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Direct measurement of the transverse excess noise factor in a geometrically stable laser resonator
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The excess noise factor due to the nonorthogonality of the transverse modes of a geometrically stable cavity
subject to large diffraction losses is measured. This transverse excess noise factor is isolated from other sources
of modification of the laser linewidth due to a differential measurement method, leading to the experimental
evidence of values as large as 13 in cylindrical symmetry. Moreover, it is shown experimentally that the
introduction of a well-chosen second diffracting aperture inside the cavity permits one to drastically reduce the
overall laser excess noise factor, without altering the laser losses and intracavity power.
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PACS numbdis): 42.55.Ah, 42.60.Da

I. INTRODUCTION the laser noise without modifying its losses or its intracavity
power. We conclude in Sec. IV.

The linewidth of a monomode laser is fundamentally lim-
ited by spontaneous emission into the laser mode, leading to
the well-known Schawlow-Townes linewidthil]. This
theory predicts a Lorentzian line shape for the laser power A. Description of the experiment
spectral density, which has been found to be in agreement
with experiment32-4]. However, more recently, it has been consists of two spherical mirrors1; (radius of curvature

shown that the non-orthogonality of the different laser mode$2 —0.5m and M, (radius of curvatureR,=1.2 m), sepa
=u. 2 2= 4. ) -

can give rise to an enhancement of this fundamental laser[’;\lted by a distancé. In this section we consider only a
linewidth. This so-called excess noise factor has been dis- y ) y

cussed[5,6] and observed7,8] in the case of gain-guided single circular aperture of diametef, Iocgted near mirror
semiconductor lasers and amplifiers. Independently, Siegman 1 In these_ conditions, we have seen in Rep] that the
[0-11] has shown that the non-Hermitian nature of the ransverse eigenmodes of the cavity become nonorthogonal,
Huygens-Fresnel operator for one round-trip tnstable leading to the prediction of a non-negligible transverse ex-

resonators leads to peculiar nonorthogonality properties afeSs Noise factoKy. However,Ky becomes significantly

the transversemodes of such resonators and hence to Iargémportant only for small diameter,, i.e., in the presence

excess noise factors. In such geometrically unstable cavitieg),'c .Iarge diffraction losses. .T.h's is why we choose the high-
excess noise factors as large as a few have been pre- gain\ =3.51 um laser transition of xenon. Moreover, for the

dicted[11—17 and observefiL8—21. Physically, this effect laser linewidth to be relatively important and hence easily
has been attributed to the adjoint coupling of the vacuu easurable, we choose a rather short cavity-0.27 m).

fluctuations into the laser resonaf@2,23. Concerning geo- he active me_d|um IS consequently a 17-qr_n-lon_g discharge
metrically stable laser cavities, it has recently been shown [uPe closed with two quasiperpendicular 5"'°33W'”{’3°W5- Its
that large output coupling could lead to a nonorthogonality?°"® diameter is 6 mm and it is filled with a 15-He- Gx‘?

of the longitudinal modes of the cavity and thus to an en- mixture at_a total pressure of 1.1 Torr. It IS excited with a
hancement of the Schawlow-Townes linewidth of the laser ™A continuous discharge current. The mirrbtg andM
[24—-27]. Moreover, since even in the case of a geometrically

II. SINGLE-APERTURE STABLE CAVITY

Let us consider the stable cavity schematized in Fig. 1. It

stable cavity the Huygens-Fresnel kernel is in general non- M, o Oy M,
Hermitian [10], the transverse modes of a geometrically \\
stable resonatomust be nonorthogonal. This has led to the I

observation of a peculiar behavior of the losses in such cavi-
ties [28] and to the prediction of the existence of a non-
negligibletransverseexcess noise factor in stable resonators
[29]. The aim of this paper is consequently to measure this R
transverse excess noise factor in a non-Hermitian stable reso-
nator. Section |l is thus devoted to the description of an
experimental method designed to isolate this transverse ex- F|G. 1. Geometrically stable cavity of length built with a
cess noise factor in a high-gain gas laser with a stable cavitypherical mirroM ; (radius of curvatur®,) and a spherical mirror
containing a single aperture. In Sec. lll we discuss whetheg, (radius of curvatur®,). The cavity contains a circular diffract-
the oscillating behavior of the excess noise factor in the presng aperture of diametep, located neaM, . A second aperture of
ence of a second diffracting aperture can allow us to controdliametere, can also be introduced near mirrr,.
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FIG. 2. @, measured evolution of the transverse excess noise
factor K1 versuse,; full line, corresponding computation df
with  ¢,=, R;=05m, R,=12m, L=027m, and A
=3.51um.
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have intensity reflection coefficient§=0.9 andr5=0.6, re-
spectively. Without any aperture inside the cavity, we com-
pute the TEM, fundamental Gaussian mode diameters to be
w; =699 um andw,=538um on mirrorsM; andM,, re-
spectively.

Then, as described in Reff29], we calculate the trans- FIG. 3. Experimental spectréinear scalg¢ of the beat notes
verse excess noise factidr of the fundamental mode versus between ther* ando~ eigenstates, together with their Lorentzian
¢,. Following Siegmari11,14,13, the exact field distribu- fits obtained for(a) ¢;=0.72 mm andb) ¢,=1.80 mm with the
tion of the fundamental mode is computed due to a Fox-LiS@me intracavity losses and the same output power.
iterative method and the value Kf; is obtained by compar-
ing the fields in both directions of propagation. The result of Here we wish to measure the transverse excess noise fac-
this theoretical calculation is reproduced in Figfal line). tor K+ alone. To isolate this term, we adopt the following
We observe experimentally that our laser reaches thresholdifferential procedure. Let us first choose a value of the ap-
for aperture diameterg, as small as 0.72 mm. In this case, erture diametep, for which we wish to measur. We
we expect to observe a transverse excess noise fgtas  then measure the width of the beat signal at atomic line cen-
large as 13.4see the full line in Fig. 2 To observe the laser ter by monitoring the output power spectral density on a
linewidth, we carefully compensate for the residual intracav-spectrum analyzer and fitting the resulting spectrum with a
ity phase and loss anisotropies and apply a 0.5-G longitudiLorentzian line shape. Figurée3 shows such an experimen-
nal magnetic field on the active medium. Then the Faradajal spectrum obtained fo;=0.72 mm, together with its
effect raises the degeneracy between the frequencies of th@rentzian fit. Notice that to improve the precision of our fit,
0" ando~ polarizations/30] and leads to a frequency dif- We perform it using the logarithm of the spectrum. The re-
ference of the order of 800 kHz between these two circularlygulting width of the Lorentziafull width at half maximum
polarized eigenstates. Then, as shown in [Raf], the ob- IS 253..1 kHz in Fhe case of Flg(é)..We then measure, QUe
servation through a linear polarizer of the spectral linewidth© @ piezoelectric transducer carrying miridr,, the maxi- -
of the beat note between these two polarizations leads to pum cavity frequency detuning for which the laser oscil-

direct self-heterodyne determination of the fundamental Iaselfites' We then remove the intracavity aperture and insert

. . : ; : another aperture with diametér;=1.8 mm neaM,. This
linewidth, as is now going to be performed in our laser. value ¢;=1.8 mm is the largest aperture diameter for which

the laser is transversally monomode at line center. We then
introduce extra intracavity losses using a sufficient number
In such a He-Xe laser, many effects must be taken int@f glass plates located near the aperture, so that the maxi-
account to predict the exact value of the fundamental lasemum cavity detuning for which the laser reaches threshold is
linewidth. Indeed, as summarized in the Schawlow-Towne®qual to the one measured with the preceding aperture. We
formula[1], this linewidth first depends on the cold cavity are thus sure that the laser losses are unchanged and we can
linewidth and on the power inside the cavity. Moreover, incheck experimentally that the laser output powers are iden-
such lasers, one must add corrections to take into account thieal in both cases. Moreover, the introduction of the extra
influence of the bad cavity regini82], the inhomogeneous intracavity losses nea ; permits us to make sure thigt is
transition linewidth[33], and the incomplete inversidi34]. identical in both cases since the spatial distribution of the
This leads to the appearance of extra factors in the lasdosses along the cavity axis remains unchanged. With this
linewidth that depend on the discharge current, the intracavaew aperture diameter, we obtain the spectrum reproduced in
ity losses, and the intracavity intensity. Finally, since in ourFig. 3(b), whose width is equal to 20.2 kHz. Consequently,
laser the diffraction losses, the mirror transmissions, and thtéhe ratio 253.1/20.2 12.5 of the widths of the two Lorentz-
losses due to the tube windowwindow intensity transmis- ians of Fig. 3 must be exactly equal to the ratio of the trans-
sion coefficienfT=0.9) are not uniformly distributed, a lon- verse excess noise factors in both cases, all other parameters
gitudinal excess noise factp?4,25,33 K, must appear. remaining unchanged. If we admit that the valu&gfcom-
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B. Experimental results
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puted for ¢;=1.8mm is correct (Kr=1.1 for ¢, 825 \1_ I

=1.8 mm; see the full line in Fig.)2we obtainK;=12.5 820 fe—r—K; Kr_|

X 1.1=13.8 for ¢;=0.72 mm, in very good agreement with ['Zj 15— \‘

the expected valuK+=13.4 (see Fig. 2 By repeating this 8 ' ‘-\ (a)
differential experiment for several valuesf between 0.72 % 10 o K/ \

and 1.8 mm while keeping constant losses and by multiply- 8 SEK—N T \\

ing the obtained linewidth ratios by the value Kf com- 2 0 e Py

puted for¢,;=1.8 mm(K;= 1.1 for ¢;= 1.8 mm), we obtain - 00 05 10 15 20

the measurements reproduced as closed circles in Fig. 2. ¢, (mm)
These measurements are in very good agreement with the
theoretically computed values df; (full line). Conse-
quently, the results of Fig. 2, obtained due to our careful
compensation of the variations of the losses an& of are

an unambiguous evidence of the existence of the transverse
excess noise factor in a stable cavity, with a value as large as
K+=13.4 obtained fokp;=0.72 mm.
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Since now our stable cavity contains an aperture of diam- FIG. 4. (8) Computed evolutions of the transverse excess noise
eter ¢, nearM, we know that it is non-Hermitian. In addi- factorK (full line), the longitudinal excess noise fact¢y (dashed
tion to the transverse excess noise fadtar measured in !in), and their productdot-dashed lingversusd; with ¢,=o,
Sec. Il, we have already mentioned above that the linewidtft1=0-5M, R,=1.2m, L=0.27m, A=3.51um, r1=0.9, 13

of the laser must also be enhanced by the longitudinal excess?-6: andT=0.9. (b) Corresponding theoretical evolution of the
noise factor, , given by[32] diffraction losses per round-trip versusa, .

(F1e+T2e) (1T 1l 20) | I are unchanged with respect to the case where only the first
L= T2 e IN(F 2l o) (1)  aperture is present in the cavitp§=o). Indeed, Fig. &)
lef2e T 1et 2e shows thatI'=90.4% for ¢,=1.0 mm, which coincides
where the effective amplitude reflectivities of the mirrors areWith I'=90.4% obtained fokp, = [see Fig. 4b) with ¢,

given by =0.77 mm. Consequently, by comparing these two situa-
tions, we expect the laser linewidth to be modified only be-
Me=Tyil1 (2)  cause of the changes & and K because all other laser
parameters must remain unchanged. By introducing the sec-
and
=0.77 mm
re=Tr2, () 520 "H.q)l—o—K IOOE'
It (8 Vo A L i [ o s =
i i issi - - LI i el 95 &
where vy, is the amplitude transmission of the intracavity o ok e =
aperture of diamete;. The computed evolutions df, B 10— e %0 ;(a)
K., and their producK{K, versus¢, are reproduced in E \ e
Fig. 4(a), together with the evolution of the associated dif- 8 51\~-~> 85 %
fraction lossegFig. 4b)]. As predicted in Ref[29], the in- s 00 180 R
troduction of a second aperture nédp (diameterg,; see ~
Fig. D in our non-Hermitian cavity must lead to a behavior
to some extent similar to the one of an unstable cavity. Let us
choose, for examplep,;=0.77 mm, which has been shown 525 » IOOE;
experimentally to lead to a transverse excess noise factor 220 97 &
K+=10.6(see Fig. 2 and for which we have computed dif- % Vi 2.
. . . @ 15 i — /}‘!‘T94 =}
fraction losses equal th =90.4% [see Fig. 4b)]. With the 3 SR E P T ;(b)
second aperture, Fig(&® then reproduces the computed evo- % 10 e = 91 2
lutions of the different excess noise factdts andK, , of 85 o R 88 &
their productk, K+, and of the total diffraction losseE, s 00 ------- e > 785 R
versusg,. Notice that Eq(3) must now be replaced by ! 3=
¢, (mm)
r2e=Tvyal2, 4 FIG. 5. Computed evolutions of the diffraction losses per round-

) ) o ) trip I' (M), the transverse excess noise fadfar (@), the longitu-
where vy, is the amplitude transmission of the second intra-ginal excess noise factet, (), and their producK, K+ (O) for

cavity aperture of diametep,. We can observe in Fig.(8  the fundamental mode of the cavity of Fig. 1 vershs, with the
that these quantities oscillate. In particular, we can prediCparameters used in Fig. 4 and with ¢;=0.77 mm and(b) ¢
that there exists a value gf, for which the diffraction losses =0.72 mm.
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FIG. 6. Experimental spectrdinear scal¢ of the beat notes FIG. 7. Same as Fig. 6 fdB) ¢;=0.72 mm andp,= and(b)
between ther™ ando~ eigenstates, together with their Lorentzian ¢1=0.72 mm andp,=1.00 mm with the same intracavity losses.
fits obtained for (@ ¢#;=0.77 mm and ¢,=» and (b) ¢,

=0.77 mm andg,=1.00 mm with the same intracavity losses. diameter ¢b,=1.0 mm must here also lead to almost un-

o ) ) changed diffraction lossed & 92.4%) and to the following
our cavity containing the first aperture of diametey

=0.77 mm in front ofM 1, we consequently hope to reduce Ki(po=20)K (=) 13.4x1.76
the laser linewidth by a factor given by Ke($=1.0 MMK_(¢,=1.0 mm ~ 3ex13l ~4.7.
6
Kr(o=22)Ki(ho=) 106158 ©
Ki(¢,=1.0 mmK (¢$,=1.0 mm T 34x1.27 U7 The corresponding experimental results are reproduced in

(5 Fig. 7. Figure Ta) corresponds to the presence of the first
aperture ¢,=0.72 mm) alone and leads to a width equal to
where the numerical data are taken from the computation228.0 kHz. We then introduce the second aperture with di-
reproduced in Figs.(4) and 5a). ameterg,=1.0 mm in front of mirrorM,. The correspond-
The corresponding experimental spectra are reproduced ing beat note spectrum is reproduced in Figh) 7exhibiting
Fig. 6. Figure 6a) corresponds to the presence of the firsta width equal to 44.2 kHz. Consequently, the measurement
aperture ,=0.77 mm) alone and leads to a width equal toof the ratio of these linewidths leads to 228.0/4422. Al-
140.9 kHz. We then introduce the second aperture with dithough the laser output power is now very weak and the
ameter¢,=1.0 mm in front of mirrorM,. Then we observe signal-to-noise ratio is poorer, the experimental result is still
that the cavity detuning range for which the laser oscillates i$n good agreement with the prediction of H).
unchanged, showing that the cavity losses, and consequently

the intracavity power produced by stimulatgd emission are IV. CONCLUSION
unchanged. Obviously, since now the equivalent transmis-
sion of mirror M, is diminished by the factor,<1, the In conclusion, we have experimentally isolated the trans-

laser output power becomes much lower. However, the funverse excess noise factlir in a geometrically stable laser
damental linewidth of the laser depends on the intracavitydue to a differential method that permits us to ignore the
power produced by stimulated emission and not on the outinfluence of any other factor on the fundamental laser line-
put power[10,35. The corresponding beat note spectrum iswidth. In the case of our high-gain gas laser, values of this
reproduced in Fig. ®), exhibiting a width equal to 36.0 excess noise factdf; as large as 13 have been isolated and
kHz. Consequently, the measurement of the ratio of thehe dependence dK; on the aperture diameter has been
widths of the spectra of Figs.(® and 8b) leads to found to be in very good agreement with the theoretical pre-
140.9/36.6=3.9, in very good agreement with the expecteddictions. Moreover, we have shown that the non-Hermitian
value[see Eq(5)]. nature of an apertured geometrically stable resonator permits
We have performed a similar experiment in the case of ais to drastically reduce the overall excess noise factor by
smaller aperture diameteér;, namely,¢»; =0.72 mm. Figure introduction of a second intracavity aperture. This illustrates
5(b) reproduces the corresponding theoretical predictionsthe fact that, to some extent, one can “restore the orthogo-
For ¢p,=o0, we start fromK, K;=23.63 and’=92.7%(see  nality” between the transverse modes due to the second ap-
Fig. 4). Figure 8b) then shows that a second aperture oferture. We have indeed shown experimentally that the laser
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linewidth can be reduced by a factor of approximately 5, Note added in proofRecently, an independent work on
without altering the laser losses, gain, or intracavity powerrelated aspects of the present problem has been published
This effect could probably find applications in the reduction[37].

of the linewidth of gain-guided semiconductor lasers, where

an excess noise factor exists in the absence of any intracavity ACKNOWLEDGMENTS

aperturegl 5—8]. Moreover, now that the excess noise factors

induced by the nonorthogonality of the longitudinal and/or The authors are happy to thank B. Catarino and G. Loas
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