [8], that the signal and image fluctuations
are strongly correlated.

The mechanism by which the amplitudes and phases of
the two sidebands become locked is that of four-wave
mixing, mediated by oscillations of the population inver-
sion at the beat frequency. This is also an important
feature of the theory in [4] and [5] which treats the injec-
tion of a detuned signal into a laser amplifier. It was
shown that the interaction between the laser field at col

and the injected signal at mL+co induces a population-
inversion oscillation at co, provided that cu yjl, where ylj

is the population decay rate for the upper state of the las-
ing transition, of order 4& 10 s ' [5]. This leads to ex-
citation of a correlated image component at ~E —co. Our
experiments establish that a similar process applies for
the noise, where light spontaneously emitted within the
lasing medium experiences the same four-wave mixing
eflect as a signal injected from outside. This common
mechanism provides the physical basis underlying the in-
timate relationship between noise and gain [10]. Despite
its origin in a random spontaneous process, the noise ac-
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quires correlated signal and image components similar to
those that control the gain. The locking of three above-
threshold modes by four-wave mixing [11] is a related
phenomenon.

Our theory [8] shows that very close to threshold,
where C 1, the AM and PM contributions are equal.
The double-sideband spectrum (4) has exactly twice the
strength of the single-sideband spectrum (5) in this case,
consistent with the trend at the lowest powers shown in

Figs. 3 and 4. The same doubling would occur for addi-
tion of uncorrelated signal and image components; how-

ever, such incoherent addition is obviously inconsistent
with the measurements as C increases. At very high

pumping rate, where C»1, the relative phase It(co) tr,

independent of co, corresponding to pure phase modula-
tion. This leads to efficient cancellation of the signal and

image amplitude-fluctuation contributions to the noise,
removing all the strength from the double-sideband spec-
trum in the vicinity of h, . This behavior is strikingly evi-

dent at the higher powers of Figs. 3 and 4.
In summary, the noise contributions from either side of

the laser frequency are strongly correlated out to detun-

ings comparable with y~[, the upper-state relaxation rate.
For noise within the lasing mode, such correlations are
consistent with the usual phase-diffusion model, where
the amplitude fluctuations are progressively suppressed

by gain saturation well above threshold, while the phase
freely wanders with time. For the Ar+ laser studied
here, we show that strong correlations extend to the sub-
threshold modes adjacent to the laser line. The ampli-
tude and phase noise spectra have been identified by
separate measurements of single- and double-sideband
intensity-fluctuation spectra. Remarkably, with both
sidebands present such that only the amplitude noise is

observed, the cancellation is asymmetric with respect to
the mode center, producing shifted symmetrical noise
profiles of Lorentzian form. At higher laser powers, the
beats of the two sidebands with the lasing mode are in al-

most exact antiphase (pure PM), resulting in nearly com-

plete noise cancellation.
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