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Intensity coherence of a multimode Nd-doped yttrium aluminum garnet laser
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We measure the power spectral densities, at relaxation oscillation frequencies, of the individual longitudinal
modes and the total intensity of a Nd-doped yttrium aluminum garnet laser at low pumping rate. We then test
relationships between these quantities that are derived from the modal rate equations theory. The theoretical
relations for the two mode case are confirmed by the experiment. However, in the three-mode regime, theory
and experiments do not agree well.
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[. INTRODUCTION typically about half that value. A feature of both the experi-
mental data and the aforementioned models is the phenom-
There has been much recent interest in the spectra of irenon of antiphasing. This occurs at the ROF’s when there is
tensity fluctuations in multimode lasers because these lasedgstructive interference of the contributions of the individual
exemplify nonlinear oscillator arrays and because the spectiaser cavity modes to the fluctuations of the total intensity.
are a useful test of the theoretical models used for the laserSimple quantitative expressions that relate the power spectral
One of the earliest and most well known models is that duelensities of modal intensity fluctuations to total intensity
to Tang, Statz, and deMars, referred to herein as T§DIn  fluctuations have been derived for tWi& and three{10,11]
this model a modal expansion of the inversion den@tthe  mode operation of the laser. The relations describe how these
gain is employed, with a rather arbitrary truncation beinginterferences occur at each ROF, specifying which mode
needed to arrive at the set of ordinary differential equationgairs interfere constructively and which interfere destruc-
that constitutes the TSD model. Two other basic assumptionvely. For example, in two-mode operation where there is
that go into the model are that the gain medium fills theonly one-mode pair, at the lower ROF the modes are in an-
cavity and that the gain is distributed uniformly along thetiphase(destructive interferengend at the higher frequency
axis of the laser. Other models which do not make thes¢hey constructively interfere. Thus if the destructive interfer-
latter assumptions still, as a general rule, employ the samence is complete there will only be one resonance seen in the
modal expansion as TS[®2-6]. A more general approach power spectrum of total intensity fluctuations, that at the
that eschews the modal expansion, using so-called glob&ligher system frequency. It is important to stress that these
rate equations, was also develop&dl These models do not interferences at the ROF's correspond physically to the fluc-
incorporate the phase. At the level of the rate equations thaations of the field intensity and not the complex field am-
phase variables obey an evolution equation that is decouplglitude.
from the equations that describe the intensity dynamics. To While these expressions are predicated on a particular la-
reconnect the phase and amplitude variable requires a despr modeli.e., TSD, they have a certain universality in the
revision of the adiabatic elimination of atomic polarization, sense that they are independent of the detailed parameters of
which is performed in the rate equation derivation. This taskhe laser, such as pump ratmsofar as operation with a
is outside the scope of the present paper. given number of modes is maintained necessary condi-
Whether in the single-mode or in the multimode regime,tion for the derivation of these simple relations is that the
two frequency domains have to be distinguished. There arkfetime of the cavity modes is much smaller than that of the
the optical frequencies, characterizing the cavity eigenpopulation inversion. For solid state lasers with thé'Nibn
modes. They are shifted from the empty cavity frequenciess the active species this is generally the case. Experiments
as a result of the frequency pulling and pushing induced bwvith a LNP (lithium neodymium tetraphosphatiaser[12],
the light-matter interactions. However, there are also the rewhere these rates differ by a factor of abouf,18ave con-
laxation oscillation frequencie6ROF's) which are in the firmed these relations. One purpose of this paper is to put
kHz to MHz range for common solid state lasers. In prin-forward another case where these relations are tested, but
ciple, there are as many ROF's as there are modes, althougthere the decay rates differ by a smaller factor. It will be
this is not an absolute rul@]. When there is more than one seen that the relations are verified for two-mode operation
ROF, the ROF originating from the single-mode regime isbut not for three mode. It is well known that the TSD model
usually the one with the highest frequency, the others havingas limitations when applied to real lasers. In particular it
assumes that the gain medium fills the cavity and that the
pumping is uniform. Although neither of these apply to our
*Electronic address: mwh@physics.adelaide.edu.au laser, we persist with the TSD model because with this
"Electronic address: pmandel@ulb.ac.be model the relations can be derived analytically. Relations
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have been analytically derived for the two-mode case with a
rate equation model which takes into account the large scale
nonuniformity of the pump7], as one would find in an end-
pumped laser, but do not so far appear to be possible for
three modes or more, which is of particular interest here.
We use a multimode Nd:YA@eodymium-doped yttrium
aluminum garnetlaser, in which the upper state lifetime of
the lasing transition is 23@s[13] and the cavity lifetime is
2.0 ns. This latter value is derived from the ROF of the laser
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in single-mode operation. The ratio of decay rates is thus

~1.1x10°. The laser is operated in steady state with eithemwith m=1, ... N. In these equations,,, is the intensity of
two or three longitudinal modes, in which the relaxation os-modem, Ny andN,, are zero- and first-order spatial Fourier
cillations of the laser modes are globally coupled by gaincomponents of the population inversion, i.e.,

sharing. ForN laser modes there ailé ROF’s which occur

up to the single-mode RORA4], and are of the order of tens N :EJLN(X t)dx
of kHz making their direct study relatively simple. The Lo ' '
ROF’s are excited only by ambient noise in this paper. 2

In Sec. Il we review the theory behind antiphase dynam-
ics of the multimode laser in the context of the TSD model,
making explicit the connection between the experimentally

obtained spe_zctra and the variables_ of the t_heory. Then_ in Segith N(x,t) the population inversion density,, the optical

Il the experimental arrangement is described. Experimentalave number of moden, andL the cavity length. Time is
results for the two-mode case are presented in Sec. IV angheasured in units of the population inversion relaxation
there it is demonstrated that they agree well with theoreticaﬂime, w is the pump parameter averaged over the Cavity
predictions of power spectral densities of the modal intensitength, andy,<1 is the gain of modem relative to the
ties at each of the ROF’s. A confirmation of these resultsnaximum gain moden=1. In what follows, we order the
based on the cross-spectra between modal pairs is also pri@rodes according to their lasing threshold value, or equiva-
sented. In contrast to Sec. IV, we present in Sec. V resultiently in the case of the TSD model such that ;> - - -

from three-mode operation that show clear quantitative dis> vy, . Equality between two or more mode gains occurs in
agreement with the predictions of the theory based on thdegenerate cases, but we do not consider this possibility here
TSD model. The data suggest that in the correct model theince it does not correspond to any of our experiments. The
relative phases of the modal intensity fluctuations will bex parameter is the inverse photon lifetime that we assume
different, but that power spectra relations similar to the onegqual for all modes. One of the formal limitations of the TSD
introduced below will be obtained. Further, a recent compariinodel is that it describes a homogeneously pumped medium
son of a model incorporating nonuniform pumping with onefilling the cavity over its whole length. More complex mod-
that assumes uniform pumping shows that this aspect hard@ls _have been recently proposed fo_r a partially filled cavity or
affects the threshold properties of a lag#]. This leads us @n inhomogeneous pump mechanify7,16,17. However,

to suspect that the assumption of pump uniformity is not thé®S the inhomogeneity of the inversion acts mainly on the
relevant limitation of the TSD model. strength of mode-mode competition, we expect the TSD

model to give a qualitative description of the dynamics of
inhomogeneously pumped lasers by using an effective pump
value and effective mode gains.

As mentioned in the preceding sectiom,for Nd:YAG
lasers is about 0 For such a large value, and in the absence
. of parameter modulation, the TSD model displays fairly

In 1963, Taf‘g' Statz, and' deMars propqseq a Slmpl%imple dynamics. Fow<1, all modes are switched off. At
model to describe the dynamics of. multllongltudln.al modeW:1 the m=1 mode starts lasing, followed by the other
Fabry-Perot class-B lasefd]. Starting from a noiseless oqes asvincreases further. Whatever the pump value, the
semiclassical laser description, the derivation of the mOdeéystem always possesses a single stable steady state such that
proceeds in three stages. Firstly, the medium polarization ig,odes whose threshold is below the current pump value are
adiabatica"y eliminated. This Simplification holds if the Po- |asing while the other modes are not. If Weak'y perturbed,
larization lifetime is much smaller that both the photon andthe laser returns to its stable steady state via damped oscil-
population inversion lifetimes. This is in particular the caselations. For anN mode laser with all unequal gains, dif-
for the LNP, Nd:YAG, and semiconductor lasers. Then, theferent relaxation frequencies;> - - - > wy are found in the
population inversion is spatially Fourier expanded. The laspower spectra of the relaxation transients of each mode.
stage consists of discarding all but the first order Fourier For a small enough perturbation, Eq4) can then be
components. For &l mode laser, this results inN2+1 non-  linearized. Solving the linear equations, the relaxation tran-
linear ordinary differential equations, sient is given by

2 (L
Nm:EJo N(x,t)cog 2k x)dx

Il. THEORETICAL RESULTS
A. The TSD model
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N TABLE I. Sign of thea,  coefficients as predicted by the TSD
(D) =1t E (€am e 19+ c.c)+0(e?), (3) model for three-mode operation. The two-mode case is obtained by
Tok=1 ' removing theaz, row and thews column.

with |, &t being the steady intensity of mode vy, +iwy the

kth eigenvalue of the linear problem, aag , the amplitude - o2 @
of the mth component of théth eigenvector. As all the, Ak + - -
are negative, the transient is damped. It is important to note a,y + + -
that the coefficienta,, , are independent of the perturbation,  asg + + +
contrary to the complex paramete¢g that are univocally Atotk + + +

determined by it. Being linear, Ed3) applies also to the
total intensityltot=2mzllm if the a,, are replaced by
atot,kzii\'n:lamyk. The eigenvectors being defined up to a
complex scaling factor, we choosag, , real and not negative
for all k.

intensity transient. Indeed, the setfmodes is divided in
two clusters for eachw,: the N’ modes whosea, are
positive, and theN—N’ modes whose,,,, are negative.
Modes belonging to the first cluster oscillate in phase, but
they oscillate out of phasge., phase shifted by) with the
modes of the other cluster. Therefore, the total intensity os-
In the limit of large «, the frequenciess, scale as«'>  cillates with an amplitude resulting from the contribution of
while the damping rates, are ofO(1) [18]. These two time  the first cluster reduced by the contribution of the second
scales lead to the existence of a range of duratibissich ~ one. The second property af,  is that above the threshold
that w, *<T<1y, 1. That is, during a timeT, the laser dis- Of modem, all sgnfn\) are constant. These are given in
plays many oscillations without being significantly damped.Table | for three-mode operation. These two properties have
This fact simplifies the computation of the components of ~Pbeen demonstrated for atyand y,~1 [19], for N=2 and

the Fourier-transformed intensities over a limited durafion @ny ¥m [12], and forN=3 and anyyp, [11], but we conjec-
ture that they are valid for anil and anyy,,. It is now

straightforward to show that

JPT<|m,wk>=§sgr(am,kaT(lm,wk>, (8)

B. Fourier component relations

T )
]-"T(Im,wk)=J' Im(t)e_""ktdt~6kam’kT. (4)
0

This relation holds also faFt (1, wy) if am k is replaced by
Ak~ The set of relationg4) allows one to recover the
eigenvectors of the linearized TSD system from the Fourie
transform of the laser intensity time traces, sincedhandT
parameters are easily eliminated to give ard Cr(1 .l 0 ]=

f’;md

0 if sgn(amk)=sgnay k)

. 9

m otherwise.

am, kFr(lm, o) ~am Fr(ln,wy). S . , ,
my kT mg: @) =8y s F 1Ly 1) ® These relations are universal since they hold whatever the

perturbation, the pump or the gain parameters. Table Il illus-

C. Power and cross-spectra relations trates Eq(9) for all m, n, andk, in the caséN= 3. Equations
Checking the validity of the set of relatiors) is a diffi-  (8) and(9) describe interference of the modal intensity fluc-

cult task as everg,,  depends on the pumpand the modal ~ tuations. If argCr(l .1 n, i) ]=7, modesm andn are in

gain parameters,,. However, universal relations indepen- @ntiphase; that is, their fluctuations @ interfere destruc-

dent of the pump and the gains can be established using ti&/elY-

power spectral densitie$>SD) and cross-spectral densities  tag| E |I. Theoretical prediction of the cross-spectra complex

(CSD) defined, respectively, by phase afC(l !, wy)] for three-mode operation. The two-mode
1 case is obtained by removing the row and the column lahbgleds
Pr(ly0p) = _|}-T(| . ’wk)|2’ (6) well as the three columns correspondingatg. A null value indi-
T cates that modes and n oscillate in phase, whiler means that

they oscillate with opposite phase. These results follow immediately

1 from Eq.(9) and Table I.
CT(Imilniwk):?]:T(Imvwk)ﬁ(lniwk)a (7)

with the asterisk denoting the complex conjugate. To derive
these relations, it is necessary to refer to two properties of the

N
w

an« coefficients that hold in the limik>1. The first prop- o2 ls b 2 ls

erty is that alla,, , can be chosen real in a first approxima- 1, 0 0 0 0 = @ 0 0
tion. This comes from the fact that Rg() Iy 0 0 0 0 0 0 0 =
~ «km(ay, ). This fundamental property is at the origin of |, o 0 O =7 0 0 =« x 0
the antiphase laser dynamics, i.e., the absence or the strong, 0 0 0 = 0 0 = =« 0

reduction of thew,, ...,wy frequency peaks in the total
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A I: Fresnel rhomb was used between the YAG rod and the laser
D diode to minimize instabilities in the diode. At the other end
FPs of the YAG laser cavity is a spherical output coupling mirror
(R~98% at 1064 nmwith radius of curvature 2.5 cm. The
output coupling mirror was chosen for relatively low fre-

ll

Isolation
Fre quency relaxation oscillations rather than high output power.
T°.AEZ.C....<]._|: BS The output power is of order 1 mW. The optical length of the
PD Lo mj = cavity is approximately 2.5 cm giving rise to a measured

longitudinal mode spacing of 6.15 GHz. The laser operates
2220 ] A on the 1064 nm transition with up to six longitudinal modes,

PD (T depending on the exact cavity length and pump power. The
output beam had a good TEpitransverse intensity profile.
Output Coupler The output coupler was mounted on a piezoelectric trans-
ducer to allow fine control of the cavity length, so that we
E] — could offset the laser mode spectrum with respect to the gain
Diode Laser Tsolation Nd:YAG Laser spectrum and actively control its length with a servo-loop.

Figure 1 shows the optical setup for two-mode operation.

FIG. 1. Schematic of the optical part of the experimental setupThe laser cavity modes were separated using Fabry-Perot
for two-mode operation. ADC, analog to digital converter; PD, pho-jnterferometers. Optical isolation with quarter wave plates
todiode; T, total intensity; FP1, Fab_ry-Perot 1; FP2, Fabry-Perot_ 2and polarizing beam splittetsneasured to be approximately
FP3, Eabry-Perot 3; BS, beam sp!lttgr. For three-mode operatioryg dB) was used between the YAG laser and the Fabry-
one mirror is replaced by a BS as indicated. Perots. The modal and total intensities were detected with

o _ identical high gain, low noise photodiode-amplifier circuits
D. Application to noisy lasers (Photodiodes - Epitaxx, ETX 1000TWith up to four detec-

In practice’ every laser is a noisy device. The noise Origilion Channels, each modal intensity and the total intensity
nates from the spontaneous emissigmantum noiseand could be sampled simultaneously. Simultaneous sampling
from environmental perturbations. Modeling the noise prop-minimizes the effect of the thermal drift of the Nd:YAG laser
erties of an experimental Nd:YAG laser system is a formi-cavity by keeping the time scale of the measurement short
dable task, out of the scope of this paper. Therefore, wéd25 mg, and allows a determination of the scaling of each
choose to use a qua”ta‘[ive approach by mode”ng the nois@DtiC&' channel. We can then compare the measured total
effect as a series of instantaneous, independent and randdf{ensity (T1) directly with the summed modal intensities,
kicks that perturb the laser. Right after a kick, the laser rewhich is a useful test of our method.
laxes towards its steady state, until it is pushed again by yet The intensities were recorded with two, 12 bit, 2 channel
another kick. If the noise level is weak, the laser remains irRnalog to digital convertet®\DC's) (Gage Applied Sciences
the neighborhood of its stable steady state and the linedPC., CompuScope 5}2mounted in separate PC'’s. Each of
theory we have developed previously applies. The dynamicthe input channels recorded2points at a sample rate of
of the laser between two kicks is then described by By. 1 MS/s. The sampling interval was much shorter than the
with eache, being a random constant that is updated afteferiod of highest ROF £20 us) and the number of re-
each kick. If the average duratioh between two kicks is ~corded points gave an adequate amount of data for averaging
such thatw,(l<T< 7;1, the relationg8) and (9) still hold in the frequency domain. Once the appropngte mput range of
since they are independent of the perturbation. Moreover, th'e¢ ADC was selected, extra gain was applied directly after
laser does not have enough time to relax to its steady statB€ photodiode-amplifiers to maximize the signal-to-noise ra-
before being perturbed again. Therefore, the upper integrdi® (SNR) and resolution of the data. The recorded intensity
tion bound of Eq(4) can be taken much larger thdnAs a  data was transformed into the frequency donae, power
result, long time traces are appropriate to compute the PSD[%r cross-spectrumusing the modified periodigram method

and the CSD’s. 21]. i )
An aluminum spacer was used in the Nd:YAG laser cav-

Il EXPERIMENTAL SETUP ity. Due to thermal expansion, the frequencies of the laser
modes and their associated gains could change. We tempera-

Our Nd:YAG laser (Nd-1% concentration is end ture stabilized the laser cavity to minimize this effect. One
pumped by a 40 mW diode laser operating at 808 nm; se€abry-Pero{FP1) (TecOptics Ltd., SA-10 with a cavity life-
Fig. 1. The YAG rod is 10 mm long and 3 mm in diameter. It time of approximately 4.25 nsvas spaced with Invar which
is perpendicularly cut at the front face and Brewster cut ahas a much lower coefficient of expansion than aluminum. In
the other to force linear polarization, ensuring that the lasethe experiments we used it as a reference cavity to which we
system does not exhibit polarization instability and switchingactively stabilized one of the laser cavity modée first to
[20]. The front face of the YAG rod forms one end of the reach thresholdand therefore the laser cavity length. This
cavity; it is highly reflective at 1064 nm and partially reflect- fixed the position of the cavity modes with respect to the
ing (R~30%) at 808 nm. Optical isolatiofmeasured to be peak of the gain spectrum, and thus the relative gains of the
approximately 35 dBwith a polarizing beam splitter and a modes. We did this by applying a very low level dither to the
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piezoelectric transducer of FP1 at 1251 Hz which is far -5
enough away in frequency from the ROF’s of the laser to be
easily distinguishable when it appears in the power and
cross-spectra. A lock-in amplifier generated an error signal
from the intensity of the first laser mode to reach threshold__
which in turn was fed back to the output coupler of the YAG @
laser cavity. The combination of active stabilization of the g
laser cavity and simultaneous sampling of all intensities§_25
maintained a constant position of the laser cavity modes withHe
respect to the gain spectrum for the duration of the experi-8
ment. The other Fabry-PerdFP2 (cavity lifetime of ap-
proximately 230 pswas also dithered and, with a secondary =35 [ ‘s~
feedback loop, locked to the laser cavity mode it transmitted
(i.e., the second to reach threshold

For three-mode operation, the system was extended witt 45 } E : : :
the addition of a third Fabry-Per¢EP3 (cavity lifetime of 0 10 20 30 40 50 60
approximately 480 pssee Fig. 1. This Fabry-Perot transmit- Frequency (kHz)
ted the third laser cavity mode to reach threshold. In two-
mode operation FP2 was locked to the laser mode that RN
transmitted, using the same technique that was used for sta-

bilizing the laser cavity to FP1. In fact the data was acquireqNere calculated as a check of the scaling of the different

|trr1]_at;_out 055 ?jn? tge drlftlpf_;lPZ_,rwth?ut ;s;ablllzaué)n, In recording channels. Cross-spectra were also calculated for
is time proved to be negligible. Thus for three-mode op- i« ¢ 11 0dal intensities.

eration we did not lock FP2 or FP3 to the modes that the
transmitted. The photodiode-amplifier circuit used to detect
the intensity from FP3 was identical to those used previously. IV. TWO-MODE OPERATION

After further gain, this signal was fed into the fourth avail- In this section we use data recorded by our experimental

abII(:a cr;)anﬂel of thedAECS' d . he relati ._setup working in two-mode operation to check the validity of
or both two- and three-mode operation, the relative galn%e relationg8) and(9). The data set has been obtained for a

-15

d

FIG. 2. Power spectrum of the total intensity noise fluctuations,
0-mode operation. The system ROF’s are 7.50 and 36.25 kHz.

_?_f tze Lﬁ_ser cavgy T?hdels were alélvays cklosen tf:hbe uneqtut ump valuew=1.022, the first mode threshold beimg
tho 0 this We? se t?l aser mo etﬁpelc rum wi d resp_e'z[ﬁ =1 by definition and the second mode threshold being lo-
€ gain spectrum while viewing the faser modes Wi a.ateq atw,=1.010. The two relaxation frequencies,

Fa?r:yt;st?\rcc))t :f:goﬁsr:n.rgggczgiﬂegt?crgl ?:rt]:;lr):ﬁglr.ha dadif 36.25 kHz andv,~7.50 kHz, have been determined from
peration regimes, pt "the location of the resonant peaks of a modal intensity power
ferent amount of light impinging on the photodetector. To

make accurate calculatiotand for comparing our data with spectrum. The PSD of the directly measured total intensity is

other result§9-12), it is therefore important to determine :hf(; \?I/r\]/vlirc]itlf:]l%tzﬁ ;fhﬁqggm\r’ﬁdofiagzlskﬁgaﬁ?@223 irslaz )
the appropriate scaling for each optical channel. This was : ) P b

done by starting the laser in single-mode operatieach parent atw,, the PSD being made of a superposition of noise

. ) . and the low frequency wing of the, peak. Thew; andw,
time an experiment was performeand rgcprdlng that _mode_ PSD values computed from the experimental time traces of
with each channel. The standard deviation of the mtensmf . : .

1, |5, andlyy; are given in Table Ill. To check the consis-

noise was calculated from the data and the scalings foun(ii.enC and the precision of our measurement. we also com-
Therefore in both two- and three-mode operation, the inten- y P '

sity series were normalized to one of the optical channelgme.d the PSD c.)'lJ.FIZ' The last polumn of 'Table Il is
before transformation into the frequency domain. obtained by application of the relatioi8) that, in the two-

For each operating point the total intensity and the moda‘ﬂoOle case, reduce 142]

intensities were recorded. The power spectral densities of the

fluctuations of each of the total intensity, the sum of modal VPrsplliot, @1) = VPl 2,01) + VP(I 1, 01),
intensities, and the individual modal intensities were calcu-
lated. The sum of modal intensities, and its power spectrum, VPrso(liors @2) = VPl 5, 0) —VP(l 1, w,).  (10)

TABLE Ill. Power spectral densities for two-mode operati®i,), P(l,), P(l;o1) correspond, respec-
tively, to the measured modal and total intensity fluctuatig?($, +1,) is computed by summing the fluc-
tuation time traces of the two modal intensities, d@hdp(l1,) is obtained by application of E@8).

P(ly) P(15) P(lio1) P(l1+15) Prsplltot)
w1 0.14774 0.01301 0.24136 0.24837 0.24844
(o) 0.00538 0.00619 0.00029 0.00033 28H)°
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Magnitude (dB)
S S

Magnitude (dB)

&
<)

-400 10 20 30 40 50 60
Frequency (kHz)

FIG. 4. Power spectrum of the total intensity noise fluctuations
. . . . for three-mode operation. The ROF’s are 8.00, 11.75, and 47.75
AU S . S, i kHz.

-
w
[3;]

. X X : w»,. This result is consistent with the relatio(t0) and con-
A o S L - firms the content of Table Il limited to 2 modes.
This experiment and analysis have been repeated with
: : : : success for different pump levels and mode gains. We there-
et o e P - fore conclude that the relatiori8) and(9) hold for Nd:YAG
: : : : lasers in two-mode operation.

Phase (degrees)
©
[=]

'S
(9,

ot V. THREE-MODE OPERATION
0 10 20 30 20 50 60 We consider now data obtained by operating our Nd:YAG
Frequency (kHz) laser system with three modes. The third mode threshold is

FIG. 3. C ¢ ¢ intensity noise fluctuati betw located atw=1.024 and we operate the laservat 1.037.
- 9. LI0ss-spectrum ot intensity noise fluctuations be eerghe laser relaxation frequencies aig~47.75 kHz, w

laser modes 1 and 2, for two-mode operation. The ROF’s are 7.50 _ . .
and 36.25 kHz. Phase jumps occur at approximately 4.75 and 13.5 11.75 kHz, andv3~8.00 kHz. The total intensity power

kHz. A weak dither signa{1251 H2 can be seen in the magnitude. Spectrum is shown in Fig. 4. The, peak is clearly visible,

Electronic pickup from switch mode power supplies can be seen iIYVh”e a vestige of t_he‘)3 Peak is Obser_ved lto 2 dB a_bove
the phase at approximately 32 and 44 kHz. the background noise. It is very weak in comparison with the

w4 peak. No peak is distinguishable @b. The theoretical

values of s are given in Table |, so that E
In Table lll it is seen thaP(l ¢, 1), P(I1+12,01), @and  reduce to[llg]mm’k) g %)

Prsollior,@1) are in a very good agreement, their relative

differences being smaller than 3%. At first sight, the situation \/p_c(1,,,@,) = VP(I3,01) + VP15, w1) + VPl 1,01),
is far from being that good ab,: while P(ly;,w,) and (113
P(l1+15,w,) differ by a mere 13%Prgp(li01) IS ten times

smaller. However, this is only an apparent problem that can /P o (1., @2) = VP(I3,w,) + VP(15,0,) — VP11, 0,),
be rather well explained. Indee®rsp(l o1, wy)~3X 10 ° (11b
suggests that a very strong antiphase dynamics cancels most

of the w, oscillation in the total intensity. Therefore, /P . (1, = ws)=\P(l5,03)— VP(l5,03)— VP(l1,w3).

P(lio1,w2) and P(l,+15,w,) mainly measure the back- (110
ground noise intensity, leading toPrsp(lior,w>)

<P(lior,w2)=P(l1+15,w,)<1 which is exactly the situa- The experimental PSD’s computed from the laser inten-
tion illustrated in Table III. sity time traces and the theoretical predictions of the TSD

Using the cross-spectral meth¢@2], the phase pattern model are reported in Table IV. The agreement between the
between the two modes has been calculated, see Fig. 3. RSD's obtained by using the measured total intensity and by
w1, the cross-spectral phase is approximately zero, meanirgumming the modal intensity time tracé&olumns four and
that the two modes are oscillating in phase. With decreasinfjve) is not as good as in the two-mode case, despite careful
w, the phase of the cross-spectrum changes abruptly from éfforts in measuring the sensitivity of each optical channel.
to 7 at aboutw =15 kHz, leading to antiphase dynamics at The relative differences between these two estimates of the
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TABLE IV. Power spectral densities for three-mode operatiBfi;), P(I,), P(l3), P(li) correspond,
respectively, to the measured modal and total intensity fluctuatifis+1,+13) is computed by summing
the fluctuation time traces of the three modal intensitRigy(1o,) is computed from Eq(8) and Pyag(l or)
from Eq.(12).

P(l4) P(1,) P(l3) P(lio1) P(l1+15+13) Prsoll o) Ts5(lto0)
w1 0.11626 0.02957 0.00886 0.37732 0.32585 0.36850 0.36851
Wy 0.00225 0.00879 0.00217 0.00031 0.00077 0.00863 63868
w3 0.01687 0.00327 0.00628 0.00045 0.00071 0.01163 4188 °

total intensity PSD’s are 16%, 150%, and 56%cgt, w-, ences result from the inadequacy of the TSD model to de-
and w3, respectively. The large discrepanciesesgtand w5  scribe the structure of our Nd:YAG laser system. Contrary to
can be partially explained by the small ratio of the signal tothe hypotheses of the TSD modél) our laser active me-
background noise. Nevertheless, there is an agreement on tHiéim does not fill in the whole cavity, an@®) it is end-

magnitude of the PSD’s. The theoretical estimationPumped and the pumping power decreases exponentially
Prso(lor, 1) Matches well withP(l,o;, ;) (a 2% erroy ~ along the medium. These features affect the laser dynamics

and P(l;+1,+15,0;) (a 13% error. However, Putthey are not taken into account in the TSD model. This
Preoll ot @5) and Prep(l1or,@3) are much larger than their I_eads to clear dlscrepanmes between_the TSD r_nodel predic-
corresponding experimental values. Thus the TSD modeﬁons and the expenmental ob.servatlons. For instance, we
fails to verify the PSD relations for our three-mode laser ave obser\_/ed In some expenments that the seco.nd mode
setup. becomes brlghte_r than the first one once the pump is strqng
Nevertheless, by analyzing the experimental Cross_enough. Increasing the pump fu_rther can make the th!rd
’ ode to reach threshold the most intense. These observations

spectral figures, it appears that the intensity components annot be explained in the frame of the TSD model and show
the eigenvectors can still be chosen real, as predicted by the.: e are out of its range of validity.

TSD model in the asymptotic limit of large. We report the Knowing that the entries of Table Il are not all verified by

experimental evaluation of all sga,) in Table V. Before  the experiment, we rewrite Eqé8) using the experimental
analyzing this table in depth, we have to explain the selfyajues of Table V. They become

inconsistency found amongst iés,-column entries. Accord-

ing to the table],; andl, are oscillating out of phasg.e.,

phase shifted byr in this casg¢ while simultaneously oscil- ‘/
lating in phase with the total intensity. This is most probably
cau;ed by the small amplitu_de of the total intensif[yw@t VP Lo, 02) = VP(13,02) — VPl 5, 05) + VP(11,05),
relative to the background noise. Therefore, we decide not to
take into consideration the, entries of the total intensity
row. To remain consistent, we also do not considerdhe  VPrer(ltor,@3) =~ VP(I3,03) = VP15, 03) + VP(I1,03).
entries of the total intensity row since they could also be (12)
similarly affected. Even with these entries removed, the re-

maining underlined entries of Table V are opposite to theThese redefined total PSD’s are shown in Table IV in column
theoretical predictions of Table Il. Obviously, these differ- seven. Note thaP$ag(l1o1,®1) is unchanged relative to Eq.
(113. As already mentioned abov®L3[(l o, @1) mMatches
well with the experimental value. On the other hand, Table
v shows that $25(ltot, 2) and PLaE(lor, w3) are now

Tosr|rj(|totvw1):\/79(|3vw1)+ \/7)(|2,w1)+ \/P(Il,wl),

TABLE V. Experimental measures of the cross-spectra comple

phase afgC(l .1, , )] for three modes. A null value indicates that ler than th di - tal val “h
modesm andn oscillate in phase, whiler means that they oscillate smaller than the corresponding experimental values, how-

with opposite phase. Terms in opposition with Table Il are under-VeT: this can be explained with the arguments put forward in
lined. the two-mode case. Note thafP5¥5(1o;,w3) is small but
negative. This is due to the experimental noise that affects
o - w3 the measured functions and is of no significance here.

VI. CONCLUDING REMARKS

o
o
@
o
o
@
=
N
@

I 0 0 0 0 = 0 0 T o The good agreement in the two-mode case between the
[P 0 0 0 o 0 m m 0 0 experimental data and the theory based on TSD is not too
I3 0 0 0 0 T 0 7 0 0 surprising because of the very restricted range of possibilities
ot 0 0 0 0 0 = =« 0 o0 for the relative phase of the modal fluctuations. Thus the

two-mode case is a check of the experimental technique
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