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Quantum noise in a laser with nonorthogonal polarization modes
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We describe the quantum-noise behavior of a laser that has nonorthogonal polarization modes. The nonor-
thogonality of the modes leads to excess quantum noise. Theoretically, we derive the excess noise dynamics of
the laser, including the saturation of the gain medium. Experimentally, we have measured the noise dynamics
in the polarization, intensity and phase degrees of freedom of a/8®1HeXe laser and we obtain good
agreement with theory. When the modes are made nonorthogonal we olgeexeess intensity and phase
noise, (i) spectral coloring of the excess intensity noise &id correlations between the polarization-angle
noise and the intensity noise. The excess phase noise is found to be partly suppressed by the polarization-
anisotropic part of the saturation of the gain medium.

PACS numbds): 42.50.Lc, 42.60.Da, 42.55.Lt

[. INTRODUCTION tical phase. In addition, we measure correlations between the
- .. intensity fluctuations and the polarization-orientation fluctua-
Spontaneous emission sets a fundamental lower limit tQ. .
. NN : ions, as a function of output power and mode nonorthogo-
the noise in a laser. This limit corresponds to a noise level of _ . . . . o
“one photon per modeT1]. It leads for instance to the quan nality. The relatively simple dynamics of the polarization
P P S . . d fluctuations allows a close comparison with theory. A simple
tum limit of the laser linewidth, first derived by Schawlow ) : :
. . theory, based on a modal analysis of inear cavity modes,
and Towneg2]. The existence oféxcesgjuantum noise, en- : o .
can give a first indication of the excess noise and spectral

hancement of the quantum noise by a fa&aelative to the - : i

. ; , . coloring due to mode nonorthogonality. However, we will

one photon per mode” level, was first predicted by Peter- : 2 . )
show that a propemonlineardescription of the gain medium,

mann[3] for gain-guided systems. Subsequently, Siegman

[4] showed theoretically that excess noise is a direct cons including _the saturation, is e_ssential to accurately qlesgribe
quence of the mode nonorthogonality that is characteristic gﬁhe experimental results. For instance, the excess noise in the

open resonators. In addition, he showed tKatan reach opt_lcal phase is not co_rrectly _predlc_ted by the linear theor_y,
. while good agreement is obtained with our extended descrip-
very large values in unstable-resonator lasers, where the

. ton.
transverse modes are nonorthogonal. The recent expenme%- In this paper we focus on the situation where the two
tal demonstration of such very large excess noise factors pap

[5,6] has sparked considerable interest in this phenomenolﬁonorthogonal polarization modes have a difference in loss

[7-12. but equal frequencies. Because of the difference in loss, there

Recently, it was shown that apart frolongitudinal or is only one Igsing mode and one can linearize the nonlinear
transversdaser modes alspolarizationmodes can be made aser dynamics around steady state. The case of two modes
nonorthogona' to create excess quantum nb]&_lﬂ The with equal loss but different frequencies has been treated in
polarization variant has the advantage that the laser dynanfRef. [13]. In that case, surprisingly good agreement was
ics is restricted to two modes only and hence the situation i§und between the experiment and the linear theory. Inclu-
inherently more simple than when dealing with a manifold ofsion of saturation of the gain medium is very difficult in this
spatial modes. In addition, in practical lasers the polarizatiorrase oftwo lasing modes, and we only discuss it briefly here
dynamics is relatively slow, so that the nonorthogonal-modédsee the discussion after EG.3)].
dynamics is easily accessible experimentally. We have used The experiments are performed close to threshold, in the
these advantages to demonstrate that excess quantum noisedgime where the spontaneous-emission noise is dominant.
colored[14]. This also means that the measured intensity-noise levels are

A quantum derivation of the excess noise factor for astill well above the shot-noise lim[tL6].

“toy model” of a laser that has two modes only was givenin ~ The outline of the paper is the following. In Sec. Il, we
Ref. [7]. The case of a laser with two polarization modesbriefly summarize the derivation of the excess noise factor
considered in the present paper is a realization of a two-modassociated with the linear anisotropies of the cavity; next we
system. However, this "toy model* neglects the nonlineari- extend the model, by including the nonlinearity of the gain
ties in a laser above threshold, which we will show to be ofmedium, and derive equations describing the power spectra
great importance for the excess-noise properties. of the quantities of interest. Section Ill contains the descrip-

In this paper we report a detailed study of the quantuntion of the experimental set-up to measure the various noise
noise in a laser with nonorthogonal polarization modes, exspectra. In Sec. IV, the experimental results are shown and
tending our previous results of R¢fl4]. We study the out- Sec. V contains the concluding discussion. In the Appendix,
put of the laser by measuring the fluctuations in polarizatiorwe derive the equations that were used to analyze the mea-
orientation, polarization ellipticity, optical intensity, and op- sured(polarization noise signals.
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Il. THEORY 3

A. Linear mode analysis o |

Excess quantum noise is associated with nonorthogonal
modes, which in our case are nonorthogopalarization
modes. In Ref[13], we showed how the introduction of
linear dichroism(difference in loss between orthogonal lin-
ear polarizationsin combination with circular birefringence A
(difference in refractive index between, and o_ mode$
in the cavity leads to nonorthogonal polarization mopas
alternative way to produce nonorthogonal polarization
modes is to use linear birefringence and linear dichroism at -4
45° (Ref.[15])]. We will review here briefly the polarization
properties of the laser neglecting the nonlinearity of the gain Q/A
medium. These can be described using the Jones matrix for-
malism,

Aq oA
o

FIG. 1. The normalized relative frequendgolid line) and

damping(dashed ling of the eigenmodes of the cavity as function
d. .. of /A. The polarization states of the eigenmodes are also indi-
aEz ME+f, (1) cated.

- ure 1 also shows that the modes become more and more
where E is a two-component complex-valued vector, de-jgentical(i.e., more and more nonorthogohathen || ap-
scribing the polarization state of the light in the caviis  yroachesa. In the linear description used in this subsection,
a 2x2 Jones matrix andl is the Langevin noise source de- the excess noise that results from this nonorthogonality can
scribing spontaneous emissidnis taken to be polarization- be obtained in two different ways.
isotropic. In our experiment we have circular birefringence The usual approach, as pioneered by Siegfddrfor a
and linear dichroism in the cavity. The circular birefringencelaser with nonorthogonal transverse modes, is to rewrite Eq.
Q) leads to a detuning of the two circularly polarized modes(1) into the basis of it§generally nonorthogongkigenvec-
and the linear dichroisrd>0 induces dissipative coupling tors. The required nonunitary basis transformation diagonal-
between the two circularly polarized states. This leads to thé&zes the matrix M, but leads to correlated noise sourfges
following form of Eq.(1) ina o, , o_ basis andf,,

d/E. iQ0 —A\lE, f, d(Ei\l (M O)\[E 1 (s
9B _ @ ~l_']= +— ] @
dt\E_ -A —iQJ\E_ f_ dt\E, 0 N2/ \Ez) sinalf,

whereE, andE_ are the slowly varying amplitudes of the Where v is the angle between the polarization eigenmodes

o, and o_-polarized light, respectively. The complex- On the Poincarephere[18]; in our case coa=|Q/A| when

valued Langevin noise sourcés andf_ have uncorrelated /<A and cosx=|A/Q)| when|Q[>A. Note that cog=0
real and imaginary parts and obey for orthogonal modes and cas=1 for parallel(i.e., maxi-

mally nonorthogonal eigenmodes. The correlated noise
(fF(Of(t")) =R 6(t—t"), for (i,j=+,—), (3)  sources in Eq(4) obey

whereRg, is the spontaneous emission rate into each optical (FL(OF (1)) =(3 (D) 2(t"))=Rspd(t—t"),
mode. The eigenvectors of the mathikgive the polarization . , ) (5)
eigenmodes of the resonator. The real and imaginary part of (f1(Of2(t"))=Rgpd(t—t')cosa.

its eigenvalues give their damping rates and correspondinlgg1 ) .
frequenciegqrelative to the carrier frequengyrespectively. this framework the standard arguminﬂ .to explain the
Specifically, the eigenvalues abe, ,= = JAZ— Q2. When appearance of the excess quantum noise is as.follow.s: when
|Q)| <A the eigenmodes have the same frequency, but differ®"® eigenmode has less loss than all other eigenmonles

ent losses. As the frequencies are the same, we call this tlf r lcage whe(;hQ|<hA)r,] tr?e I_(:wlest-loss elgennsogef) Wt”rl] be .
locked regime, in analogy to the frequency-locking in a ring- € lasing mode, which has Its loss compensated by the gain

laser gyro[17]. When|Q|>A, the losses are the same, but medium. The assumption in the standard argument is that the

the eigenfrequencies differ; we call this the unlocked regimel.aser is effectively single mode and that the nonlasing modes

The exact behavior of the eigenvalues is depicted in I:igcan be neglected. Thus the laser mode can be thought of as

1, where the dashed and solid curves give the losses ar%eing indgp_endently glriven by a noise sourceivv_ith a diffu-
frequencies of the eigenmodes, respectively. Also the polals-'Ion coefﬁment that. IS enha_nced by a factor"Sin The
ization ellipses of the eigenmodes are indicated. In théXCEsSS noise factor is then given by

locked regime, the polarizations of the eigenmodes are lin-
ear, whereas in the unlocked regime the polarizations are Ke — =
elliptical with the same main axis but opposite helicity. Fig- sifa A2—Q?

1 A2
(6)
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noise. This gives the following semi-classical equations for
30 the two amplitude& , andE_ of the o+ ando_ polariza-
tion modes
d :
S 20 mE+=(g—,BSI+—/3CI,)E++|QE+—AE,+f+,
xo_
(8a)

10 d
JU\ GiE-=(0Bd -~ Bl )E_—IQE_—AE, +f_,
(8b)

94-3-2-1 0 1 2 3 4
where g is the linear isotropic net gainBs is the self-
saturation coefficient an@, the cross-saturation coefficient.

FIG. 2. The excess noise factdt,, as function ofQ/A. Note | .=|E.|? represents the intensity of the. mode. We re-
that K, increases as the two eigenmodes become more nonostrict the discussion to a single-frequency laser tuned to gain
thogonal atQ)/A—1. maximum so thag is real and the saturation coefficients are

real (i.e. nonlinear dispersion is absgnEquation(8) corre-

Within this linear description the enhancement factor is exsponds to a class-A lasg20]; i.e., it assumes that the inver-
pected to multiply both the intensity noise and the phaseion dynamics is sufficiently fast that it may be adiabatically
noise. Note thaK diverges for|Q|—A; in this limit the eliminated. In the experiments, we observe clearly resolved
polarization eigenmodes become degenerate. The behavimlaxation oscillations, indicating that the inversion dynamics
of the K factor as a function of)/A is plotted in Fig. 2. can in fact not be adiabatically eliminatédlass-B laser

An alternative description of excess noise is obtained\evertheless, a class-A description turns out to be sufficient,
when using a unitary basis transformation to rewrite @¢. since the polarization dynamics occurs at frequencies that are
into an orthogonal basis that contains eigenmode 1 and eonsiderably smaller than the relaxation oscillation fre-

Q/A

perpendicular modé (not an eigenmodeto obtain[7] guency(typically 2 MHz versus 15 MHE[21, 22
The guantum noise sources in Ef) have been collected
d[Ei) [M (N =N VK—=1\[Eq| [f4 into f.. . In principle a Langevin noise source corresponds to
dt| E, “lo A, E, + fo each gain and loss term in this equation in accordance with

(7)  the fluctuation-dissipation theorem. As we assume to be
close to threshold we neglect the influence of noise in the
In this orthogonal basis the noise sourdgsandf, are un-  inversion on the intensity. Furthermore, we assume that the
correlated and have equal strength, but the dynamical evolyolarization-independent loss is much larger than the polar-
tion is such that fluctuations in tHe mode partially project ization dependent loss, thus the noise soufceandf_ are
into mode 1, since matriM is now triangular. This alterna- approximately equally strong and uncorrelated. With these
tive description gives a simple explanation for the appearapproximations spontaneous emission is the dominant noise
ance of excess noise: it originates through projection fronsource, and we may use E®) for f. andf_, both in Egs.
fluctuations in the other modésote the factor/K—1 inthe  (8) and(2).
off-diagonal matrix element in E7)]. It also shows thatthe ~ Because of the nonlinear nature of E(®), dealing with
excess noise has certain dynamics which is related to thé&e complex-valued field amplitudes becomes awkward. In-
modal dynamics and eigenvalues, leading to the spectral costead, we can rewrite the two complex-valued Eg.into
oring of the excess noidd 4]. four real-valued equations, by separating the complex elec-
Both approaches are easy to perform in two-mode contric fields in a real amplitude and a phade,(= £, e'%+). It

text, but in a many-mode context the first approfielading  is convenient to express these equations in the four experi-
to Eqg.(4)] is more suitable to calculate the magnitude of themental quantities: the polarization angle(6=0 when the
excess noise, as thié factor of the lasing mode appears principal axis of the polarization ellipse is aligned along the
directly in the strength of its noise sourf4]. The second high loss axis of the dichroisn#), the ellipticity angley,
approacHleading to Eq.7)] shows better the origin of the the intensityl, and the optical phase,
dynamics of the excess noise and, as it uses an orthogonal
basis, this method is suitable for a quantum description of bi—d_
excess nois¢7,8]. 0=—%5—, (9a)

B. Including th i i
ncluding the gain medium £ —¢,

We now extend the above analysis, and include the non- tany=s——-, (9b)
linearities of the gain medium by using a vector extension of A
Lamb’s third-order scalar theofy19] and include Langevin o o
noise sources to take into account the effect of quantum =& +¢&, (99)
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bt
i (9
The following equations are obtain¢a3]
L d I=—A 2
at T cos26cos2y+g
— B4l + ¥| cog2y+f7, (109
=0 A 20+ f 10b
aa— +m3ln 0+1y, ( )
d =A 2y sin 20+ f 10
ad)— tan 2y sin 20+ f 4, (109
d i 1 .
a)(:AcosZHsm 2x— Z(,BS—BC)I sindy+f,.
(100

The Langevin noise sources in the above equation are ch
acterized by the following correlation functions:

(fi()fj(t"))=ADg;a(t—t"), (113
i=A,=1, (11b
A=At (110

T o2y ©

whereD =Rg,/2I. We note that there are no cross correla-
tions between the different Langevin noise sources, so th

noise sources are independent.

PHYSICAL REVIEW A 61 033812

enough above threshgldand assume that the polarization-
anisotropic saturation forces the polarization of the laser to
be linear 3,— B.>0), the rotation of the polarization angle
can be derived from Eq$10), leading to the Adler equation,

dt6=Q+Asm26+f9.

(13

The properties of this equation, including the noise source
f,, have been theoretically investigated by Cresseal.
[24] in the context of a laser gyro.

In Ref. [13], we have measured the quantum noise of a
laser in the unlocked regime(¢|>A). The observed excess
quantum noise could be explained surprisingly well with a
linear mode analysis. The effects of the nonlinear saturation,
as incorporated in the Adler equation, only lead to a small
correction of the linear resu[tL3]. Further analysis of the
unlocked regime, beyond what is already present in Refs.
[13] and [24], seems prohibitively difficult and we do not
attempt it here. This difficulty is due to the presence of two
eigenmodes that lase simultaneously in combination with the

gponlinearity of the gain medium. If, in some way, the laser
would be forced to lase in only one of the two linear eigen-
modes(for instance if the gain medium would be spectrally
narrow enough to select only one modke problem could

be treated in the same manner as in the locked regime. Also
other theories describe excess noise only in a single-lasing-
mode contex{4,8]. In our experiments we will only use the
deterministicpart of the dynamics in the unlocked regime,
since this offers a diagnostic method to derive the values of
Q andA (see Sec. IV A

Returning now to the locked regimf@|<A, we linearize
ground the stable steady state, i.e., we wiitelo(1

+281), 0=060+ 386, x=xo+ Sx. Substitution in Eq.(10)

From Egs.(10) we can derive the stationary solutions l€ads to the following equations:

(I9,69,x0) by setting the time derivatives equal to zero and

neglecting the noise sources. RéY| <A, this leads to

_2(g—Acos 20,)

0o~ ﬁ +,8 ’ (12a
sin26,= — QJ/A, (12b
xo0=0. (120

The overall optical phase), of the laser is undetermined. In
the locked regime, the stationary polarization stasgnd

Xo) are not changed by the inclusion of the gain medium,

d -
ST=—28i1,81 —2Q080+f7,

at (14a
d 60= 00+ f 14b
& - Y 0 ( )
d =—-2Q06y+f 14
6= 200+, (a4

d

a5X:_(Y+ZBalo)5X+fX- (140

and are the same as for the eigenmodes in the linear analysis.

The stationary states are linearly polarizegy)€0), and it

In these equations we have introduced the difference be-

can be seen that the polarization angle has two solutions, Ween the loss rates of the lasing and nonlasing modes

stable and an unstable solution corresponding to the lasing 2

and nonlasing eigenmodes found in the linear analysis
Sec. Il A.

JAZ—0?, the polarization-isotropic saturation coeffi-
ofient B,=(Bs+ Bc)/2 and the polarization anisotropic satu-
ration coefficientB,= (Bs— B.)/2. Sincex,=0, the Lange-

When |Q|>A, we are in the unlocked regime, where Vin noise sources have now identical diffusion constgsis
there is no longer a stable polarization state. The polarizatioRds- (11)]. For orthogonal polarization mode$)(=0) the
angle of the laser will follow a nonuniform rotation making System simplifies further into four decoupled equations, and

the full problem of the four coupled Eqg&L0) very difficult.
When we can neglect the variations in the intendiger far

all four laser parametersil, 56,5y, ¢, are driven only by
their respective noise sources. For nonorthogonal polariza-

033812-4



QUANTUM NOISE IN A LASER WITH NONORTHOGONA. . .. PHYSICAL REVIEW A 61033812

tion modes, the four equations separate into two subsets of polarization  InSb
two coupled equations; polarization-angle fluctuatiéfisare Q A optics detector
coupled into the intensity fluctuatiors8 , and ellipticity fluc- - >_
tuationsSy enter into the phase fluctuatiors In fact Egs. —>

(14) are closely analogous to E¢f). The variables §1, 56, HeXe

¢, O6x) are orthogonal, the noise sources are uncorrelated,
and the excess noise appears because noise in the orthogonaFIG. 3. A schematic picture of the setup. The laser cavity con-

direction (56, 8x) couples into the lasing m0d®~(, b). tains a_qugsi Brewster-plate and coils are used to create an agial
The essential difference between E(.and(14) is that the ~ Magnetic field. The output of the laser can be routed through suit-
latter is obtained after including the nonlinearity of the gain@2!€ Polarization optics to measure polarization-noise signals. The
medium and linearization around the steady state. Thus, Eqrsgsqltlng intensity of the transmitted light is measured with a cryo-
(14) explicitly include the saturation dynamigthrough B; genic InSb detector.
and B,). 5 ,

The physical mechanism of the coupling leading to excess Ki=1+ QA (16)

. | = = ,

guantum noise can be understood as follows. When the po- A2-02 A2-0?
larization eigenmodes are nonorthogonal, the steady-state
polarization angle is not aligned with the principal axis of thewhich is the same as the excess noise factor following from
linear dichroism. As a consequence, polarization-angle fluclinear mode analysis in Sec. Il A, E&).
tuations result in a modulation of the net losses, leading to In contrast, when we calculate the enhancement of the
intensity fluctuations. The misalignment angle is given byphase noise we find
sin 20=—O/A [Eqg. (12b)], from which follows that the pro-
jection of polarization noise into intensity noise is given by 02
2A 860 sin 20=—20660 [see Eq(143]. Similarly, the elliptic- Kg=1+ [VAZ— Q2+ (B2 (17)
ity fluctuations are converted to phase noise by the circular a
birefringence. This strength is also determined by the nonor;e  |ess than expected from the linear mode analysis. The
thogonality of the mode$see Eq.(100] and leads to the qyigin of this deviation lies in the suppression of the elliptic-
term —2Q) 6. _ _ ity noise by the polarization-anisotropic saturatiof,l,

Taking the Fourier transform of Eq14) and calculating \yhich in turn results in a reduction of the excess phase noise.
the noise power spectra of the four variables results in:  Note that the enhancement of the phase noise depends on
how far the laser is above threshold.

Equations(14) also imply a third consequence of the
mode nonorthogonality, namely correlations between the in-
tensity fluctuations and polarization-angle fluctuations, and
D between the phase and ellipticity fluctuations. As reported in
{ 59(w)|2>:ﬁ' (15h  Sec. 1V, we have measured correlations between the intensity

Y and polarization angle. To describe these theoretically, we
need power spectra of the forffc, 81 (w) +c,660(w)|?), for
various real-valued constants andc, (see also Appendix

' (159 A). For the correlation term in these power spectra we find:

n 4072
,yZ_’_wZ

, (153

(|81 (w)|?)=

(2Bil0)*+ 0?

4072
1+
(y+2B4l0)*+ w?

<|¢<w>|2>=%{

(1% (w)60(w))=2Q 18)

(150 (v*+ w?)(2Bilot+iw)

The magnitude of this correlation depends on the nonor-
The excess quantum noise is identified with the last terms ihogonality of the eigenmodes via and y. For orthogonal
the brackets in the equations for the intensity and phase noisgodes (1=0) the correlation is zero, but when the modes
[Egs. (158 and(150)]. We now discuss some aspects of thehecome nonorthogonalX— A), the correlation increases. In
excess noise terms. Firstly, the excess noise is frequencyydition, this correlation depends on the output power, via
dependent or colored, as first discussed in R&#]. The  the g1, term; for higher output powers the correlation gets
origin of this frequency dependence lies in the polarizationsmajler. This is due to the fact that the intensity noise is

dynamics. Secondly, we can compare the excess noise dgsduced by the saturation and the polarization-angle noise is
rived in this section(i.e. including the nonlinearity of the ot

gain medium to the prediction of the linear mode analysis of
Sec. Il A. For that we take the ratio of the noise(t0
(orthogonal modesand the noise observed Qt#0, at zero
frequency (—0). In this way we calculate the excess noise The experiments were performed using a miniature HeXe
factor, K, both for the intensity and the phase noise. Thegas laselsee Fig. 3. The laser has a stable-cavity configu-
enhancement of the intensity noise is ration consisting of a 60-cm concave gold mirror and a

2y _

IIl. EXPERIMENTAL SET-UP
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30-cm concave dielectric outcoupling mirror with a reflectiv- laser ggtliactzz)lr delay line detector
ity of R=32%; the mirrors are separated by a distance of 7 ) . N
cm. The HeXe gas was RF excited and operated at a pressure (= 7
of 2 kPa. The 5 cm-long, 1.8-mm inner-diameter gas capil-

lary containing the gas mixture was terminated by two 0.5 0 0

mm-thick Infrasil windows having 92% transmission each. AOM  AOM

The laser OUtpUt_'S ?p“t by a 20-80% beamsplitter of FIG. 4. A schematic picture of the self-heterodyne setup. The
which the 20% part is directed to a large area InAs detectog vt of the laser passes an optical isolator and is split in two. One
to calibrate the output power and the 80% part is used tQqt is sent through an optical delay line. The other part is shifted
measure the noise spectra on a cryogenic InSb detector. TBejg MHz up in frequency by a combination of two acouto-optic
detector is connected to a home-built low-noise amplifiermodulators AOM's). At the end the two beams are recombined and
This combination has a noise level of 1 p\Wiz and a the fluctuations at the beat frequency are measured.
bandwidth of 11 MHz. The electronic signal of the amplifier
is fed into an RF-spectrum analyzer, which produces th
noise spectra. The frequency resolution of the presentepg
spectra is determined by the resolution-bandwidth used
ther 30 kHz or 100 kHg

To introduce the polarization anisotropies in the cavity,
we make use of an axial magnetic field and a tilted LaF
plate. The axial magnetic field induces Faraday rotation in

ith the RF spectrum analyzer and yields the amount of
ptical phase diffusiof25]. We have added an optical iso-

lator behind the laser to eliminate feedback and to avoid that
polarization fluctuations influenced the self-heterodyne sig-

the gas medium and leads to circular birefringence in the IV. RESULTS
cavity (€2). The tilted Cak plate introduces linear dichroism _ ) o _
(A) through the difference in reflection sf and p-polarized The presentation of the experimental results in this section

light. In the experiment we normally keep the angle of thehas been organized in the following way. In Sec. IV A, we
tilted Cak, plate constant and change the current through thétart with the method used to determileandA, as these are
coils generating the magnetic field to modify the nonor-the crucial parameters defining the nonorthogonality of the

thogonality of the cavity mode@s the nonorthogonality de- €igenmodes. We check the dependence of the steady-state
pends on the ratio of2 andA). polarization on the applied magnetic field in Sec. IV B. Next,

By inserting po|arizati0n_0ptica| e|ement($uch as a Sec. IV C describes the measurements of the noise in the

quarter-waveplate and a rotatable polarizeztween the la- Polarization parameters, and x. Following that, the effects
ser and the detector, we can measure polarization-angle flugf the nonorthogonality of the cavity modes are discussed: in
tuations, ellipticity fluctuations and correlations between theSec. IV D the excess quantum noise in the intensity noise, in
intensity and polarization-angle fluctuations. In practice, in-Sec. IV E the correlations between the intensity and the
stead of a rotatable polarizer we used a fixed optical isolatopolarization-angle noise, and in Sec. IV F the excess phase
as a polarizer, in order to eliminate feedback from the detecOIS€.

tor into the laser, in combination with a rotatable half-

waveplate. I

. A. Calibration of Q and A

Typically the laser was operated-%0 % above thresh- et

old, yielding output powers around-50 uW. Also taking The excess intensity noise depends sensitively on the non-

into account the effect of the incomplete invers{@Y], we  orthogonality of the eigenmodes, which is determined by the
expect intensity-noise levels that are one to two orders ofatio 2/A. Thus, it is important to know the values 6f and
magnitude above the shot-noise limit, in agreement with thé\, and in particular that of2/A. For this we use the fact that
experimental observations. the polarization of the laser output rotates when the
To measure the quantum fluctuations in the optical phasénagnetic-field-induced circular birefringence is larger than
we use an interferometric method to convert the phase noigée linear dichroismQ>A). In this regime the anharmonic
into intensity noise, namely self-heterodynifp] (see Fig. rotation of the polarization angle is described by the Adler
4). Schematically the self-heterodyne setup consists ogquationEq.(13)]. We measure this rotation rate by placing
Mach-Zehner-type interferometer where the laser beam i polarizer in the laser beam, and detecting the principal
split in two; one beam is shifted in frequency by an amountfrequency of the resulting intensity modulatifig].
of 5-10 MHz by using two acousto-optic modulators Figure 5 shows the result of a series of such measure-
(AOMs) in series(one shifting 40 MHz up, the other shifting ments. Here, the intensity modulation frequenayy, is
35-30 MHz down. The other beam is delayed by letting it plotted as function of the applied current through the coils,
propagate through an optical delay line; this beam bouncelg . Fitting the experimental data to the expected relation
back and forth between two curved mirrors that are spaced @,,:= 2 \/(alg+Q,)?—A? gives us both the circular birefrin-
meters, tracing a path length of 180 m. The two beams argence{)=alg+ ), and the linear dichroismA. Here, we
recombined and the interference signal at the difference freassume that the circular birefringence is a linear function of
guency is detected. The variation of the phase of the delayetthe applied currentg, with ), an offset due to stray mag-
beam with respect to that of the undelayed beam results inetic fields. Note the excellent agreement between the fit
phase variations of the beat signal. This can be measurezirve and the experimental data.
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FIG. 5. Intensity-modulation frequency due to the polarization FIG. 7. Curve 1 represents the noise signal containing the po-
rotation as a function of the magnetic field; the points are the exdarization noise. Curve 2 is the result when only the intensity noise
perimental data, the solid curve represents the theory. These datd the beam is measured; the curve is scaled to the amount of
are used to determiria situ the value of the circular birefringence, intensity noise in curve 1. Curve 3 gives the noise signal when no
Q, as function of the applied currerty, and the linear dichroism, light falls onto the detector. Curve 1 shows the frequency depen-
A. From the fit we finda/2m=2.64 MHz per Ampee, A/2w dence of the polarization dynamics.

=0.89 MHz, andQy/27=—0.19 MHz (see text
tion angled and the ellipticityy, respectively. To measure

B. Steady-state polarization the latter fluctuations, we use polarization optics that convert

Next we measured the steady-state polarization angle dpe polarization noise into intensity noise, which is detected
the laser light as function of the current through the magneti¢See Fig. 3 To measure polarization-angle noise, we use a
coils in the locked regime|(2|<A). The data in Fig. 6 were polarizer with its transmission axis under 45° with respect to
taken using the same set-up as for Fig. 5. the steady-state polarization of the laser output. For this

The behavior of the polarization angle of the lasing modechoice of angle the polarization-angle noise is maximally
as function of the magnetic field is described by Etph). ~ converted into intensity noisesee Appendix _

This is indicated by the solid curve in Fig. 6, where we used |n order to measure the ellipticity noise, we introduce a
the values of, ), andA as determined from the fit in Fig. quarter-wave plate before the polarizer. The quarter-wave

5. Clearly, the steady-state polarization of the laser behavd¥ate has its axes at 45° with respect to the steady-state po-
as predicted by theory. larization of the laser output, while the polarizer is set par-

allel to this polarization direction. This combination trans-
mits only one circularly polarized component of the laser
output. Since fluctuations in the amplitude of a circular com-

As is clear from Eqs(15), the origin of the excess inten- ponent are responsible for the ellipticity fluctuations, the el-
sity and phase noise lies in the fluctuations of the polarizatipticity fluctuations are converted into intensity noise by this
configuration(see Appendix In fact, it is not necessary to
remove the quarter-wave plate when switching from
ellipticity-noise to polarization-angle-noise measurement.
For the polarization-angle noise measurement, the transmis-
. sion axis of the polarizer is simply aligned with the fast/slow
axis of the quarter-wave plate so that the quarter-wave plate
has no effect.

Apart from the converted polarization noise, the noise sig-
nal detected after these polarization elements still contains
the intrinsic intensity nois¢see Egs(Al and A2]. In our
experiments the relaxation oscillations were at a higher fre-
quency than the polarization dynamics, so that the
polarization-noise contribution in the signal after the polar-

0.25 izer was considerably larger in magnitude than the intrinsic
| (A) intensity-noise contribution. To demonstrate this, the magni-
B tude of the various noise signals is shown in Fig. 7. This data

FIG. 6. Steady-state polarization angle of the lasing méas ~ was taken under same conditions as Fig. 5{1er 0. Curve
a function oflg, the current generating the magnetic field. The 1l is the “raw” intensity noise signal after the polarizer. It
points are experimental data, the solid curve is the theoretical presontains the polarization-angle fluctuations, the intrinsic in-
diction, Eq.(12b). tensity fluctuations and the detector noise. Curve 3 shows the

C. Polarization noise

0.6

0.3

4 ]

6, (rad)

-0.3

-0.6

O b——————

-0.25

033812-7



A. M. van der LEEet al. PHYSICAL REVIEW A 61 033812

50 (10""rad” Hz)

Ao, /27 (MH2)
N

w/2n (MHz) w/2n (MH2)

FIG. 8. Polarization-angle noise spectrudd] and ellipticity

noise spectrumd{y) for =0 MHz; these spectra were corrected 0

for the intensity noise and detector noise contribution by the method

described in the text; see also Fig. 7. The curves through the ex- /A

perimental data are Lorentzian fits, yielding a width of the

polarization-angle noise spectrutw,,/27=1.76 MHz, and of FIG. 9. Width of the polarization-noise spectra as functibi.

the ellipticity noise spectrum w4,/27=3.59 MHz. The squares are the experimental data of the polarization-angle

noise, the circles are the experimental data of the ellipticity noise.
noise signal when no light falls on the detector; this is theThe curves are theoretical; the curve through the polarization-angle
intrinsic noise of our detector-amplifier combination. Curvenoise data has no fit parameter. The curve through the ellipticity
2 represents the amount of intrinsic intensity noise present iflata contains one fit parameter, namely the strength of the aniso-
curve 1. This curve was obtained by aligning the polarizertmpic part of the polarization saturation. The horizontal solid line is
and the quarter-wave plate with the laser polarizatisee 2 fit to the polarization-angle noise data, see text.
Sec. IV D to measure the intensity noise in isolation. As a
next step, the detector noise sigriaée curve Bwas qua- gets larger. In other words, the polarization dynamics gets
dratically subtracted from this signal and the result wasslower ag(Q)|/A approaches 1, as is expected from Edd).
scaled down by the ratio of its output power and the outputt is also obvious that the widths of the ellipticity-fluctuation
power of curve Jabout a factor of 2, cf. EqA1)], leading  spectra are shifted by an offset. We attribute this shift to the
to curve 2. The prominent peak at low frequencies4(  polarization anisotropic saturatiofigl o [cf. Eq. (15d)]. The
MHz) of curve 1 shows that the polarization dynamics iscurves in Fig. 9 are based on E¢$5b) and(15d) using the
spectrally well resolved, as the intrinsic intensity noise andbarameters, (),, and A as determined from the measure-
detector noise are much less. At high frequencie8 MHz)  ment of the rotation frequenc{Sec. IV A). The curve de-
the intrinsic intensity noise also becomes important due tecribing the ellipticity noise contains a fit parameter, namely
the presence of relaxation oscillations. the offset ascribed to the anisotropic polarization saturation;

We extracted the noise spectra of the polarization angleve obtain a value of B,l,=1.83 MHz.

and the ellipticity by subtracting quadratically the intensity =~ We have measured the power dependence of the shift
and detector noisg26]. Figure 8 shows an example of cor- 23,1, at zero magnetic field(§ =0). The result is plotted in
rected spectra of the polarization-orientation noise and of th&ig. 10. This figure shows that whereas the width of the
ellipticity noise at )=0. The spectra in this figure are ellipticity noise spectrum increases linearly with the power,
Lorentzians as expected from the¢sge Eq(15)], the width  the width of the polarization-angle noise spectrum is inde-
of the Lorentzian fit to the polarization-orientation noise pendent of the power, as expected. The horizontal solid line
spectrum is smaller than that to the ellipticity noise data. Thes a fit to the polarization-angle noise data points, its height
widths of these Lorentzian curves yield information abouty/27=1.94 MHz corresponds excellently with the calibrated
the polarization dynamics, since they correspond to the revalue of the linear dichroism, which in this case was
laxation rates towards the steady polarization state. Theoret2A/27=1.94 MHz. From the linear dependence on the out-
cally, for the polarization-angle noise the width at half maxi- put power we determine the anisotropic saturation coeffi-
mum is expected to bAw,,=y=2JAZ—Q?, which is the cient,8,=17+10 kHz/uW. The error in our estimate @,
difference in loss between the two polarization modes. Thés so large becaug@, varied significantly from measurement
value found from the fity/27w=1.76 MHz agrees very well to measurement, we attribute this to fluctuations in laser
with Fig. 5 where we found\/7=1.78 MHz. The width of alignment and in gas compositiqgdue to the Xe clean-up
the ellipticity fluctuations spectrum contains as an extra terneffect[27]).

the anisotropic saturatiom w;,=y+28,lo. This explains Not only the width of the noise spectra, but also the total
the larger width at half maximum for the ellipticity noise in power contained in the noise spectra contains information.
Fig. 8. The ratio of the ac noise power and the dc laser output when

Figure 9 shows the measured width of the polarizationmeasuring the polarization noise specifies the mean excur-
noise spectragf and Sy, as a function of)/A; the cavity ~sion from the steady-state polarization vi&A 6?)
parameters were the same as for Fig. 5. It is seen that the [5{|56(v)|?)dv. Using the area under the curves in Fig. 8,
width of the spectra gets smaller as the magnetic fi€ld ( we can calculate the mean excursion of the polarization
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FIG. 10. Width of the ellipticity noise spectrécircles and FIG. 11. Intensity-noise spectra for different values of the mag-

polarization-angle noise spectfgquaresplotted as function of the  petic field. The extra noise contribution arising when the magnetic
output power. The dashed line is a fit through the ellipticity noisefig|g (ie., Q) is increased is clearly visible at low frequencies.
data points, the slope of this curve gives the anisotropic saturation.

he spectrum analyzer convoluted with the resolution band-

angle from steady state. In the case of zero magnetic fiel idth of the s :
. il pectrum analyzer. Although the resolution
this leads to the value of(A6%)=15 mrad and\(Ax) bandwidth is only 100 kHz in this case, the divergence still

=11 mrad. As the magnetic field is increased these exCursgacts the curve fronf) =0 up to roughly 0.5 MHz since
. . _1 . .
sion angles get larger, proportional 0 *. In the experi-  he intensity noise represents such a weak signal here.
ments the value of decreased maximally by a factor of 5, * | grder to extract from the intensity noise spectrum the
so that the polarization fluctuations remain relatively Sma"excess noise contributidithe extra noise caused by the non-
and the linearization approach still holds. orthogonality of the mod@swe quadratically subtract the
_ _ detector noise and normalize the intensity noise spectrum for
D. Intensity noise the nonorthogonal mode§(¥|>0) with respect to the inten-

The simplest way to measure the intensity noise of thesity noise spectrum for orthogonal mode@0). This is
laser is by removing all the polarization-sensitive elementglotted in Fig. 12. This figure shows that for high frequencies
between the laser and the detector, including the optical isghe excess noise is almost absent whereas it is strongest for
lator. We verified with a rotatable half-wave plate placed just
after the laser outcoupling mirror that no hidden polarization
sensitive elements were left between the laser mirror and the
InSb detector. A disadvantage of this measurement scheme is
that, as the optical isolator was taken away, careful align-
ment was necessary to prevent optical feedback from the
InSb detector back into the laser. Another way to detect the g
intensity noise signal is by having the polarization of the N
laser output parallel to the transmission axis of the polarizer.

Here the disadvantage is that the signal is sensitive to mis-
orientation of the polarizer. We have checked that both
methods yielded the same result. The first method is more
convenient in experiments where the steady-state polariza-

tion is changed and we used it to measure the excess inten- 0 2 4 6
sity noise as function of the magnetic field. We used the

second method when studying the correlations of w/2r (MHz)

polarization-angle noise and intensity noise as we already FIG. 12. The normalized intensity noise spectra of Fig. 11 em-

needed a polarizer to demonstrate the correlations in the firghasizing the enhancement of the noise due to the nonorthogonality
place. . . _ _ . of the cavity modes. This graph shows clearly that the excess noise

In Fig. 11 intensity-noise spectra are depicted for differents frequency dependent. At high frequencies the excess noise factor
values of the magnetic field. This figure shows that the in-approaches unity whereas at low frequencies it attains its maximum
tensity noise increases as the magnetic field gets larger an@iue. Dashed curves are the Lorentzain fits. From these fits we find
that this extra noise is frequency dependent. At low frequenaA/27=2.2(1) MHz, and}/A=0.83 and(}/A=0.97, respectively,
cies the excess noise signal is higher than at high frequenvhich agree very well with the polarization-rotation calibration,
cies. As an aside, we note that the divergence in the spectrunamely: A/2r=2.1(1) MHz and Q/A=0.83(2) and Q/A
around zero frequency is due to the zero-frequency peak of0.972), respectively.
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FIG. 13. Excess noise at low frequencies as function of the F|G. 14. Intensity noise measured after a polarizer for different
nonorthogonality; the solid curve is the theoretical expectationangles of the polarizer. Curve 1: the polarizer transmission axis is
based on the linear mode analysis. aligned with the polarization of the laser, this curve is equal to the

intrinsic intensity noise. Curve 2: the polarizer is rotated by 15° in

low frequencies, i.e. the excess noise is colored; this correlne direction, the correlation between the intensity noise and the
sponds to dyna;nics in the time domditd]. The déviation polarization-angle noise is seen in the reduction of the noise signal.
of the excess quantum noise in the experimental data at Ve&urve 3: the polarizer is rotated by 15° in the other direction.

low frequencies is due to the effect of the divergence at zerg

frequency. The dashed curves in Fig. 12 are fits to the nor§ponds to the relaxation oscillations of the laser. Curve 1 is
malized intensity noise spectra using E45a. The fit val- taken when the orientation of the polarizer is aligned with

ues obtained fo2 and A are in excellent agreement with the steady-state polarization of the laser light. As noted be-

those obtained from the polarization rotation calibration. fore, we ve_rn‘led that this case is |d_ent|ca| to th? intrinsic
In the linear mode analysis, in which the excess nois ntensity noise spectrum measured w_|thogtapolar|zer. Clir\.’e
follows from the eigenmode nonorthogonality, the dynamics gives th‘? spect_rum when the polarizer is rqtgtgd by 15° in
is neglectedSec. Il A). In our measured spectra this corre- one dlrect_lon, this angle was chosen to minimize the ob-
sponds to looking at the excess noise at low frequencies. T%e_rveo! noise at low freque_nmes. The fact that the_observed
verify this interpretation, we have extracted the excess noisg?'s€ 1S less than for the first case, proves the existence of

factor at low frequencie.5 MH2) from curves as depicted correlations between polarization-angle and intensity noise:
in Fig. 12. The result is plo.tted in Fig. 13 as function®fA if the polarization noise and intensity noise would have been

The observed enhancement at low frequencies is in gooanorrelated, adding the extra noise could only result in in-

agreement with the theoretical expectation, which is drawrﬁ:reased total noise. Curve 3 shows the case when the polar-

in this figure as the solid lingK, = 1/(14Q/A[?)]. We can izer is rotated from the position corresponding to curve 1 by
explain the deviation at higherl values 6/ A as.a conse- 15° in the other direction. In this case the polarization-

guence of the fact that the enhancement was taken at arour?”emat'on noise IS m'X?d n phase_z and the total amount
0.5 MHz (instead of at zero frequency of excess noise power increases with about a factor of 4, as

expected.

To quantify the strength of the correlations we took as a
measure the angle of the polariZerith respect to the polar-
ization of the laser outpufor which the low-frequency noise

The polarization mode-nonorthogonality not only intro- is suppressed most. The resulting angles are plotted in Fig.
duces excess intensity noise, but also gives rise to correld5 as a function of the magnetic field for three different
tions between the intensity noise and the polarization-angleutput powers R,,=40 uW, P,,=25 uW, and Pgy
noise[see Eq.(18)]. We verified the existence of the corre- =13 wW, respectively. The figure shows that the strength
lations by mixing the polarization-angle fluctuations into theof the correlation increases &3 (i.e., the magnetic field
intensity noise. This was conveniently done in our setup byncreases. This is to be expected as the correlations increase
placing a rotatable polarizer in the laser output. By changings the nonorthogonality increagsge Eq(18)]. Furthermore
the angle between the transmission axis of the polarizer antthe figure shows that the strength of the correlations de-
the steady-state polarization of the laser output, we contratreases as the output power gets higher. The solid lines are
the magnitude of polarization-angle noise that is mixed inlinear fits through the experimental data. The variation in the
[see Eq(Al1)]. slope of the curves in Fig. 15 is due to the different output

In Fig. 14, the resulting noise spectra are shown for thre@owers used. From the output power dependence of these
angles of the polarizer. The experimental conditions for thesslopes(see inset of Fig. 15 a value for the isotropic satura-
curves were:)/A=0.992), Al2r=2.5(1) MHz and B, tion can be derived[see Eg.(A4)], yielding B;=0.6
=26 uW. The bump around 10 MHz in the spectra corre-=0.2 MHz/uW.

E. Correlations between intensity noise and polarization-angle
noise
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FIG. 15. Angle of the polarizer for minimal intensity noise laser as a function of the magnetic field for two different output
after the polarizer as function of the magnetic field, for differentPOWers. The circles are experimental data whBz=0.61 MHz at
output powers.O, Py, =40 uW: 0, Pou=25 uW: V, Py, an output power of 3%uW. The squares are experimental points
=13 uW. The figure shows that the strength of the correlations is/ith A/27=2.32 MHz at an output power of AW . Curves 1 and
proportional to the magnetic field and inversely proportional to the? are theoretical curves according to Ej7) for the corresponding
output power. The three sets of data points are fitted with straighPUtPut powers. Dashed curve;, following from the linear mode
lines. The insert shows the slopes of the lines in the main figurénalysis(no polarization-anisotropic saturatjon
versus the inverse output powdt,:. The fitted straight line
through those points allows us to determigie the laser, the nonlinearity of the gain mediuspecifically:

E. Phase noise the polarization-anisotropic saturatjorennot be neglected.

We now discuss the last laser parameter described in Sec.
II, namely the optical phas¢ [see Eq. 15t As described in
Sec. Il B, ellipticity fluctuations are coupled into the phase We have examined the quantum-noise properties of a
noise, similar to the coupling of polarization-angle fluctua-HeXe gas laser both theoretically and experimentally, as
tions into the intensity noise. However, in contrast to thefunction of the nonorthogonality of the polarization modes of
excess intensity noise, the excess phase noise is affected the cavity. Theoretically, we have extended the usual ap-
the anisotropic saturation as already discussed in Sec. Il; it isroach to excess quantum noig¢eamely a linear mode
expected to decrease as a function of laser output power. Thamalysis of the lasg¢to a model that explicitly includes the
decrease will depend on the rafiial o/A. In order to make gain saturation, taking into account both the isotropic and
this decrease visible, we measured the phase noise at a highisotropic part thereof. Because the extended model is non-
power and a weak dichroismP{,=35 uW and A/2m linear, the usual approach in the linear mode analysis to ob-
=0.61 MH2 and at low power and strong dichroisrR{,;  tain excess noise factors, cannot be used. Instead, we have
=9 uW and A27=2.32 MH2. To detect the quantum expanded the equations around the stable lasing mode to
phase fluctuations we used a self-heterodyne set8ge. show how fluctuations in the polarization degrees of freedom
Il1), and measured the phase linewidth of the laser as fundi.e., noise in the nonlasing modiads to excess noise in
tion of the magnetic field. The value at zero magnetic fieldthe intensity and the phagee., noise in the lasing mogle
gives the reference value for orthogonal polarization modeSpecifically, we find that in our case the polarization-angle
(typically this corresponded to a linewidth in the range of 0.5fluctuations couple into the intensity noise and that the ellip-
kHz—-4 kH2. The excess noise factor of the optical phaseticity fluctuations couple into the phase noise.
Ky, follows from dividing the linewidth at nonzero mag- ~ The model also contains the noise dynamics, which is
netic fields by this value. This is plotted in Fig. 16. The solidusually lost after projection in the linear mode analysis.
curves are theoretical curves based on the output power athen the noise dynamics is negligible, i.e., at low frequen-
the value of the anisotropic saturation as determined in Secies, the extended model predicts the same excess intensity
IV C [B,=17(10) kHzpW]. Note the excellent agreement noise as the linear mode analysis. Frequency-resolved mea-
with the theoretical curves, which are based on the indepersurements of the intensity noise confirm the predicted mag-
dent ellipticity-noise data, without any free parameter. Figurenitude of the excess noise and show the dynamics of the
16 clearly shows the effect of the polarization-anisotropicexcess quantum noise, i.e., its coloring. The frequency band-
saturation; for high output power the excess noise factor fowidth of the excess quantum noise is a few MHz, i.e., a
the optical phase stays nearly the same as the magnetic fietduch slower timescale than the cavity round-trip timel(
is increased, whereas for low power the excess quantums). This is a striking example of the fact that the excess
noise is hardly suppressed. This proves that the linear modguantum noise takes usually many roundtrips to build up.
analysis gives a wrong result for the excess phase noise dhe coupling of the polarization-angle fluctuations and inten-

V. CONCLUDING DISCUSSION
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sity fluctuations introduced by the nonorthogonality of theextent it plays a role in that case. We also found the isotropic
polarization modes is also demonstrated by the experimentahturation 3;) to be important for a quantitative analysis of
verification of the correlation between these two. the power dependence of the excess noise, in particular for
The influence of the polarization-anisotropic saturationthe observed correlations between intensity and polarization-
shows itself in the ellipticity fluctuations. Measured spectraangle noisecf. Fig 15. Again a linear mode analysis cannot
confirm that the damping rate of the ellipticity fluctuations is describe this power dependence. Furthermore, it would be
faster due to the anisotropic saturation. This nonlineainteresting to explicitly demonstrate the coloring of excess
mechanism cannot be taken into account in a linear modgoise for nonorthogonal transverse modes.
analysis, and the observed excess phase noise is less than théSummarizing, the measured spectra of noise in the polar-
linear prediction. Experimentally, we measured that excesigation parameters, intensity and optical phase of the laser
phase noise is suppressed more for higher output powergfe in excellent agreement with a model including the non-
which confirms the role of the polarization-anisotropic satu-linearity and anisotropy of the gain saturation. In contrast,
ration. This shows that the excess noise factor for the phadée linear mode description only gives good results for the
can differ from the excess noise factor for the intensity. ~ enhancement in the intensity noise. For the phase noise the
From the power dependence of the strength of the correanisotropic saturation of the gain medium directly affects the
lations and the power dependence of the width of thedbserved excess noise factor.
ellipticity-noise spectrum we can determine the ratio of the
polarization isotropic saturation and the polarization aniso- ACKNOWLEDGMENTS
tropic saturation; this yieldg,/B;=0.028. For a laser with-

: : We acknowledge support of the Stichting voor Funda-
out pressure broadening the theory based on the coupling of o
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sure broadening €150 MHz at 2 kPa [28], leading to 1021 (Microlasers and Cavity QED
Ba/Bi=0.012. The coincidence with the experimental value
Ba/Bi=0.028 is within the same magnitude but may be for-

tuitous. _ ) In this appendix we will briefly derive the expressions for
In theory the excess-noise factor diverges WHeM  the noise signal after several polarization elements. We take
—1; in the experiment we observed maximum enhancethex axis along the polarization direction of the laser, so that

ments of 50. One reason for this is that a high stability of thenhe field of the laser output in they linearly polarized basis
set up is required for higk factors; reachindK, = 50, s described by

requiresQ)/A=0.99, so accuracies of better than one percent

are needed to achieve high€rvalues. Another point is that

when |Q|/A—1 the influence of small, unintentional bire- E=
fringence (for instance due to strain in the capillary win-

dows will influence the mode nonorthogonality and limit the \ith this definition, and linearizing around steady state, the
maximum enhancement. If these technical limitations coulcholarization-angle fluctuations a@g~ SE,/E, and the in-

be overcome, the next limit would probably be that the extensjty  fluctuations  are 8l = (Eq+ OE,)2+ SE2—E2

cess quantum n_oi_se is no longer small enouglh to va!idate 22F 5E,. A polarizer is inserted with an angle between
linearized description of its effect. It would be interesting t0 e transmission axis of the polarizer and thaxis. In first-

study the noise properties of a device with this kind of giantyger approximation of small fluctuations the signal after the
excess quantum noise. polarizer is:

It would also be interesting to see how far the insights
obtained here can be extended to nonorthogtraaisverse | atier= (1 0+ 1) COS Y+ 1 gSin 204 56. (A1)
modes. Unstable resonators are known to have nonorthogo-
nal transverse modes and can have very large excess noigbe equation shows that whefn=0 the signal after the po-
factors[5,6]. The unstable resonator, however, is much mordarizer does not contain any polarization-angle noise so that
complicated than the polarization mode case due to presencaly the intensity noise signal will be measured. Whgn
of many more transverse modes than the two polarizatior=45° and sin2=1 the polarization-noise signal will be
modes. A two-mode approximation does not describe thenaximal. In this case, the signalligie= (191 61)/2+1,56.
observed excess noise factors quantitatiy&]. Our results  Note that the signal not only contains polarization-angle
point to the important role of the nonlinearity of the satura-noise, but also a contribution of the intensity noise of the
tion. For instance, the anisotropic saturation of the gain meeriginal laser output.
dium can significantly modify the observed excess noise fac- To detect the ellipticity noise we use a combination of a
tor. So far, such anisotropy has not been taken into accoumjuarter-wave plate and a polarizer such that only one circu-
in the calculation of excess noise for nonorthogonal transtarly polarized componeritaken here to bé, ) is transmit-
verse mode$4,8,17 and it is completely unknown to what ted. The resulting signal is

APPENDIX: NOISE SIGNAL AFTER A POLARIZER
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1 dependent of the polarization-angle fluctuations. Taking the
lafier= 1+ 01 =5 (Ig+ 1 +2105x). (A2)  Fourier transform of Eqs(14) and setting the frequency
=0, yields the desired separation,

Again, apart from the ellipticity noise a contribution of the ~
intrinsic intensity noise is still present. Sl =2I06T=2I0 fi _@)
The spectra detected are the power spectra of the intensity 2Bilo  Bilog
noise after the polarization elementl ;e ®)|?). These o o ) o )
contain the sum of the intensity and polarization-noise conYVhen polarization noise is mixed into the intrinsic intensity
tributions. The polarization noise without the intensity noise"0is€ by a polarizer, this can act to compensate the part of
contribution is obtained by subtracting the intrinsic intensityth® intensity noise that originates from polarization-angle

noise quadratically from the total spectri@s). fluctuations. Com'blmng Eq(A3) w!th Eq. (A1) y|eld§ the.

In order to measure the strength of the correlations be@ndle #min for which the polarization-angle fluctuations in
tween the intensity and the polarization angle we want tdhe intrinsic intensity noise are compensated for after the
find the angley that minimizes the noise after the polariza- Polarizer,
tion elements. It is useful to write the intrinsic intensity noise

(A3)

in the laser output as a sum of two terms, one that depends Y™~ — i (A4)
on the polarization-angle fluctuations, and another that is in- Bilo
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