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Squeezing and Intermode Correlations in Laser Diodes
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We demonstrate experimentally that the intensity noise of so-called "free-running single-mode" laser
diodes results from a cancellation between very large anticorrelated fluctuations of the main mode,
on one hand, and of many weak longitudinal side modes, on the other hand. When line narrowing
techniques are used, intensity squeezing can be observed at room temperature, but this noise reduction
is not always single-mode squeezing. These experimental results are in agreement with a simple
phenomenological model using Langevin-type equations.

PACS numbers: 42.55.Px, 42.50.Dv, 42.62.Fi

Laser diodes have proved in the past two decades to
be a very powerful and convenient tool in the field of
telecommunications [1]and spectroscopy [2]. Their main
advantages are compactness, energy efficiency, tunability,
and low intensity noise. This last property has been
brought into the quantum domain by Yamamoto and co-
workers [3,4] about 10 years ago. The physical idea is
that the intensity noise of a laser is related to the noise of
the pumping process [5],and that appropriate control of the
driving current in laser diodes allows one to generate sub-
Poissonian light through pump-noise suppression. Very
large noise reductions down to —8.3 dB below the shot-
noise level (SNL) were observed for free-running laser
diodes cooled to 66 K [6]. However, the very mechanisms
capable of explaining why some laser diodes and not others
were generating sub-shot-noise light remained unclear.

Recently, intensity squeezing was observed with so-
called "single-mode" commercial laser diodes using line-
narrowing techniques such as injection locking or feedback
from an external grating [7,8]. These experiments shed
new light on the understanding of the noise reduction
mechanisms by putting forward the existence of weak
longitudinal side modes, and their importance concerning
the intensity noise behavior of such "quasi-single-mode"
lasers. The arguments given in Refs. [7,8] tended to
suggest that the less powerful these side modes are, the less
they will contribute to the total intensity noise. However,
this argument ignores possible correlations between the
modes, which were demonstrated for instance by Inoue
et al. [9] (see also Refs. [10—12]) for multimode laser
diodes (several modes above threshold).

In order to explore these arguments more precisely, we
have investigated the noise properties of the individual
modes by sending the beam of various types of single-
mode laser diodes through a high resolution spectrometer,
which enabled us to analyze not only the intensities but
also the noise of the individual side modes (see Fig. 1).
In this Letter, we demonstrate by this method that the
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FIG. 1. Longitudinal side mode investigation scheme. S.A. is
for spectrum analyzer.

intensity noise of these so-called "free-running single-
mode" lasers, which is typically a few dB above the
SNL at room temperature, results from a cancellation
effect between very large anticorrelated fluctuations of the
main mode, on one hand, and of many weak longitudinal
side modes, on the other hand. When line-narrowing
techniques are used, the total intensity noise goes below
the shot-noise level [7,8, 12,13], but we show that the
sub-Poissonian character of the light can still be due to
a cancellation effect between large anticorrelated noises
of the various modes. This points out that sub-shot-
noise operation of these lasers is actually not always
single-mode squeezing. We believe that these results
could have important practical implications, since for
most applications, in particular, when the laser diodes are
to be used in spectroscopy, single-mode and multimode
properties should be clearly discriminated.

The experimental apparatus is shown in Fig. 1. We
have used several samples of quantum well A1GaAs laser
diodes (SDL 5422-Hl) operating at 800 or 852 nm with
high impedance source pumping. The free-running diodes
have a rather low threshold of 18 mA and a differential
quantum efficiency (slope above threshold) of 66%. We
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have investigated the performances of free-running lasers,
extended cavity lasers using feedback from an external
grating, and injection-locked lasers. In the last case, the
master laser was a semiconductor laser of the same kind
in the external grating configuration.

The amplitude noise was measured by means of high
efficiency p i n-p-hotodiodes (EG8zG FND 100). The de-
tected intensity noise was Oat in the frequency region from
7 to 30 MHz. For an accurate comparison of the noise
in different conditions, all data presented in this paper
were measured at 7 MHz, with a detection bandwidth of 1

MHz. Great care was taken to avoid feedback to the laser,
using several stages of optical isolation [14]. A polariz-
ing cube was used in order to avoid spurious interference
effects between the two orthogonal polarizations [15]. A
more detailed description of the experimental apparatus
can be found in [13].

By focusing the laser beam on the input slit, the
overall transmission of the monochromator (Jobin-Yvon
HR1000) was 25%. Its resolution was 0.03 nm, which
was enough to resolve the laser modes separated by 0.12
nm. The negligible level of scattered light within the
spectrometer allowed us to separate the different modes
(all of them for the free-running laser and starting from
the 5th —10th for the injected laser and from the 15th —20th
for the grating stabilized laser). We have measured the
noise either sequentially before and after the spectrometer
with a standard balanced detection [16] or in parallel by
splitting the beam and sending only one beam in the
spectrometer. The second method used simultaneously
two previously calibrated detectors, respectively, located
before the spectrometer on one beam and after it on the
other one, in order to ensure that the measurements of the
total intensity noise and of the spectrally resolved noise
were performed under the same laser conditions. The
noise measurements have been confirmed using another
grating with a higher efficiency (60% transmission), but
poorer resolution and optical quality.

For the free-running laser, the power of one of the first
side modes is typically —25 dB lower than the one of the
main mode (see Fig. 2), and the total power in the side
modes is about —18 dB below the main mode. The novel
and rather unexpected result that we obtained concerns
the noise of the individual modes: We have observed that
the intensity noise of the main mode alone is much higher
than the total intensity noise. For example, for a driving
current of 80 mA the main mode exhibits an excess
noise of +39 dB, while the total intensity noise, measured
before the spectrometer, is only 2 dB above the SNL (all
noises are referred to the laser output). The intensity noise
of the side modes is then expected to be comparable to
the intensity noise of the main mode despite their much
weaker power, and this is what was observed. Indeed,
if the output slit is kept centered on the main mode,
and is progressively opened, the intensity noise decreases,
showing clear steps as symmetrical side modes enter the
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FIG. 2. Power of individual longitudinal modes (optical
power in dB, with respect to the main mode), measured with
a high resolution monochromator, for a driving current of 80
mA. On the x axis each mode is labeled by a number, the
number 0 corresponding to the main mode. ( ~: free-running
laser. &&: injection-locked laser. X: extended cavity laser. )
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FIG. 3. Intensity noise of the free-running laser diode, re-
ferred to the shot noise, as the output slit is opened up. In
the first section, only the main mode is detected, while the two
steps correspond to the entrance of the two couples of side
modes (—1.1) and (—2.2). The straight line at 2 dB shows the
total intensity noise level (measured before the spectrometer).

detector (Fig. 3). The step size corresponds to the noise
of the respective modes: For instance, when the noise
in the main mode was 2.5 p, V//Hz, the total noise in
the two first adjacent modes was about 2.15 p, V//Hz,
and the noise for all three modes was 0.3 p, V//Hz .
This clearly demonstrates that the observed total intensity
fiuctuations result from a cancellation effect between the
very large anticorrelated fluctuations of the main mode
and of the side modes. In fact, all of the 160 side
modes displayed in Fig. 2 contribute to some extent to
this cancellation effect. This is demonstrated by the fact
that the noise level after the spectrometer, with the output
slit fully opened (about 15 modes detected), is still much
higher than the total intensity noise level.

As seen from Fig. 2, the power of the first side modes of
the injection-locked laser is reduced to less than —45 dB

4607



VOLUME 75, NUMBER 25 PHYSICAL REVIEW LETTERS 18 DEcEMBER 1995

below the main mode, while the total power in the side
modes is —30 dB below the main mode. The total in-

tensity noise referred at the laser output is now squeezed
by —2.3 dB below the SNL (see [13]),while the intensity
noise of the main mode alone is still well above the quan-
tum limit. The level of this excess noise depends critically
on the injection parameters, such as alignment, injected
power, or master laser frequency, whereas the total inten-
sity squeezing is unchanged (cf. the remark at the end of
the theoretical discussion below). Optimization of these
parameters does not only reduce the excess main mode
noise, typically from 10 to 1 dB above the SNL, but also
the power in the side modes, from —44 to —49 dB below
the main mode for the first side mode. The total inten-
sity noise of the injection-locked laser again results from
a cancellation effect among anticorrelated fluctuations of
the main and side modes. Note that in this case the sub-
Poissonian intensity noise is not single-mode squeezing.

For the laser in the extended cavity configuration, the
side modes are suppressed further down, to about —55 dB
below the main mode (see Fig. 2), which corresponds to a
total side mode power of —35 dB below the main mode.
In that case, we have noticed virtually no difference
between the total intensity noise and the noise of the main
mode alone. For instance, at 80 mA, we have obtained a
squeezing of —1.85 ~ 0.05 dB for the total intensity, and
of —1.6 ~ 0.3 dB for the main mode alone (both referred
to the laser output), and the noise in the side modes was
too low to be detected (less than 7.5% of the SNL). In this
case, and only in this case, it can be concluded that the
side modes are actually negligible, and that true single-
mode squeezing is generated.

In order to build a theoretical model for the observed
correlations, a first possibility is to couple all the modes
to the same excited carrier population [9]. This would
be a correct description if a predominantly homogeneous
behavior of the lasing junction is assumed. However, in
a fully homogeneous gain medium, the anticorrelations
between the modes should be perfect and the total
intensity noise should always be squeezed, depending
eventually on the quantum efficiency but not on the size
of the side modes. This is not what we have observed.
Therefore, for a description of our experimental results,
we have modified an homogeneous multimode Langevin
model, as introduced by Inoue et al. [9], by bringing in
some inhomogeneity as suggested by Wang et al. [8].
A simple model for inhomogeneous noise behavior is to
introduce a small self-saturation of each mode by its own
fluctuations, which adds up to the homogeneous saturation
process due to the excited carrier population. It will
be shown below that the correlations between the main
and side modes are then degraded as the power of the
side modes gets larger (case of the free-running diode),
resulting in an increase of the total intensity noise.

The quasi-single-mode laser diode is described by three
modes (one main mode, labeled "1"and two side modes,

dN, (t)
dt

N, (t);, —QA, [n, (t) + 1]N,(t)
l

+ r' '(t) + r(' )(t) + r(t). (2)

The last three terms are Langevin noises. The first
one I' " (t) is associated with the pump noise, and
for a pump-noise-suppressed laser its correlation func-
tion is (I ("~(t)l ~"~(t')) = 0. The term I '" (t) is as-
sociated with spontaneous noise and its correlation is
(r~ ~)(t)r~ ~)(t')) = a(t —t')(N, )/r~ ~), and I (t) is as-
sociated with stimulated noise and its correlation is
(I (t)I (t')) = 6(t —t')+~AJ(N, )(nj). Finally, due to
their same physical origin, the noise terms associated with
the stimulated gain for the photons and stimulated emis-
sion for the electrons are perfectly anticorrelated and have
cross correlations (G;(t)I (t')) = —B(t —t')A;(N, )(n;).

By neglecting the noise terms and the operator correla-
tions in Eqs. (1) and (2), and by setting the time deriva-
tives to zero, one obtains the average numbers of pho-
tons (n;) in each mode i These num. bers depend on
the two ratios m = p23/pi (corresponding to the rela-

(po) (po)
tive gains) and p = r2 q /r& (corresponding to the rel-
ative losses). The value of m can be determined from
the value of the free-running diode, and then the mode

labeled "2" and "3") coupled to a common carriers
population (homogeneous behavior) [9]. The dynamic
variables are the photon number n;(t) of the ith mode and
the total number of excited carriers N, (t). The equations
obeyed by these quantities are then

AN()[ () 1]
dt

+ S;(t) + G;(t) + g;(t) + f;(t). (1)

The quantity 1/r; = 1/r; + 1/r~t"i is the photon
(p) (po)

decay rate of mode i, decomposed into internal losses

1/r; and output coupling losses 1/r("'l T.he co-(po)

efficient A; is the spontaneous emission rate into the
corresponding lasing mode, given by A; = P;/r '",
where p i and p2 3

= m p t (with m ( 1) are the spon-
taneous emission coefficients in mode i, and ~('p is
the spontaneous electron lifetime. The term S;(t) de-
scribes self-saturation of mode i, and is taken equal

to r;" S;(t) = —s;[(n;)/(P7; )]Bn;(t), with s; being
a small adjustable parameter, P the pumping rate [see
Eq. (2) below], and Bn;(t) = n;(t) —(n;) the fluctuations
of the photon numbers around their mean values. The
last three terms are Langevin noise terms, respectively,
associated with the stimulated-emission gain [correla-
tion (G;(t)G;(t')) = B(t —t')A;(N, )(n;)], the internal

losses [correlation (g;(t)g;(t')) = B(t —t')(n;)/r; ],
and the output coupling [correlation (f;(t)f;(t')) =
~(t —t')(., )/ ~"l].

The equation of motion for the total excited carrier
number N, (t) is
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FIG. 4. (a) Calculated photon number in the main mode
(dotted line) and in one side mode (dashed line) versus the
deviation from unity of the relative optical losses p, for a
given gain ratio m = 0.9995. (b) Noise power in the main
mode (dotted line), in one side mode (dashed line), and in all
the modes (dash-dotted line) versus 1 —p. The 0 dB level
is the SNL of each individual mode. The pumping rate is
R = I/l, h

—1 = 7, the spontaneous coefficient is P = 2.7 X
10, the lifetimes are r 'I'~ = 10 9 s, w "' = 5.6 &( 10 ' s,

= 1.5 X 10 s, and the self-saturation parameters are
(po) —li

s] = s2 = s3 = 0.015.

is described in the model by the modal gain and loss pa-
rameters I and p. This simple model is in good agree-
ment with the experimental data, and could provide us
with some useful hints for more detailed calculations.

As a conclusion, we have shown that a thorough
analysis of the quantum noise of laser diodes should
distinguish between true single mode squeezing and sub-
Poissonian light involving contributions from a large
number of weak side modes. This distinction could allow
one to understand better the underlying physics of the
observed noise reductions in laser diodes, and therefore
to progress towards the use of such devices in quantum
optics experiments.
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selection process can be modeled by decreasing p. The
average numbers of photons in each mode obtained us-
ing this procedure are plotted in Fig. 4(a) as a function
of log(1 —p), for fixed m = 0.9995. It can be seen that
the number of photons in the main mode varies very lit-
tle with p, but the number of photons in the side modes
exhibits much larger variations. In Fig. 4(b) are plotted
the noise levels obtained from the above equations after
a standard linearization procedure. Three regions appear
clearly on this graph: on the left hand side, there is no
squeezing; in the center, the total intensity is squeezed,
but the individual modes are not; on the right hand side,
both the main mode and the total intensity are squeezed,
while the side modes still exhibit excess noise, but have
negligible intensity. These three regions are in quite good
agreement with the experimental results described previ-
ously, respectively, for free-running, injection-locked, and
grating-stabilized diodes. Note that the behavior observed
while optimizing the alignment in the injection-locked
laser is nicely reproduced by the model. Indeed, in the
central region, a change in the p parameter modifies the
power in the side modes and the noise of the main mode,
without changing the total intensity noise.

The basic physics of our observations is thus explained
by strong mode competition due to the homogeneous
broadening of the transition (which yields large anticorre-
lated noises), plus a small amount of inhomogenities de-
grading the anticorrelation between the modes when the
rejection rate of the side modes is not sufficiently large.
The final amount of noise in the individual and total inten-
sities depends therefore on this degree of rejection, which
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