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Abstract. This work addresses the linewidth properties of a distributed-feedback
semiconductor laser submitted to optical injection. Experimentally, we first verify that under
frequency-locking conditions, the slave laser has the same linewidth as the master. It can be
smaller or larger than that of the free-slave laser. For lasers tuned on the same central
frequency when the injected power decreases or when the master linewidth increases, we
observe a partial linewidth transfer (progressive phase locking). These effects are well
described theoretically by the Airy function generalized to the laser.

Keywords: Optical injection, linewidth, laser

1. Introduction

The ultimate linewidth of a laser line is due to the phase
diffusion of the field. This diffusion originates from the
random character of the phase of spontaneous emission: in
a free-running laser there is no phase reference and thus the
phase is random and varies between 0 and 2π . However,
the phase diffusion rate (or linewidth) is not random and is
determined by the basic properties of the elements which
make up the laser. A solitary laser feeds itself on spontaneous
emission, i.e., on a random source. When a (slave) laser
is injected by an external laser field which is a coherent
source (master laser), it can find a phase reference which
is more or less strong following the relative amplitudes of
both sources. Its linewidth can thus be strongly modified by
the injected field [1], whose spectral density is essentially
Lorentzian and fixed by the master laser. This idea is
experimentally and theoretically confirmed in the following.
First we experimentally verify that under frequency-locking
conditions, the slave laser has the same linewidth as the
master. The slave linewidth can be either smaller (spectral
purity transfer) or larger (spectral impurity transfer) than the
free-running slave’s linewidth. This effect is well known in
the case of spectral purity transfer [2], and was widely studied
in the 1980s in order to increase the coherence properties of
semiconductor lasers for optical communications [3] or for
use in applications in spectroscopy or metrology.

We then experimentally show that in the converse case
(impurity transfer), a partial transfer of the linewidth (i.e.
of coherence) occurs when the detuning is zero and when
the master linewidth is increased or the injected power is

† Present address: Centre d’Optique Photonique et Laser, Université Laval,
Québec, Canada G1K 7P4.
‡ Author to whom correspondence should be addressed.

decreased to very low levels. The traditional theory which
describes the linewidth is based on the Shawlow–Townes [4]
formula with later refinements [5, 6]. Spano et al [7] gave
an analysis of injected lasers which took into account the
spontaneous emission of the master and the slave. Recently,
van der Graaf et al [8] simulated the effect of a noisy injection
for which the external field had a low and constant intensity
and a random fluctuating phase, resulting in an injected field
with a Gaussian lineshape which had a broader width than the
solitary-slave linewidth. Their theoretical model predicts that
the slave linewidth could be smaller than that of the master
for a small range of the injected amplitude.

This paper is devoted to a theoretical and experimental
study of the linewidth properties of a laser which is injected by
a coherent field (Lorentzian), using the master linewidth and
the injected power as control parameters and over a broad
range. In the following, we will apply a newly developed
theory [9] based on the Airy function generalized to the
laser and extend the results obtained in [1]. We will show
that a single simple formula, a less complicated picture than
the one given in [8], allows for the description of both the
frequency-locked (or the solitary) laser and the phase-locking
phenomenon.

2. Experimental study of laser linewidth

We have constructed the experimental set-up sketched in
figure 1. The master and slave lasers are distributed feedback
(DFB) multiquantum-well semiconductor lasers emitting
around 1550 nm with a mode suppression ratio greater than
30 dB. A pair of master–slave lasers are chosen amongst
a set of chip-on-submount lasers. Their wavelengths are
close enough, given their respective set-points obtained
through experiment. The laser-to-fibre coupling (pigtailing)

1464-4266/99/000001+06$19.50 © 1999 IOP Publishing Ltd 1
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Figure 1. Sketch of the experiment.

is achieved using almost identical commercial interfaces for
both lasers, symbolized by a single lens in figure 1. The
master interface includes a high-coefficient isolator (70 dB
isolation) that ensures unidirectional coupling (injection)
from the master to the slave. Both interfaces, and all other
fibre components between the two lasers are compatible
polarization maintaining (PM). This design enables one to
keep the linear polarization from the master laser until it
reaches the slave laser parallel to its junction plane.

Every angled polished fibre connection or component
interface, encountered on the way back to the master
laser is designed for low return loss (−55 dB maximum).
Furthermore, we have placed the slave laser far enough from
the coupling lens to minimize optical feedback, particularly
when the injected power is very small (in the order of a
nanowatt, i.e. −60 dB m). We use an optical amplifier to
compensate for both the high insertion loss introduced by this
long working-length lens (30 cm) and the low optical power
of the master laser in case of operation close to threshold (so
as to obtain a large linewidth). When the amplifier was used,
we checked that it did not affect the master lineshape. The
injected power is controlled with a variable attenuator and is
measured through the second port of a coupler with a power
meter and through the photo-voltaic effect. The effective
injected power is equal to the measured value leaving the
second port minus the insertion loss of the coupling lens.
Twofibre-optical switches feed the analysis and measurement
system with either the master or the slave signal.

The control of optical frequencies of both lasers is the
key point of this experiment. After a coarse alignment of
their optical frequencies using an optical spectrum analyser
(resolution bandwidth = 12.5 GHz) and an intermediate
resolution Fabry–Perot analyser (free spectral range =
10 GHz, finesse = 100), linewidth measurements are
achieved using a Fabry–Perot analyser (free spectral range
= 300 MHz, finesse = 100) or a commercial delayed self-
heterodyne test set (measurable linewidth from 20 kHz to
20 MHz) associated to an electrical spectrum analyser. In any
case, we had enough resolution to check whether lineshapes
were Lorentzian. Both lasers operate with an ultra-low noise
(battery design) current source. They are located in the same
isolating box and stabilized at a temperature close to room
temperature.
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Figure 2. Slave laser’s linewidth as a function of the master’s
linewidth showing the complete linewidth transfer of (im-)purity.
The linewidth of the solitary slave laser is shown by the horizontal
line. Experimental data points are noted.

In order to experimentally observe the complete
linewidth transfer, we operated the slave laser far from
threshold (J/Jth = 4) and then selected the successive
master set-points to obtain, simultaneously, a complete
injection frequency-locking with the desired master linewidth
within the 1–20 MHz range (the master linewidth increases
from 1.25 to 19.75 MHz as the normalized current decreases
from 20 to 2.5). Figure 2 shows the self-heterodyne linewidth
measurements of the injected slave laser as a function of
the master linewidth. From one linewidth measurement to
another, the injected power was maintained at a constant
value and the same linear transfer was obtained for injected
power between 0.1% to a few per cent of the slave power.
For all injected power, the slave power remained almost
unchanged. From a series of measurements, we evaluated to
better than 10% the precision of our linewidth measurements.
The linewidth ("S)free of the solitary slave laser is shown in
figure 2 as a horizontal line at 5.1 ± 0.5 MHz. The good
alignment of the injection-locked slave linewidth "S with the
corresponding master’s values, "M, allows one to consider
that spectral linewidth transfers from the master to the slave
laser in both cases: either if ("S)free > "M (spectral ‘purity’
transfer) or if ("S)free < "M (spectral ‘impurity’ transfer).
The conclusion which can be drawn from this first result is
that the master laser imposes its spectral distribution to the
slave laser (as long as it corresponds to a resolvable locking
range larger than 100 MHz, for instance).

3. Theoretical study of laser linewidth

Before going further in the description of the experimental
and theoretical results, we will briefly recall the Airy function
generalized to the laser [1]. Appendix A describes how
this function can be found from the Maxwell equations and
the boundary conditions applied to the electromagnetic field
inside the laser cavity.

For a solitary laser, the power spectral density y(δ) at
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Figure 3. Theoretical partial linewidth transfer when the
linewidth of the master is varied above the one of the free slave
(4 MHz). Each curve is plotted for a constant injected power (κ).
The vertical line indicates the point at which measurements are
presented in figure 5 ("M = 45 MHz). Note the difference in
scales between figures 2 and 3.

the normalized angular frequency δ is written

y(δ) = S(δ)

[1 − exp(G − L)]2 + 4 exp(G − L) sin2(φ/2)
.

(1)
G represents the saturated gain. The bias current, the

gain response and the optical intensity Y are included in this G
expression which is given in appendix B. The mean intensity
Y =

∫
y dδ has been normalized by the saturating intensity.

L represents the losses. φ is the optical round-trip phase and
is proportional to the normalized frequency. In appendix B,
table B1 gives the definitions and values of the parameters as
a function of δ and Y .

S(δ) represents the spectral density of the source which
is the spontaneous emission in the geometrical mode.
The fraction which links the source S(δ) and the laser
spectral density is the laser transfer function: it is the
generalization to the laser of the Airy function of the Fabry–
Perot interferometer.

It was shown that this formulation [9] leads to the
Shawlow–Townes formula [4] which gives an inverse-power
evolution of the spectral linewidth with respect to the optical
power. This dependency enables us to evaluate the source
term S(0). If the linewidth is known at a given point (say
four times the threshold), S(0) can be derived from other
parameters (see appendix B).

When the laser is subjected to injected radiation, the
source also includes the injected power density:

yS(δ) = S(δ) + κyM(δ)

[1 − exp(G − L)]2 + 4 exp (G − L) sin2(φ/2)
(2)

where yM(δ) is the power spectral density of the master which
is essentially Lorentzian in the vicinity of δ = 0. κ represents
the injection coefficient defined as the fraction of the effective
power injected into the slave. When the source S(δ) is
alone, the intensity is close to Lamb’s solution and a non-
zero denominator is of fundamental importance in giving the
correct lineshape. Under usual injection-locking conditions,
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Figure 4. Experimental partial linewidth transfer when the
injected power is varied: (a) the linewidth of the master laser is
fixed at 33 MHz, that of the free slave is 4 MHz. (b) The linewidth
of the master laser is fixed at 160 MHz, that of the free slave is
26 MHz. The maximum of the peak is normalized to 1 in order to
enhance the variation of the linewidth. The spectra were measured
with a Fabry–Perot analyser (free spectral range = 300 MHz,
finesse = 100).

the complete linewidth transfer is reached when the twoNote 1
following conditions are fulfilled: the source term S(δ) is
very small in comparison with κ yM(δ) and the denominator
is constant. The spectral distribution yS(δ) is then the same as
that of yM(δ), which corresponds to the complete linewidth
transfer.

However, one can wonder what would happen if the
injected power were of the same order of magnitude as the
spontaneous emission or if the master linewidth were a few
orders of magnitude larger than that of the slave. Is there
always a complete transfer? Considering the following the
case for which the master linewidth is larger than that of
the slave, one could suspect that the injected power can be
decreased down to a value for which the external field has no
more influence so that the slave linewidth can deviate from
the master linewidth down to that of the free slave. What is
the shape of the line then? Is it a combination of Lorentzian’s
as suggested by Gallion [10]? We will see in the next section
that the laser transfer function is able to give an answer to
these two questions.
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4. Partial transfer of the laser linewidth

We have shown in section 2 the transfer of (im-)purity. The
theoretical results of figure 3 show that for a given injected
power, when the master linewidth is increased considerably
with respect to that of the free-slave laser, the transfer
becomes partial. Here, the injected spectral density κyM(δ) is
comparable with that of the free-slave spontaneous emission.
If the injected power is larger, similar curves are obtained by
taking larger values of the master linewidth.

Experimentally, it is very difficult to keep the injected
power constant while varying the master linewidth through
the bias current. Therefore, the experimental points that
would correspond to any of the plotted theoretical curves of
figure 3 have a lot of dispersion and are not represented. This
is the reason we prefer to set the master linewidth constant.
We recover a null detuning between both lasers through fine
adjustments of the master’s operating set-point (temperature
and current). Then, we vary the injected power using the
optical attenuator without modifying anything else. The
shape of both lines (free slave and master) were Lorentzian.
The shape of the resulting spectrum remained Lorentzian
as we directly checked throughout the experiment. The
conservation of Lorentzian lineshape is in agreement with
the behaviour of the laser transfer function (equation (2)). In
figure 4, the change in the lineshape along with the injected
power is presented and one sees the partial transfer starting
from the free-slave laser linewidth ("S " 4 MHz) up to
that of the master ("M " 33 MHz). Under these injection
conditions, we checked that the slave power remains constant.
The maximum of the peak is decreasing along with the
injected power. An optical amplifier placed before the Fabry–
Perot analyser could have increased the signal-to-noise ratio
and given a smoother behaviour for broad spectra. However,
we preferred to present all the spectra measured under the
same conditions.

To sum up these results, figure 5 shows the continuous
variation of the slave linewidth as a function of the
injected power between two limits: the master linewidth
of 44.8 MHz and the free-slave linewidth of 5.7 MHz.
These measurements correspond to the straight line at
45 MHz in figure 3. They can be understood as a partial
linewidth transfer, showing that the complete linewidth
transfer is a limit of a slowly varying phenomenon. Other
measurements [11] have been made for different linewidths
with qualitatively the same behaviour. Figure 5 also
displays the good agreement between experimental data and
theoretical modelling with the laser transfer function, where
we have used the same numerical constants as before.

5. Conclusion

We have presented theoretical and experimental studies of
linewidth properties of an optically injected semiconductor
laser. The partial linewidth transfer shows that the phase
locking underlies the features of injection locking. The
conclusion which can be drawn from these results is that
the master laser smoothly imposes its phase and hence its
frequency to the slave laser. When both lasers have the
same central frequency, the injected field imposes its phase
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Figure 5. Theoretical and experimental partial linewidth transfer
when the injected power is varied (the linewidth of the master laser
is 44.8 MHz, and that of the free slave is 5.7 MHz). Experimental
data points are noted.

and provided its intensity is strong enough. Otherwise
the injected field and the spontaneous emission combine
their effects and the phase transfer becomes partial. These
results reinforce the interpretation of the laser as a nonlinear
amplifier and filter whose transfer function is fundamental
to explain its basic spectral properties. Optical injection
can also lead to instability and chaotic dynamics [12]. A
further step is to introduce a theoretical model [13, 14]
corresponding to the dynamic extension of the present study.
Future prospects could be the study of these properties using
this new model.
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Appendix A. The laser transfer function

We consider an interferometer made up of a solid medium
limited by two parallel planes at z = d1 and z = d2. The left
region is labelled (l), the right one (r) and the central region
(active or passive medium) (c). The two external media are
characterized by an identical propagation constant ke and the
medium by k.

An incident field onto the cavity from region l(z < d1)

is a solution of the Maxwell equations and can be written as

#Ei (z, t) = Ei exp[i(ωt − kez)]#x,

#Bi (z, t) = ke

ω
Ei exp[i(ωt − kez)]#y.

(A.1)

The reflected field #El(z, t) in region l is expressed by
changing the amplitude (Ei → El) and the sign of ke. Inside
region c, the forward #E and backward field #E ′ are given
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by #E(z, t) = E exp[i(ωt − kz)]#x , #E ′(z, t) = E ′ exp[i(ωt +
kz)]#x . k is independent of z in the case of a homogeneous
medium.

The transmitted field in region r is then written as
#Er(z, t) = Er exp[i(ωt − kez)]#x .

By applying the boundary conditions at z = d1 and
z = d2, the field E is deduced:

E = t Ei

1 − r2 exp[−ike(d2 − d1)]
, (A.2)

where the Fresnel coefficients t = 2ke
ke+k , r = k−ke

k+ke
have

been inserted. In the same way, the fields E ′, El and Er
can be retrieved and their expressions include the factor
1/{1 − r2 exp[−ike(d2 − d1)]}, which is the Airy function or
the transfer function of the interferometer. This function links
the externalfield to the response of the system (either internal,
reflected or transmitted fields) in the frequency domain.

We now consider the case when the (spontaneous) source
is within the central region (laser cavity). The Maxwell
equations give

#'( #E(#r , t)) − 1
c2

∂2

∂t2
#E(#r , t)

= 1
ε0c2

∂2

∂t2 ( #P(#r , t) + #P (sp)(#r , t)), (A.3)

where the polarization has been split into two parts: the
stimulated contribution inside #P and the spontaneous source
#P (sp). In the following, we assume that the fields are

propagating along z and are linearly polarized along #x . The
temporal Fourier transform (E(z, ω) =

∫ +∞
−∞ E(z, t)e−iωt dt)

gives, if we look for solutions in the form E(z, ω) =
E(z, ω)e−ikz , the equation of propagation

'(E(z, ω)e−ikz) +
ω2

c2 E(z, ω)e−ikz

= − ω2

ε0c2 (P(z, ω) + P (sp)(z, ω)), (A.4)

where the wavevector could be a function of frequency.
Expansion of the field over a sum of plane waves leads

to the same results. The first part of the polarization P(z, ω)

has a simple formulation in the frequency domain P(z, ω) =
ε0(εr(ω) − 1)E(z, ω)e−ikz . Transverse effects are neglected
and the slowly varying spatial envelope approximation
enables one to suppress the second derivative in z:

∂ E(z, ω)

∂z
= −iβE(z, ω) +

s(z, ω)

d2 − d1
, (A.5)

where β = k + (ω2

c2 (εr(ω) − 1))/2k. s(z, ω) is the
spontaneous field emitted in the laser mode at frequency
ω. In equation (A.5), the spontaneous emission is averaged.
Note that equation (A.4) is usually studied in the mixed
time-frequency domain [14] instead of the pure frequency
domain, by considering ∂2

∂t2 (
∫ +∞
−∞ dωε(ω)E(k, ω)e−i(kz−ωt))

which leads to replacement of the derivative ∂
∂z by ∂

∂z + 1
vg

∂
∂t

in the case of linear dispersion.
In what follows, the relations between amplitudes

at z = d1 and z = d2 for the propagating field
E(z, ω) and the counter-propagating field E ′(z, ω) are
denoted by s1 and s2, the cumulated spontaneous emission

amplified over the length d = |d1 − d2| from the left
and the right: E(d2, ω) = E(d1, ω)e−iβ(d2−d1) + s1(d2, ω),
E ′(d1, ω) = E ′(d2, ω)eiβ(d1−d2) + s2(d1, ω). s1(z, ω)
(respectively, s2(z, ω)) nullifies at z = d1 (respectively
z = d2). s1(z, ω) (respectively, s2(z, ω)) is equal to
s1(ω) at z = d2 (respectively s2(ω) at z = d1). The
fields s1 and s2 have the same modulus but independent
stochastic phases. The boundary conditions enable one
to write at z = d1: El(d1, ω) = E(d1, ω) + E ′(d1, ω),
−βext El(d1, ω) = β[E(d1, ω) − E ′(d1, ω)], where for
homogeneity the wavevector of the external medium is noted
βext. Similar relations are written at z = d2. The expression
for the field E(d1, ω) is deduced:

E(d1, ω) = s1r2
1 exp(−iβd) + r1s2

1 − r2
1 exp(−2iβd)

, (A.6)

where we have used the Fresnel coefficient r1 = β−βext
β+βext

.
The other fields can be derived from the same equations.
The output field at the left side is given by El(d1, ω) =
s1r1(1+r1) exp(−iβd)+(1+r1)s2

1−r2
1 exp(−2iβd)

. We introduce the following simple
source term, where s = s1r2

1 exp(−iβd) + r1s2, the losses
L such as exp(−L) = r2

1 , together with the saturated gain
G and the saturated round-trip cumulated phase φ such as
exp(−2iβd) = exp(−2iβr d − 2β i d) = exp(−iφ) exp(G):

E(d1, ω) = 1
1 − exp(−L + G) exp(−iφ)

s. (A.7)

The fraction in equation (A.7) links the source s to the laser
field. This last relation is the Airy function generalized to the
laser, considered here as the transfer function of the (laser-)
interferometer for a spontaneous field. The extension of this
formula to the case of an optically injected (slave) laser will
give

ES(d1, ω) = s +
√

κ EM

1 − exp(−L + G) exp(−iφ)
. (A.8)

The modulus of ES(d1, ω) is denoted yS(ω), and gives
relations (1) and (2).

Appendix B. The gain response and the α
parameter

The expression of β−k introduced in equation (A.5) can also
be presented as β − k = −iαa + ω2

2kc2 εscχ(ω), which gives
β = ωng(1 + χ(ω)

2 )/c, where k2 = ω2

c2 εsc, χ(ω) represents
the effect of the carriers, εsc is the square of the real medium
index which is equal at first order to the group index ng. The
losses αa due to diffraction and absorption, are included in
the L term such that exp(−L) = r2

1 exp(−αad).
The gain of a semiconductor laser can be found in the

literature [15, 16]:

G = 2β i d = τc

2
ωχi (ω)

= τc

2
"G N (N − N0)L

(
ωcv(N ) − ω

γn

)
(B.1)

φ = 2βr d = τcω

(
1 +

χr(ω)

2

)
= τc(ω − ωcv)

+τc
α

2
"G N (N − N0)L

(
ωcv(N ) − ω

γn

)
(B.2)
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Table B1. Parameters and definition used in the Airy function.

Physical quantity Symbol Value

Normalized bias current ib = J/Jth —
Carrier at threshold "G N (Nth − N0) = 1

τp
2.65 × 1024 m−3

Carrier at transparency N0 1.72 × 1024 m−3

Bias current at threshold Jth = Nth/τe 4.42 × 1033 m−3 s−1

Differential gain G N 7.27 × 10−12 m3 s−1

Confinement factor " 0.1
Photon lifetime τp 1.49 ps
Free spectral range 1/τc 140 GHz
Laser cavity round-trip time τc 7.14 ps
Optical transition energy h̄ωcv 0.8 eV
Angular frequency at threshold ω0 = ωcv − 1

2 α"G N (Nth − N0) 1.22 × 1015 rad s−1

Angular frequency ω —
Normalized frequency δ = (ω − ω0)τp —
— η = J0/Jth 0.65
— gd = "G N τp Nth 2.88
— ξc = τp/τc 0.21
Losses L = ξc/2 0.105
Gain response L( δ

γ ′
n
) —

Width of the gain curve γn 4 Trad s−1 (equivalent to 5 nm)
Normalized width γ ′

n = γnτp 2.68

where definitions and values are given in table B1. L is a
Lorentzian functionNote 3

L(ω) = 1
1 + ω2 .

In this paper, we neglect carrier density time variations
and the stationary value N is given with the help of a two-level
model:

N − N0 = τe
J − N0

τe

1 + "G N τe ItotL(ωcv(N )−ω
γn

)
. (B.3)

With the normalizations N
Nth

→ N , t
τp

→ t , τe
Nthτp

|E |2 → y,
J
τ e Nth → ib, the gain and the phase become

G = gd(ib − η)L(δ/γ ′
n)(1 + YL(δ/γ ′

n))
−1,

φ = 1
ξc

(
δ +

1
2
α(g − 1)

)
.

(B.4)

These expressions for G and φ have been used to compute
the transfer function for the laser given in equation (A.8).

When equation (A.7) is approximated by a Lorentzian,
the Schalow–Townes formula is obtained [1]. Then
the linewidth at half-maximum is given by 2"1/2 =
π S(0)ξ 2

c /(gd(ib − 1)). This formula enables one to give a
value for S(0) consistent with the linewidth measured at a
given current.

In our formulation, the phase-coupling parameter α

appearing in equation (B.2) only shifts the laser frequency
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Semiconductor lasers with weak optical injection : a laser as
a low-signal detector

R. Gabet, M. Bondiou, G. Stéphan and P. Besnard
ENSSAT, Laboratoire d’Optronique (UPRESA6082), 6 rue de Kérampont, 22305, LANNION,

FRANCE.
e-mail : pascal.besnard@enssat.fr

The main idea of optical injection [1] is to give a reference to the injected laser from another laser [2].
The injected laser can become slaved onto the master and frequency-locking occurs following the
injected intensity and the frequency difference between both  lasers. Phase locking is a different
phenomenon which manifests itself in the locking of the linewidth of the slaved laser onto that of the
master [3,4]. The topics of this communication is to describe the power spectral density of the injected
laser when the injected power is decreased to very low level (~picowatt) with a central frequency
identical for both lasers but each of them having very different linewidths. The study follows from an
interpretation of the laser as a filter and amplifier as recently given [4].

The injected laser responds to two source fields :
-the first is the spontaneous emission which is intrinsic to the active medium ; the filter effect of the laser
Airy function leads to the slave laser line whose linewidth has been fixed here in the range of 100 MHz;
-the second is the field injected from the outside : here we choose a light with a smaller linewidth.
We decrease the injected signal in order to have the same order of magnitude for the spectral density of
both sources. The experimental results show that at low level, the transfer function of the laser
transforms these two sources as shown on the figure 1 below.
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Fig. 1: Optical spectrum of a laser injected with a small signal whose laser line is much narrower than the one of the
slave laser.

We have developed the theory of this transfer function (the generalized optical Airy function) of a laser
[4] and we apply its results below.
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Fig. 2: Calculated optical output spectrum of a laser (linewidth = 78 MHz) injected with a field whose linewidth

(1.75 Mhz ) is much lower than that of the slave.



Figure 2 displays the results which are obtained following the lines described in refs [4]. This result
confirms the interpretation of the laser as an amplifier and filter. It also shows the ability of a laser to
detect extremely low signals. Finally, in this experiment, it illustrates also the necessity to associate the
spectral distribution of the field to its energy, or its correlation function, as in any process of detection
[5].
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FONCTION DE TRANSFERT GENERALISEE AU LASER : DESCIPTION DES
PROPRIETES SPECTRALES D'UN LASER SEUL ET D'UN LASER INJECTE

R. GABET, M. BONDIOU*,  P. BESNARD,  G.M. STEPHAN.
Laboratoire d’Optronique associé au C.N.R.S. (URA 6082)
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*COPL Université Laval Québec G1K 7P4 Canada courriel bondiou@gel.ulaval.ca
Résumé : Nous montrons que la fonction de transfert généralisée au laser introduite

récemment [1] nous permet de décrire l'évolution de la largeur de raie d'un laser ainsi que celle d'un
laser optiquement injecté.

La largeur de raie d'un laser peut être décrite à partir des équations standards de Lamb [2] où
l'approximation des enveloppes lentement variables est faite. Ce modèle peut être élargi au cas du
laser à semi-conducteur [3]. Dans une étude récente, nous avons introduit [1] une fonction de
transfert d'Airy généralisée au cas du laser. Cette fonction permet de retrouver de façon simple et
analytique la relation de Shalow-Townes [4] dans laquelle la largeur de raie varie de façon
inversement proportionnel à la puissance optique émise. Nous montrons que cette fonction peut très
bien s'appliquer au cas d'un laser injecté. Dans ce cas, le terme source de la fonction de transfert est
constitué de deux termes, l'émission spontanée du laser injecté dit esclave et un terme externe
constitué de la densité spectrale du laser maître. Dans ce papier, nous montrons que divers cas se
présentent suivant la puissance injectée et les valeurs respectives des largeurs de raie du laser
esclave et du laser maître et résumons un certain nombre de résultats obtenus par cette fonction de
transfert.

Lorsque la puissance injectée est suffisante (cette qualification vague sera explicitée dans cet
exposé), la théorie prédit l'accrochage en fréquence et le transfert connu de pureté spectrale [5-6]. La
fonction de transfert prédit également le transfert d'impureté spectrale que nous avons vérifié
expérimentalement.

a) Schéma expérimental b) Largeur de raie du laser injecté
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Figure I :   a) le dispositif expérimental permettant la mesure de la largeur de raie, b) Evolution de la largeur
de raie du laser lorsque la puissance injectée est diminuée jusqu'à de très faibles puissances lorsque la largeur de raie

de l'esclave est inférieure à celle du maître 2 2% %E M) . La fonction de transfert généralisée au laser décrit
correctement cette évolution.

Lorsque la puissance injectée devient plus modeste, on assiste à une compétition entre la source
interne et la source externe et deux cas se présentent :



• si la largeur de raie de l'esclave est inférieure à celle du maître 2 2% %E M) , le transfert (figure I-
b)) de largeur de raie est partiel, c'est le transfert d'impureté spectrale.

• dans le cas contraire 2 2% %E M* , il y a à la fois amplification des deux sources et le profil initial
de raie laser comprend alors la régénération de la densité spectrale du maître (figure II).
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Figure II : largeur de raie d'un laser faiblement injecté lorsque 2 2% %E M* .
Enfin, nous montrons que cette fonction est tout à fait apte à décrire le comportement d'un

laser DFB et en particulier l'anomalie de largeur de raie observée [7], en formulant les conditions
aux limites à l'aide de la théorie des modes couplés [8] (figure III).
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Optical injection of a semiconductor laser by a microspherical laser at 1.56 µm
R. Gabet, F. Lissillour, D. Messager, P. Besnard, P. Féron and G. Stéphan

ENSSAT, Laboratoire d’Optronique (URA 6082), 6 rue de Kerampont, 22305, LANNION, FRANCE.

The main idea of optical injection [1] is to give a reference to the injected laser from another laser [2].

We have recently shown [3] that the power spectral density can be detected at very low level (~picowatt)

when the injected power of the master is decreased with a central frequency identical for both lasers but

each of them having very different linewidths. The study follows from an interpretation of the laser as a

filter and amplifier as recently given [4] and can be related to the necessity to associate the spectral

distribution of the field to its energy, or its correlation function, as in any process of detection [5]. At

very low injected power (~pW, nW), the linewidth of the master is not transferred and the resulting

linewidth revealed the linewidth properties of the master [3] and of the slave.

In this communication, we show that this technique may be used to study the linewidth properties of

microsphere lasers [6] for which a direct detection is impossible, due to their weak optical power.
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Fig. 2 : Laser line of the microsphere laser detected with the help of optical injection.
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Abstract: We give experimental results on the linewidth evolution of Fabry-Perot (FP) and distributed feedback
semiconductor lasers (DFB) when the gain is increased around threshold. The first kind of lasers (FP) exhibit a regular
decrease of their linewidth while the second show a large shoulder which we call the linewidth anomaly. Spectral densities
have been computed for both lasers by including the mode-coupled theory in the laser Airy function and results are shown to
be in agreement with the experiment.

The evolution of the linewidth % of a single mode laser as
a function of gain shows how the phase noise is modified
by the saturating field. This evolution has already been
experimentally measured around the threshold for a
distributed feedback semiconductor laser (DFB) [1] and
for an ordinary Fabry-Perot (FP) semiconductor laser [2].
In the first case, a shoulder is clearly observed instead of
a regular decrease of % when the gain is increased. On the
theoretical side, it has been shown previously [3] that the
description of the laser spectral density (especially
around threshold) can be simply done in the frequency
domain using  the laser Airy function. The natural
following of this study was to see if its prediction can be
confirmed by experiment. In this communication, we thus
present experimental and theoretical results which
describe the evolution % around threshold for both types
of lasers
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Figure 1 : linewidth vs bias current for a DFB laser.
Fig.(1) describes the evolution of the DFB laser linewidth
when the gain varies around threshold. A shoulder is
clearly observed which confirms the previous
observations in ref.[1]. Fig.(2) represents the same type
of results obtained with a FP laser. This laser has several
longitudinal modes and one has to isolate one single
mode. A crucial component in the experiment is then a
narrow spectral filter (here a fibered Fabry-Perot
interferometer ; FSR 12000 GHz ; Finesse 100) set
between the laser and the measurement system. One sees
that within the experimental uncertainties, no shoulder
similar to the previous case can be observed. In order to
explain this shoulder and to test the predictability
capabilities of the laser transfer (Airy) function, we have
extended it to the DFB laser by including the mode-
coupled theory [4]. Fig.(3) represents an example of
theoretical results obtained for a DFB and for a FP laser.
Both curves were obtained with the same data but with a
coupling coefficient ' = 10-6 in the first case and zero in
the second. One sees that a shoulder appears in the first

case. Both lasers have very different wave vectors which
explain this different behavior.
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Figure 2 : linewidth vs bias current for a FP laser.
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a DFB laser (k = 10-6, k = 0).
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Detecting femtowatt with lasers
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Abstract :
We show that lasers can be used as detectors. The experimental set-up consists in optically injecting a
slave laser with a laser whose linewidth is smaller. Heterodyne technique allows us to detect signals as
small as -113 dBm or half a photon per correlation time. We explain the experiment by interpreting the
laser as a nonlinear amplifier and filter.

The main idea of optical injection [1] is to give a reference to the injected laser from another laser [2].
The injected laser can become slaved onto the master and frequency-locking occurs following the
injected intensity and the frequency difference between both  lasers. The linewidth of the master is then
transferred to the slave. We have shown [3] that for lasers on the same central frequency, when the
master linewidth is larger than the slave linewidth, decreasing the injected power will imply a partial
linewidth transfer. In the converse case (when the master linewidth is smaller than the master linewidth),
the laser acts as an amplifier and amplifies at the same rate both the spontaneous emission from the slave
and the external injected field. We have in this way characterized optical spectra of signals in the
picowatt range[4]. For this purpose we have used two single mode lasers : a tunable source with a
linewidth of 80 KHz for the master and a DFB laser for the master with a linewidth much wider (2-200
MHz depending on the bias current).
In this poster, we show that using a heterodyne technique enables to detect signals in the femtowatt
range.
Figure 1 gives a schematic sketch of the experimental set-up.
Figure 2 gives the magnitude of the heterodyne signal along with the injected power. The time
dependence of the heterodyne signal is given for some injected powers.
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Figure 1 : experimental set-up and Figure 2 : experimental results the heterodyne detection.

On the theoretical part, we show that a transfer function applied to a laser [5] (the generalized optical
Airy function) is able to explain the basics properties of this experiment.
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