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Quantum intensity noise of laser diodes and nonorthogonal spatial eigenmodes

Jean-Philippe Poizdt,Tiejun Chang, and Philippe Grangier
Laboratoire Charles Fabry de I'Institut d’Optique, UMR 8501 du CNRS@8fostale 147, F91403 Orsay Cedex, France
(Received 30 July 1999; published 13 March 2000

Laser systems with nonorthogonal eigenmodes have a linewidth that is broader than the usual Schawlow-
Townes value, by a factor that is known as the Petermann excess noise factor. In a recent quantum analysis,
this excess noise was attributed to loss-induced coupling betwen the laser modes. Using the same approach, we
show here that the Petermann excess noise also appears on the laser quantum intensity noise. The calculation
is shown to be in good agreement with an experiment using a laser diode with two contributing transverse
modes.

PACS numbes): 42.50.Lc, 42.55.Px, 42.60.Jf

I. INTRODUCTION we introduce and then construct a theoretical model based on
coupled Langevin equation, which allows us to study the
Laser diodes have proved in the past two decades to beeffect of the loss-induced mode coupling on the laser noise.
very powerful and convenient tool in the field of telecommu- Finally, we present a comparison between theory and experi-
nications[1], spectroscopy2-5|, and many other applica- ment(Sec. IV).
tions [6]. Their main advantages are compactness, energy
efficiency, tunability, and low intensity noise. This last prop- Il. EXPERIMENT
erty has been brought into the quantum domain by Yama-
moto and coworkerf7—9], who demonstrated that appropri-
ate control of the driving current in laser diodes allows one The single-mode semiconductor laser that has been used
to generate sub-Poissonian light through pump-noise sups a Fabry-Perot, quantum well, index guided @& _,As
pression 10]. However, not all laser diodes are able to gen-device(SDL 5411-G} emitting at 810 nm. It is collimated
erate sub-Poissonian lightalso referred to as squeezed by a high-numerical-apertur€0.65 aspherical lens. The
light), and detailed investigation of the “excess noise” in semiconductor laser is stabilized by the 5% feedback of the
laser diodegi.e., the mechanisms that reduce or even destroyirst order reflection an external grating located at 10 cm of
squeezinghas arisen great interest in recent yddrs—21]. the laser, in a Littrow configuration. The zeroth order con-
The main avenue that has been followed to understanthins 90% of the input light. The gold-coated grating has
this excess noise is the investigation of the influence of mul1200 groves/mm, and it is blazed for a wavelength of 250
timode effects. In principle, the total intensity noise of anm. The relatively low feedback level allows for a large
multimode laser can be perfectly squeezed, provided that theverall outcoupling efficiency of the system, and it is still
gain medium is perfectly homogeneously broadened. Théarge enough to lock efficiently the laser on the grating-
low total noise then rely on very strong anticorrelatignp  extended cavity. The single mode operation is continuously
to 40 dB among modes that are individually very noisy checked using a scanning Fabry-Perot and an oscilloscope,
[13-18. However, small inhomogeneities, such as saturabl@and the mode frequency is controlled by adjusting the length
losses[19,20], degrade slightly these anticorrelations, andof the external cavity via a PZT holding the external grating.
the total intensity noise increasgk5—20. As in Ref.[35], the transverse mode analysis is performed in
More recently, it was realized that even in lasers with athe direction contained in the junction plane of the diode.
single lasing mode, excess noise may also arise owing to @he (horizonta) plane of incidence on the grating is perpen-
multimode cavity structure. This type of excess noise is ofterdicular to this plane, so that the wavelength tuning of the
referred to as Petermann excess noise, and is related to theating is independent from the transverse mode analysis.
appearance of nonorthogonal eigenmodes in the laser cavifyhe intensity profile of the beam has been checked to be a
[22-37. In this paper, we analyze further the existence ofGaussian. From previous analy$85], the spatial behavior
nonzero correlations between lasing and nonlasing modesf this laser can be described by considering essentially two
associated to an excess noise in the lasing mode. We wifipatial modes, label€BE,; andTE,y. Though the contribu-
show in more detail that this effect can be described as &on from other higher order spatial modes is not strictly
contamination of the lasing mode by the noise of a subzero, it will be ignored in a first approach, which will make
threshold mode, through an effect that we called “loss-the measurements simpler and the discussion clearer.
induced coupling”[36,37], and that is directly related to The experimental setughown in Fig. } is similar to the
Petermann excess noise. In Sec. Il, we present experimentahe used in Ref[35]. The noise analysis frequency is 12
observations realized with a semiconductor laser in aiHz, but the frequency dependence of the noise is essen-
grating-extended external cavity configuration. In Sec. Il tially flat within the bandwidth of our detecto(5—25 MH2).
The laser beam is split into two channels. On channel 1,
detectorD; is a split photodiodéEGG C30822 An essen-
*Electronic address: jean-philippe.poizat@iota.u-psud.fr tial point in the experimentsee Ref[35] and Sec. IV A

A. Experimental set-up
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FIG. 1. Experimental _setup for megsuring the noise of lasing 0 Drii"(i)ng Currei(t)(m) 120
main modeTEy,, the noise of non-lasing mod€E;,, and the
correlation between the two modé, andD|, are ordinary photo- 20 :
diodes.BS, is the 50-50 beamsplitter of the balanced detectibn. (b) ;
is a split photodiodeS, ; , are RF switchablé¢+/-) power combin- @ 15
ers. S.A. is a spectrum analyzer. ~ 10
3
below) is that when the switcB, is in position “minus,” the % 5 *
noise of the photocurrent gives the fluctuations of mode
TEjo. On channel 0, detectoBs, andD, are high efficiency 0

p-i-n photodiodesSilicon Sensor SSO PD20;7used as a 0 o 40 S(t’(mA) 120
balanced detection. The swit& is used for the shot noise riving curren

calibration. When it is in position “plus’{respectively “mi- 10
nus”), the photocurrent, is proportional to the noise of © »
mode TE, (respectively to the beam shot noig&8]. The g 05 _ e
correlation between the noises of mobEy, (S, is in posi- E g s 2R
. ) " . ; = 00 X
tion “plus”) and TE;q (S; in position “minus”) is mea- %g’ # x
sured by recording the difference between the noise levels O 05
corresponding tds, in position “plus” and “minus.” We
have checked that this method, which will be used through- -1.0
out this work, gives the same results as a fitting procedure of 0 40 80 120
the noise profile which was used in REB5]. We note that Driving current (mA)
the noise and the correlation values given below are cor- 2.0
rected for the transmission of all the optical components lo- @
cated after the grating and for the detectors quantum effi- 1.8 /
ciency. o L6

When the driving current is increased, the beam of the M4
free-running diode moves slightly, with a maximum angular /
deviation of about %10 “ rad. This is attributed to a 1.2 _
thermally-induced motion of the laser chip with respect to 10 —
the collimating objective, and this leads to a slight misaligne- 0 40 80 120

ment of the grating at high currents. In the following, the Driving current (mA)

alignment progedure used for the grgting will thus.be cr!tiqal. FIG. 2. All graphs are plotted versus the laser diode driving
We note that in general terms, a misaligned grating will in-¢,;rent. The external grating is not realigned for each current. The
duce a coupling between the transverse modes of the diodfes are the theoretical two-mode model presented in Sec. Iil. On
curve (a), the * are the spectral variand@Pg ) of the lasing
B. Experimental results mode(in dB), and the+ are the opposite of the quantum efficiency
of the laser. The dotted line is the prediction of the model when the
coupling is set to zero. On curvéb) is plotted the variance
Figures 2 and 3 show the experimental results of the noisgsP? ) of the nonlasing modéin dB), on curve(c) the normal-
of lasing modeTEy,, the noise of non-lasing spatial mode ized correlation, and on curve) the calculated value of the Peter-
TE,, and the correlation between the two modes, as a fungnann excess noise facti .
tion of the driving current. It can be seen in Figgb2and
3(b) that the noise of nonlasing spatial mode;JEcreases thermally induced motion of the laser chip. The most impor-
with the current as expected for a subthreshold mode. tant point here is that the noise of the lasing mode is also
In the experimental results presented in Fig. 2, the exterincreasing for high current. According to the single mode
nal feedback is not realigned for each value of the currenttheoretical model for laser diode squeezisge Sec. Il be-
The alignment of the external grating is obtained by mini-low), this noise should be decreasing with current and reach
mizing the threshold current, and then kept the same for alh limit associated with quantum efficiency, as shown by the
currents. The grating will therefore find itself slightly mis- dotted line on Fig. @). It can be observed in Fig.(® that
aligned at high current owing to the beam motion of thethe excess noise of the lasing main mode is correlated with

1. Noise and correlations
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2. Beam steering
~ 8 @ In the case corresponding to Fig.(@rating misaligney
g | we have noticed that changing the external cavity length with
Ay 4 1y the PZT on which the grating is glued gives rise to a steering
‘g 0 _ A (i.e., an angular deviatigrof the output beam. This effect is
v . \*‘iiiﬁm attributed to the fact that the amplitude of the lasing mode
4 has a small contribution from thEE;, mode. Then a modi-
0 40 80 120 fication of the external cavity length changes the relative
Driving current (mA) phase between modeE,, and modeTE;y. This appears as
, a change in the direction of the emitted beam, which at the
20 (b) o first order remains Gaussian in shd38]. Let us mention
a 15 X that this steering effect is intrinsic to the mode coupling ef-
3;\/ ae}/ fect, and is not directly related to the beam motion of the
310 i free-running diode discussed earlier: here, the beam steering
B 5 ~ effect appears for a given current, and its amplitude depends
v on the grating alignment. From the observed beam shape and
0 steering, we have checked that the admixturd@ Bf, in the
0 40 80 120 lasing mode remains small, typically less than 0.1 in ampli-
Driving current (mA) tude.
We conclude from these observations that a significant
1.0 : - : ;
© mode-coupling effect is present in the extended cavity laser,
< 05 and can be attributed to a grating misalignment. As we will
% A see below, this effect has many generic features connected to
g 00 M e the Petermann excess noise factor, which make it worthwhile
S s to understand in detail. We will thus consider in the follow-
ing section a general theoretical model for the coupling of
-1.0 laser modes in the presence of cavity losg#sss-induced
0 40 80 120 coupling”) [36,37.
Driving current (mA)
FIG. 3. All graphs are plotted versus the laser diode driving 11l. THEORETICAL MODEL

current. The external grating is realigned for each current, so that
the correlation should in principle be zero. The lines come from the
theoretical two-mode model pre;sented in section Ill. On Cl.qﬂ),e The purpose of this model is to describe a two_spatial
the * are the spectral varian¢éPy,,, of the lasing modéin dB),  mode laser, taking into account losses, gain, and coupling
and the+ are the opposite of the quantum efficiency of the laser.penveen the two modes. For a perfectly aligned ideal laser,
The dotted line is the prediction of the model when the coupling isthe mode basis is made of the cavity eigenmctiEs, and

set to zero. On curvéb) is plotted the variancédPy,,,) of the TE,o, which are orthogondl40]. We will assume as usual
qon-lasmg modein dB), and on curvegc) the normalized correla- that the lasing mode is thEEy, mode, and the nonlasing
tion. mode is theT E;; mode. When the alignment of the cavity

the noise of thel E;, mode owing to the misalignement of (i-€., the external feedback in our experimestnot perfect,
the grating. The origin of the noise increase in the mainthe TEq and TE;, modes are coupled, and in presence of
mode and of the nonvanishing correlation is attributed tdosses it can be shown that the laser eigenmdiélsare no
loss-induced coupling between the two mofi@g]. In Sec.  longer orthogonal36,37. These nonorthogonal eigenmodes
Il we construct a theoretical model to explain this phenom-{Uo,U1}, which are linear combinations of mod&&,, and
enon. TE;y, have been used in semiclassical calculations of the
On the other hand, the results displayed in Fig. 3 havd’etermann excess noise factor.
been obtained by realigning the external grating for each In order to build a quantum model, an orthogonal basis is
current in order to minimize the intensity noise level of therequired for quantization, as explained (86,37 (see also
lasing mode. It is to be mentionned that the alignement of th@ppendix A. This orthogonal basing,w,} is built by first
grating at high current is a delicate and hazardous operatioghosingw;=u;, where u, is the eigenvector having the
owing to the possible thermal damages caused by the larggnallest eigenvalue, i.e., the nonlasing mode. Thgnis
optical intensity not properly fed back into the laser wave-taken as a linear combination of andu,, which is chosen
guide. As can be seen in Fig. 3, the realignement of therthogonal towv; (Schmidt orthonormalization procediré
grating at each current leads to a behavior of the main modeentral point, which is demonstrated in Appendix A, is that
noise that follows the single-mode theoretical prediction, andnodew; will then appear in the roundtrip evolution of mode
to an almost vanishing correlation. The large dispersion irw, (the reverse is not true, sinee, is a cavity eigenmode
the correlation is attributed to the extreme sensitivity of theln physical term, we shall say that the lasing maoslg is
grating alignement. “contaminated” by the nonlasing mode;=w,. We may

A. Two-mode laser model
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FIG. 4. The modea, is lasing while the mode, is below
threshold. The mod@, is coupled with moden, via a coupling
moded. Modec is in the vacuum state.

thus describe the two-mode situation using the schem
shown in Fig. 4. In general, the lasing mode coherent ampli
tude is a linear combination afEy, and T E;; modes, with

coefficients that may vary with the driving current, as it has

been experimentally observésee Sec. Il B 2 aboyeln the

following sections, we will show explicitly that such a con-

figuration leads to excess noise in the lasing mode.
We note that the generic situation whemany) nonlas-

ing modes contaminate the lasing mode is directly related t

the “loss-induced coupling” introduced in Ref37]. The

PHYSICAL REVIEW A61 043807

where the parametés is associated to the magnitude of the
coupling between the two modésee Fig. 4, and the inter-
mediate “loss” mode is written as

D(t)=d(t)+d(t)= vk, P4(t)— C(1), (4

whereC(t) =c(t) +c'(t), and mode is in the vacuum state.

In Egs.(2) and(3), 1/7P? is the photon decay rate due to the
coupling mirror and it is identical for the two modes,
1/7P9=1/7P9, and 1+ is the photon decay rate due to
intracavity optical losses. The lasing mode has smaller opti-
cal loss than the nonlasing mode, therefore we havg®/
<1/7P9 . The coefficientA; is the spontaneous emission
rate and it is same for two mode&y=A;. The quantities
Rli(t) are the excited carrier numbers associated to the non-
lasing and lasing modes, respectively.

In the Langevin equations for the two modes, the terms
vi(t) and &(t) are Langevin noise operator terms, which
represent the coupling of the field to heat baths. Tﬁ’é)(t)
terms are associated with the output coupling, ﬁﬁ%")(t)
terms correspond to the internal cavity losses, andétfig
{erms concern the noise associated with the stimulated emis-
sion. Their correlation functions are given in Appendix B.

Schmidt orthonormalization procedure which was used Above threshold, the oscillation condition for the lasing
above to construct the two dimensional orthogonal basi§0de imposes
{wg,w4} can be generalized to an arbitrary, but finite number

of modes(see Appendix A Based on this picture, loss-
induced coupling can then be considered as the basic mecha-

nism for explaining Petermann excess ndi22—37].

B. Coupled Langevin equations

This theoretical model is based on coupled Langevin
equations for the electromagnetic field operators of one las-
ing mode (labeled by the subscript=0), one nonlasing

1
<N0>Ao:T_0a (5

whereas the carrier numbét;(t) associated to the non-
lasing mode verifies

1
<N1>A1<T—1, (6)

mode(labeled by the subscript=1), and the excited carrier where 1#=1/79+1/7P9+k; indicates the total cavity
population operator. In order to describe the amplitude flucloss of the lasing and the nonlasing modes, respectively. The
tuations of the field, we will take the mean laser field as acarrier numbersN, and N, have actually quite different
real number, and we introduce the amplitude quadrature opoles. On one handy, is a dynamical variable that sets both

erator
Pi = ai + a.iT . (1)
For the lasing mode, the Langevin equation is given by

dPo(t) 1

dt 2

+Kg | +No(t)Ag |Po(t)

1
- +—
4P o9

+ 29 (t) + 2P (t) +2£4(1) + VkoD (1),

2
and for the nonlasing mode
Pty 1 L +N1 (DAL [P4(1)
dt 2 Tg.po) Tg-pe) 1 1 1 1
+29P(1) +29PI(0) + 2610+ VK C(1),
()

the amplitude and the noise of the lasing mode, through the
gain saturation mechanism. On the other hand, the only role
of N is to set the value of the gain for mode 1 which appears
in Eq. (3), without any feedback mechanism. Since this gain
is not known precisely, we will use faiN,) the following
phenomenological expression

(N1)=up+a(No), (7)

where u and o are constants depending on the gain distri-
bution profile, withe<1 . The parametep is the pumping
rate, p=1I1/e , wherel is the driving current anc is the
electron charge. Physically, the first term on the right-hand
side of Eq.(7) is associated to the non saturated excited
carrier on the two edges of the gain region. This carrier num-
ber is therefore increasing proportionaly to the pump rate.
The second term corresponds to the gain in the center region,
which is clamped by the lasing mode. The valuerotorre-
sponds to the imperfect overlap of the amplitude profiles of
the spatial modes.

043807-4
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The equation of motion for the excited carrier number Ape)
. 1
No(t) is then Co1=(P0ooutOP10u) = VKoK1(1+X) 79 m<:5P§out:>'
0
dNo(t) No(t) (13)
—ar =P~~~ Adno(t) + No(t)
Tsp

Equations(12) and (13) show that both the excess noise in
+T® ) +TEP() +T(1), (8)  the lasing mode and the correlation between the modes are
proportional to the excess noise of the subthreshold mode
where 7, is the spontaneous electron lifetimg,=aja, is (:0P%,u:), and depend on the magnitude of the coupling
the photon number operator of the lasing main mode in théetween the two modes.
cavity. The last three terms E¢B) are Langevin noise op- We also note that the following relation is fulfilledee
erators. The first ond (P)(t) is associated with the pump discussion Sec. Il C)2
noise. The second and third orléP(t) andI'(t) are re- )
spectively associated to spontaneous noise and stimulated 2 Co
emission noise. Their correlations and cross-correlations are <5P00ut>|kok1: <'5P2 .>'
given in Appendix B. It can be noticed that the nonlasing T tour
mode has no contribution to the fluctuations of the excited _ )
carrier number C. Discussion
The noises of the two modes and their correlations are 1. High current case
obtained after linearization around mean values. The detailed ) , )
derivation for obtaining the various noise powers and corre- oM the experiment, it appears that a large correlation
lations is given in Appendix C. The variance of the sero-Petween the lasing mode and the nonlasing mode, as well as

frequency output amplitude fluctuations of the nonlasinga large excess noise in the lasing mode, are observed for high

(14

mode is given by values of the driving current. In this case, the equations of
noise and correlation can be simplified by usidgng
8(Ny )A > 1/, and Ag(Ng) = 1/75, and one obtains
1 1
<5P§,out>:1+ 2 :1+<:5Piout:>!
I (pe) 70
(n <'\'1>A1) m (PZou iy mo=1+ (e~ 1)— . (15
9 o
2 2 In the same way, due tﬁ(lpe)= P9 we can write

where (: 6P ,,:)=(6P1o,p — 1 corresponds to the excess : o

noise above the shot-noise level. The “:” means that normal 2 2/. op2 .
6P =Kok 75(: SPLout:) - 16
ordering is used. As expected, whéN, =0, i.e., without (9P ooudlige; = Koka 7o 0P our) (16)

gain, this excess noise is zero. For the case=0. we have then
The zero frequency noise power of the lasing mode can be '
written as the sum of two terms -
0 2/. op2 .

<5P(2)out>:1_ _+k0k170<-5plout'>' 17)
<5P(2)out>:<5Pgout>|k1:0+<5pgout>|kokla (10) TE)pe)

where(&PSoutﬂkl:O is associated with the zero-coupling and for the correlation, we obtain

case k;=0) and is given by Co1=(OPoout0P10ut) = VKoK1 7o(: 0PToy1).  (18)
To Equations(16),(17), and(18) show in a compact form that,

<5Pgout>|k1:0: 1+

2
(—1+x+2x"+e(1+x)), when the semiconductor laser is driven far above threshold,
(11) both the excess noise and the correlation are directly related
to the noise of the subthreshold mode.

4

wherex=1/(75,AqNg). This expression is the standard result
from a single-mode theoretical model, which appears as a
dotted line on Figs. 2 and 3. On the other hand, the noise Since the excess noises in the two modes are correlated,
leaking from nonlasing mode to lasing mode is directly pro-one may try to extract the noise in the nonlasing mode in
portional to the noisé:ﬁpiout:> of the nonlasing mode and order to correct the noise in the lasing one. The best result

2. Minimum noise and correlation

is written that can be obtained using such a procedure is equal to the
so-called conditional variance of mode 0, given mode 1,
. 2T(lrm) X which is
(8PGour ok, = KoKa(1+X)275——= (18P o1).  (12)
o Tgpe) <5Pgout>corr.:<5P(2Jout>uncorr.(1_CS1N)i (19)

The correlation between the two modes is given by where the normalized correlation is given by

043807-5
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Cé
Cin= . (20)
(8PGoun{P3ou
One has thus
i,
<5P(2) t> ._<5P(2) t> TS (21
out/uncorr. out/corr <5P%0ut>

This expression, which was used for instance in 8%,
differs from the excess noise obtained above:

2 2 2
Co Co Coy

<:5Piout:> :(<5P§out>_ 1) <5Piout> .
(22

<5P(2)out>|k0k1:

PHYSICAL REVIEW A61 043807

be either the(squeezedintensity noise of the truly single-
mode laser, or the shot noise ley@NL). It is thus more
convenient to rewrite Eq17) by using Eq.(23), so that for

a noiseless pump the intensity noise far above threshold be-
comes

PP =1~ 2% (Kp— 1
< 00ut>_ 7_(pe)—’— T(pe)( P )
0 0

where 7, = 7o/ 79 is the cavity quantum efficiency of the
lasing mode. This equation shows clearly that the excess
intensity noise of the lasing mode is directly related kg (
—1), which is in turn proportional to the mode coupling
coefficientkgk,, and to the spontaneous emission noise in

These two expressions are different because a measureménede 1. This emphasizes again that the excess intensity
of the noise in mode 1 will involve a contribution from shot noise and phase noise have the same physical origin.
noise, which brings no useful information. Thus the correc-

tion cannot be perfect, and a better result is obtained by
suppressing directly the noise at its source, rather than at-
tempting to correct it : this is the meaning of the difference
between Eqs(21) and(22). We note that in the case where
(6P%,,0>1, the shot noise contribution is negligible and the

two equations become the same.

3. Petermann factor

From the calculation given above, one can easily deduce

IV. COMPARISON BETWEEN THEORY
AND EXPERIMENT

A. Results

From the theoretical analysis carried out in R&5], it
can be shown that when the switgh of Fig. 1 is in position
“minus,” the noise power of photocurremj, normalized to
the SNL, is

(818 =14 91(: 0PT oy (T2 p(a), (26)

the Petermann excess noise factor, defined as usual as the

grohadelning_r of the I?ser7 IirILewigth Wlttr? trespectt tc;h ”t]ewhere 7; is the overall efficiency of the detection channel
chawlow-Townes valug87]. For doing that, we note tha and¢(a)=[1—erf(a) Jexp(4?)~1 takes into account the fi-

Egs.(2) and(3) have just theT same form when written for the nite spacing between the two photodiodes of the split detec-
phase quadraturé9=(a—a')/i. The Petermann factor can . This spacing, normalized to the size of the befualf

then be c:'s‘llculated”elth'er from the "spontaneous” Noise Of i, gt 1k), is a=0.05, and erf is the error function. The
from the “vacuum” noise, as explained in detail in Ref.

. noise power of photocurremg, normalized to its own shot
[37]. We thus obtain noise. is

4koky7o(N1 )A;

f 2\ __ . 2 .
( ! 7= 1+ (Koka 707 12)(: 6Q3 o) (016) =1+ 7ol OPoour) @
——<N1>A1)
71

Kp=1+
The experimental results together with the fitting results are
(23) shown in Figs. 2 and 3. The values of the fitting parameters
used for these three figures arg,=10 °s, 7= 7{"®
with (:5Qiout:):<:5Piout:) for spontaneous emission =0.5x10 s, 7P?=1.22:?, 1,,=14 mA, which agrees
noise. This value is plotted in Fig.(@. We note that the with known parameters of the laser. The optical loss of non-
corresponding values &, are rather small, so that a direct lasing higher order spatial mode is larger than that of lasing
measurement of the linewidth enhancement factor is posmain mode, we take‘{"®=0.48®. The coupling of the
sible, but would not be very easy to carry out. non-lasing mode into the lasing mode k‘ézo_lglq.gpe),

In order to compare Eq(23) with standard results, one \yhich is 13% of the output coupling efficiency. The coeffi-
must assume that both modes see the same[@&incon-  (ients . and o are optimized in the fitting, and we take
trary to the more general situation that we considered before.. 74410.2, ando=0.57, which are compatible with an esti-
Taking thus(!}'ﬁAl:l(TO,; one obtains the usual result, in- yation based upon the spatial mode distribution. The pump
volving only “cold cavity” parameterg 36]: noise is taken as=0, which means a quiet pumping of the

semiconductor laser.
(24) From Fig. 2, we can see that the experiment is well fitted

by a theoretical model assuming a constant valuk; efk.

The noise of nonlasing mode increases with driving current.
If one wishes to define a “Petermann factoK, for the  As a result, more noise leaks into the lasing main mode and
excess intensity noise, one needs a reference value, that mieads to an increase of its noiggee Fig. 2a)]. The correla-

4koky

Kp=1+—o .
2 (1/7'1_1/7'0)2
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tion between the two modes also increases with driving curelearly increase the noise, without contributing to the ob-

rent accompanying the rising of the noise of nonlasing modeserved correlation between spatial modes.

The origin of the correlation, proportional tgkok;, is the The effects listed above were included for completeness,

loss-induced coupling between the modes. but from the good overall agreement shown on Fig. 2, they
As said above, the curves of Fig. 2 were obtaimgidhout ~ should in any case remain small.

readjusting the grating. On the contrary, if the grating is

slightly readjusted for high values of the current, we did V. CONCLUSION

observe that both the noise of the main mode and the corre- ) o ) )

lation decrease. This behavior is illustrated on Fig. 3 : by N this paper, we have studied in detail the quantum in-

iteratively doing such readjustments for each current, it wad€nSity noise of a semiconductor laser stabilized by external
possible to obtain values 0¢5PSout> very close to the cavity, which operates with a smgle_long|tud|nal mode.

single-mode values shown by the dotted line on Fig).2 Based on the egpenmental observgﬂons, we hav'e con-
This is in agreement with the behavior already reported inStrUCted a t_heoretlcal mod_el to describe both the_n0|se and
Ref. [35], though the required adjustements are more an e correlations of the lasing and nonlasing spatial modes.

more difficult to realize for high currents. This explains why h[?htheoretlca?: modelhflt; thethexpelr Imin:].(“.]ll:l}lte W%”' ial
the correlation is very noisy, though it is clearly smaller than ese results emphasize the role of higher order spatia
on Fig. 2. mode, which were already known to play a central role in the

spatial distribution of the intensity noi$85]. The new point

here is the importance of the coupling between the nonlasing
B. Possible improvements and lasing modes, that may be induced by a misalignment of
the external feedback. Such a coupling can actually be ob-
tained within the laser chip, due to defects in the waveguid-
2(c)]: the theoretical value of the correlation is larger than!Ng Structure, or to intracavity scattered light, which do not

the observed value. We discuss below possible ways to exely on an external misalignement. This “loss-induced” cou-
plain this missing correlation pling between cavity modes has an influence on the noise of

(i) It was said above that the relevant modes are not purg1e main mode, wh|ch is increased bY an amount that de-
TEq andTE,. From beam intensity measurements, we esPends both on the noise of the nonlasing mode, and on the

timated the admixture of modeE in the lasing mode to be coupling between the two ”f“’des- A non zero c'orrelat|or.1
less than 0.%in amplitudg. The resulting correction is too between the modes is associated to the increase in the noise

small to explain the discrepancy. level of the lasing main mode. The physics of this effect is

(ii) Other(even order transverse modes may be present,CIO.SQIy related. to the so_—called_ Petermann excess noise,
but will not be detected by the split photodiode. We knowWhICh appears in lasers with a single-lasing mode.
from the fitting of the spatial noise distributi¢B5] that the
modeTE,q has a contribution for the spatial noise, although ACKNOWLEDGMENTS

it is much smaller than that of modBE,,. As for mode T.J.C. was supported by a “Boursier du Gouvernement
TEjo, the loss-induced coupling between madéy and the  Franais” (BGF) fellowship. This work was completed as
main mode also depends on the alignment of the externgfart of the ESPRIT Project Number 20029 “Acquire” and

feedback. Since the spatial distribution is symmetrical, thesf the European TMR network “Microlasers and Cavity
misalignment might result from a non perfect adjustment OfQED.”

the collimating lens, or from geometrical aberrations. A di-
rect proof of the existence of a correlation between the lasing
mode and even order subthreshold modes might be obtaine
by using a spatial noise measurement scheme more sophisti-
cated than a simple split photodiode. In this appendix are recalled the main results of Rf§]

(iii) In Fig. 2(@) we used a fixed value of the mode cou- and[37].
pling coefficientk;=0.13/7P® . However, this parameter  Let us consider first the multimode cavity structure with-
may also depend on the driving current, owing to the beanout the gain mechanisiffcold cavity” situation). For quan-
steering observed on the free-running diode. We have thu$im consistency, the round-trip equation should include not
compared the experimental results with a model in which thenly the “laser” modes, which will see the gain, but also the
mode couplingk, is linearly increasing from zero to its ‘“vacuum” modes that correspond to the various loss chan-
nominal value as a function of the driving current. We havenels (output coupling, but also internal scattering, wave-
found a small quantitative improvement of the fithe  guide defects, grating misalignment.). In the general
curves remain qualitatively very similar with Fig. 2, and thus case, we introduce a set o+ 1 normalized and orthogonal
they are not shown here (classical mode functions, which correspond to all input

(iv) The coupling between transverse modes might not benodes into the system. Any mode can be decomposed using
the only effect of the misalignement of the grating. Effectsthis set as a basis, and will be written as a column vector
such as the appearance of longitudinal side mgd&§ or  {e;j,} (input modeg or {e,, (output modes For instance,
admixture of phase noise owing to phase amplitude couplinghenth basis vector is represented by a column with 1 on the
[41] cannot be completely excluded. These effects mawyth line and O everywhere else. The general input-output

A slight discrepancy can be noticed in the fitting for the
correlation between the lasing and nonlasing mddes Fig.

PPENDIX A: LOSS-INDUCED COUPLING BETWEEN
LASER MODES
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transformation for a round trip in the cold cavity can then bebution from the lasing one. This is clearly required for con-

written sistency, since by definition a “nonlasing mode” cannot
have a coherent field inside.
{€outt =S{ein}- (A1) We thus obtain the very important result that it is always

possible to choose asrthogonalset of modes in such a way
Since the set of mode functions will be used later on as Q.hat one |asing mode is Coup|ed to excess noise’ which
quantization basis, the scattering matBxis by definition  comes from all other modes, which contain only amplified
unitary, in order to insure that all operator commutation re-spontaneous emission. This justifies the “one-way” cou-
lations will be preserved in the input-output evolution. Sincepling used in the theoretical model. Physically and math-
the modes can be split in two sets of “laser” and “loss” ematically, the fact that the “leakage” from all subthresh-
modes, it is convenient to introducklermitian projection  hold modes in the lasing mode cannot be avoided is strictly
operatorsP andQ, such as equivalent to saying that thE matrix is non-normal, or that
- - B the semiclassical laser eigenmodes are nonorthogonal, or that

Pe=P, Q°=Q, P+Q=1, (A2) " there is “loss-induced coupling” between the laser modes
e loss modes being the ones which ar&ibut not inT).
According to the calculations done in R¢R7], the total
amount of excess noise which is brought in the lasing mode

_ _ is just given by the Petermann factor, and thus yields the

P{€oud =PS(P+Q){ein} =TP{en} +PSQein}, ) correct value for the excess laser linewidth. The present ap-
proach gives a quantum-mechanically consistent picture of

wherePSQe;,} corresponds to the contribution of the loss the origin of this noise, which can now easily be included in
modes, while the “truncated” scattering matflx=PSPde-  laser equations in order to take into account other relevant
scribes the input-output transformation for the laser mode§ffects such as saturation and sub-Poissonian pump noise.
only. In general,T is not unitary, and therefore cannot al-

. th
where P projects on the “laser” modes subset, and Q on thé
“loss” modes subset. One obtains, therefore,

ways be diagonalized in an orthogonal baéi¥e note that a APPENDIX B: LANGEVIN NOISE CORRELATIONS
matrix can be diagonalized in an orthogonal basis if and only .
if it is normal i.e., T'T=TT'. A unitary matrix is normal When the heat baths exhibit broad frequency spectra and

but the reverse is not tryeln semi-classical theorie@4] therefore allow the dissipation processes to be considered as
only T is considered, hence the name of “non-normal ;eso_Markovian, their correlation function corresponding to the
nator.” In all cases, it is possible to diagonaliZaén a non-  field E@s.(2) and(3) are given as
orthogonal basigu,} (with O<n=<m). More precisely, the

eigenvalues and eigenvectors Ditan be written under the

(PO) (£ ~(PO) (£71Y — 4
TU=UG, (A4)
(pe) (P€) (47\\ — Y
where U corresponds to a matrix with columns formed by (RO 7 ) 4Ti(pe) ot=t), (B2)
the m+1 normalized eigenvectorfu,} of T, andG to a
diagonal matrix formed by the corresponding eigenvalues AN (1))
va. In general, the eigenvectors Bfare nonorthogonal, and (&(DE))= +5u—t’). (B3)

thereforeU is not unitary.

The usual approach for calculating the Petermann exce
noise is then to introduce the matrik=(U~%)" with col-
umns formed by the eigenvectofs,} of T' (“biorthogo-
nal” basig. Here we will use a different approach, which is
the following. First, we order the eigenvectdns,} by de-
creasing modulus of their eigenvalues, keeping thus as t
last one the modei, with the lowest lossegeigenvalue
modulus closest to oneThis mode will be called the “las-
ing mode,” since in a fully homogeneously broadened laser
it will be the only one lasing. Then, starting from,, and
going down, we iteratively build an orthogonal bagig,} by . .
constructing mutually orthogonal linear combingﬁmc;n}s of theWlth 62.0 for a pump-nmsg—suppressed laser, ard for a
{u,} (Schmidt orthonormalization procedireThe lasing laser driven by a Poissonian pump,
mode is thus the last one included in the procedure. Since

SI§or the amplitude of vacuum field, we have

(C(H)C(t"))y=8(t—t"). (B4)
h‘ghe correlations and nonzero cross correlations correspond-
Ing to the excited carrier equation of motipEg. (8)] are

given by

(et =eps(t—t’), (B5)

is diagonal in the{u,} basis, it is simple to show that it is (CEP(HTER(t7)) = Mm_t,), (B6)
triangular in the{w,} basis. It is then obvious that the lasing Tsp

mode may include contributions from all othésubthresh-

old) modes, while no sub threshold mode will have a contri- (T(HOT(t"))=Ap{Ng)(ng) 8(t—t"). (B7)
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Finally, due to their same physical origin, the noise termswhere(:8P%,,:)=(8P%,,)—1 corresponds to the excess
associated with the stimulated gain for the photons and thaoise above the shot noise level. The *:” means that normal
stimulated emission for the electrons are perfectly anticorreerdering is used. As expected, whéN,; )=0, ie without
lated and have cross correlations gain, this noise is zero.

From the equation of motion of the lasing mddss. (2)],

, (no) , we can also get the fluctuation of the total excited carrier
(T(D&(t)) =~ ANy /5 -o(t—t). (B8 o o0 230 9

APPENDIX C: EXPLICIT CALCULATION OF THE SNg= — b ok, 5P,
NOISES AND CORRELATIONS Ao\ng

We present in this appendix the explicit derivation of the
expressions given in the main text for the noise power of the -
nonlasing moddEq. (9)], for the noise power of the main 0VNo
mode[Eqgs.(10),(11), and(12)], and for their correlatiohEqg. (C6)

13)].
( ')F]he stationary solutions are obtained after takingFrom this equation it can be seen that the contribution of the
dP;(t)/dt=0 anddN(t)/dt=0. From Eq.(8), the fluctua- nonlasing mode to the fluctuations of the total excited carrier

[295O (1) + 2y P (1) + 2&4(1) — VKoC(D)].

tions of the excited carrier number is number is via the coupling between the two modes. By com-
paring Egs(C1) and(C6), we get the amplitude fluctuation
—AgNgyn TP(t)+TEP (1) +T(t of lasing main mode as
5No=100\/—05P0+ (U +TEPW+0()
—+Agn —+Agn L
TSp 0ro TSp 0o T_+A0n0
(Cy OPog=————[koky 8P+ 27 (1) + 24P (1)
. oNoMNo
For the nonlasing mod€pP,)=0 andP,= 5P,. From Eq.
(3), we get the amplitude fluctuations as +2&() —VkoC(1)]
(po) + (pe) + + 1
A0+ 47PIO+ 460 2k, C(1) | . (TP 4 TP () 4T, .
AoNo\ng

1
m (NoA | | | |
(%) Using the nonzero correlations and input-output relation, we
can obtain the noise of the lasing mode as
It can be seen that the fluctuations of the excited carrier )
number has no contribution to the amplitude fluctuations of L+A n
the nonlasing mode. 5 1 Tsp 00 o=
Therefore, the variance of the zero-frequency intracavit)ﬂ SPBour) = (pe) 2 e V70
. . . L 70 ANo)nov g
amplitude fluctuations of the nonlasing mode is given by

LA A ’
1 —— TANg —— T AgNo
4 T_+<N1>A1) +(E_1) TSP + TSp
SP2y= c3 AZ(No)no79  \ AZ(Nohngy/=P?
(oP1) ( 2 (C3) o{No)no 7o o{No)No V' 7g
——<N1>A1) L ,
r
! 1 - +Aghg
. : . . . sp
The corresponding output amplitude is obtained using the X(ﬁ+AO(NO>+kO a By
usual input-output relations, 0" A(No)no/ 75
1 « [ koky(oP2)— — ok (o5
Py out=—== P; = 2/7PT (P9, (C4) 1 ‘
i,out \/?iﬁ; i i Y T_l_A1<Nl>

The variance of the zero-frequency output amplitude fluctuagn order to show the contamination effect clearly, the noise
tions of the nonlasing mode is given by of the lasing mode is written as two terms: one is associated
with the zero-coupling casek{=0) and the other corre-
sponds to the contamination coming from the nonlasing
mode Kgk;#0)

8(Ny)Ay

2
= _<N1>A1) 7P
71

<5Piout>:1+ :1+<:5Piout:>’

(C5) <5Pgout>:<5Pgout>|k1=0+<5Pgout>|k0k1- (C9)
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where 1 2
—+Apn
1 2 <5p2 ik, =koky TSP—OO
, 1 T_sp+A0n0 - Oout/ Ikoky — R0 A%<N0>n0 /—(—yTope
<5PO0Ut>|kl:0: T(()pe) A(2)<N0>no\/TE)pe) - TO 4
X[ (oP)———|. (C1D
1
T_+A0n0 T_l_Al<Nl>
+(e—1) 5
AZ(Noyno7Pe From Eq.(C5), we get
1 2 , ) QL) )
T_Sp+AOnO <5P00ut>|k0k1=kOkl(l+X)27'0 7_(pe)<:5|:)l,out:>'
) 0
A§(Noyno\/rF? (C12
1 The correlation between the two modes is given by
X | ——=+Ap(Ng) +k
(T&po) 0< 0> 0 C01:<5P00ut5P10ut>
T ! A
=1+(T°e) [—1+x+2x2+ e(1+X)], kok1 T_Sp+ oflo (P2
7- =
: N 99\ AdNgng )

(C10

—27P9(5P, ¥ PI(1)) — (6P, C(1))/ Kk
wherex=1/(75,AgNng). This expression is the standard result (8P (1) = (9P1C(V) \/—l)

from a single-mode theoretical model, which appears as a P
dotted line on Figs. 2 and 3. On the other hand, the noise = Vkoky(1+X) 7 ﬁ(:éPfout:y (C13
leaking from nonlasing mode to lasing mode is 7o
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