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Mode-correlation times and dynamical instabilities in a multimode cw dye laser
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Correlation times of mode amphtudes in a multimode cw dye-laser system have been measured
using intracavity absorption spectroscopy. The dependence of the mode-correlation times on the
spectral power density in the laser cavity has been investigated in detail. At low spectral power den-
sities, surprising discontinuities are observed and interpreted as dynamical instabilities in the laser
system, At high spectral power densities, the mode-correlation time approaches a constant value.
These observations are described by a system of two nested, self-referential feedback loops explain-
ing the behavior of the laser system. The resulting model is discussed within the concepts of gen-
eralized multistability and presumably chaotic behavior,

I. INTRODUCTION

It is important for the analysis of nonlinear dynamical
systems far from thermal equilibrium (synergetic sys-
tems') to treat them by nonlinear methods. A lineariza-
tion often leads to incomplete results which do not ac-
count for the essential qualities of the system under con-
sideration.

For quantum optical systems like lasers which are
governed by the semiclassical Maxwell-Bloch equations,
Haken has shown the striking analogy with turbulent
systems obeying the Lorenz equations. i These systems
often show instabilities which are formally equivalent
with thermodynamical phase transitions if they are con-
tinuously driven away from thermal equilibrium. Due to
fundamental fluctuation-dissipation relations, stochastic
forces are imposed on the dynamical behavior of non-
equilibrium systems. These forces give rise to fluctuations
which are of purely stochastic character. Furthermore, in
certain parameter ranges synergetic systems can behave in
a way which is known as deterministic chaos if they have
at least three degrees of freedom. ~

In order to investigate quantum optical synergetic sys-
tems theoretically as well as experimentally, two limiting
cases can be considered:

1. A system with strong and simplified boundary con-
ditions such as a single-mode laser with an injected exter-
nal signal or with a saturable intracavity absorber. In this
low-dimensional case a numerical analysis should be pos-
sible.

2. A system with an infinite number of degrees of free-
dom (NDF) like a multimode laser with a completely
homogeneous gain medium. Systems of this kind could
be theoretically treated by asymptotic solutions.

Quantum optical systems of type 1 have often been in-
vestigated in recent years. Observations of instabilities
and transitions to chaotic behavior have been reported by
various groups.

The situation is somewhat different for systems of type

2. Usually dye lasers are considered as laser systems with
a predominantly homogeneous gain medium. However,
standing-wave linear dye lasers exhibit at least small spa-
tial nonuniformities. Therefore, the condition of a com-
pletely homogeneous gain medium can never be exactly
fulfilled. On the other hand, ring dye lasers as systems
without standing-wave effects emit a rather small
linewidth compared with linear dye-laser systems. For
this reason, in ring dye lasers an upper limit is set for the
NDF. Therefore it is obvious that there are fundainental
problems in realizing the boundary conditions for systems
of type 2 by means of dye-laser systems.

As in the case of single-mode lasers, much work has
been reported on the dynamical behavior of multimode
laser systems during the last years. 6 In particular, we
refer to a paper of Westling et al. , who measured the
temporal autocorrelation of the total broadband output in-
tensity of a multimode dye laser. At a certain critical
laser power, the autocorrelation of the total output inten-
sity changed discontinuously, thus showing the typical
feature of a laser instability (nonequilibrium phase transi-
tion).

In the present paper we demonstrate a novel method for
measuring average correlation times of individual modes
instead of the total output intensity of a multimode dye-
laser system. This method is based on the technique of
intracavity absorption. It uses the concept of finite mode
lifetimes in cw laser systems which has been stressed in a
recent publication.

In Sec. II a reinterpretation of the finite mode lifetimes
as mode-correlation times will be discussed. Furthermore,
the self-referential character of multimode laser systems
with respect to some of their properties will be elucidated.
Section III describes the experimental method for measur-
ing mode lifetimes in a standing-wave multimode dye
laser. The experimental results are reported in Sec. IV.
They allow a clear distinction between the behavior of the
system in different regimes of its spectral power density.
The discussion of the results will be carried out within the
framework of the theory of synergetic systems.
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II. MODE LIFETIMES IN ew MULTIMODE LASERS

A. Mode lifetimes and mode-correlation times

It is the intention of this section to introduce a new,
fundamental interpretation of the finite mode lifetimes in

cw laser systems. This interpretation will be especially
important in view of the laser as a synergetic system. In
this context, the essential parameters of a quantum optical
system have been defined by Haken. ' The pump power is
regarded as an external control parameter of the system.
The mode amplitude or the mode intensity, respectively,
serves as an order parameter in the sense of Landau. The
mode intensity is a measure for the action of the laser sys-
tem.

%ith growing pump power the gain medium is driven
away from thermal equilibrium, until a critical value is
reached beyond which stimulated emission prevails. At
this threshold pump power a process occurs which can be
described analogous to a second-order thermodynamic
phase transition. ' "

Above the lasing threshold, the state of the quantum
optical system is characterized by the coherence of the
emitted radiation, thus representing a high degree of or-
der. In case of a single-mode laser the statistical proper-
ties of the emitted light are quite well investigated. ' In a
crude approximation, a single-mode laser system well

above the lasing threshold follows Poissonian light statis-
tics:

(hN) —(N),
where (N ) is the average photon number (order parame-
ter), and (hN) is the average fluctuation of the photon
number.

In multimode systems the fluctuations of the emitted
light per mode j consist of a superposition of Poissonian
and non-Poissonian statistics

«N, )'-(N, )+ (N, )'.
Of course, the latter ones predominate well above the las-

ing threshold. Furthermore, they are responsible for the
limitation of the mode lifetimes in a cw multimode laser
system. It should be mentioned that the explanation of
non-Poissonian statistics in multimode lasers does not re-

quire any pump fluctuations. Non-Poissonian statistics
result already from intrinsic quantum-statistical fluctua-
tions (such as spontaneous emission). The fluctuations of
the total output power are Poissonian, as in the single-
mode case.

From the preceding considerations it is clear that the
fluctuating parameters in a multimode laser system are
identical with its order parameters (the mean photon
numbers or the mode amplitudes). The correlation time
of these order parameters is governed by their fluctua-
tions. It is a measure for the coherence properties or,
from a different point of view, for the stability of indivi-
dual modes.

The correlation in one particular mode is interrupted if
the mode amplitude is quenched by fluctuations. Since
this is exactly the mechanism by which the mode lifetime
is defined, it is convincing to identify the mode lifetime
with the correlation time of the mode amplitude.

With this interpretation a convenient measurement of
mode-correlation times in multimode lasers can be per-
formed. As described in a recent paper, the mean mode
lifetime is a quantity which is experimentally accessible
by intracavity absorption spectroscopy. The application
of this method will be discussed in detail in Sec. III.

b, A, -(tm~, ) (3)

This dependence is due to the nonlinear mode coupling
provided by the gain medium. Since those modes which
exist in the wings of the gain profile are exposed to a
lower net gain than modes which are close to the center of
the gain profile, the nonlinear coupling gives rise to a
redistribution of the mode intensities. Weak modes
deteriorate and strong modes are further amplified. In
this sense, one arrives at a time-dependent picture, in
which the modes in the wings of the gain profile die out
as the mode lifetime advances.

If the total output power P of the dye laser is not
changed, the spectral width of the laser emission defines
the spectral power density P/hA, . This implies that the
spectral power density increases with increasing mode
lifetime t ~,

On the other hand, an increasing spectral power density
gives rise to an increasing influence of fluctuations on the
intensity of individual modes. As a direct consequence,
the average mode lifetime decreases with increasing spec-
tral power density due to the intensity fiuctuations in the
individual modes.

The mutual relationship between the mode lifetime and
the spectral power density can be regarded as a so-called
self-referential system. This means that the mode lifetime
is finally dependent on itself via the intermediate steps
which are schematically illustrated in Fig. 1: An increas-
ing mode lifetime provides a spectral narrowing of the
laser emission. Therefore the spectral power density in-
creases and the influence of the intensity fluctuations in
individual modes is enhanced. As a result, the mode life-
time will be reduced. This control process prevents the
system from spontaneous single-mode operation which
would imply an infinite mode lifetime. The self-referential
character of the system guarantees that a finite equilibri-
um value of the mode lifetime is reached at every given
power.

Generally, for an increasing spectral power density the
mode lifetime has been shown to decrease. However, the
mode lifetime as a function of the spectral power density
can show additional interesting details, which mill be dis-
cussed in Sec. IV. These features differ from the overall
behavior. Therefore, modifications of the purely stochas-
tic theoretical approach given in Ref. 8 might be extracted
from such details.

Of course, in an ideally homogeneous gain medium the
number of lasing modes is identical with the NDF of the

B. Mode lifetimes as self-referential quantities

As Baev et al. ' have derived from the analysis of a
rate-equation system, an enhanced mode lifetime t ~,
lowers the spectral bandwidth hA, of the laser emission ac-
cording to
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FIG. 1. Schematic diagram of the self-referential feedback

loop between the mode lifetime and the spectral power density.

The mode lifetime influences the spectral power density via the
nonlinear mode couphng. On the other hand, the spectral power
density modifies the influence of intensity fluctuations on the
lifetimes of individual modes.

FIG. 2. Extended model of the self-referential system
described in Fig. 1. An additional feedback loop between the
spectral power density and the nonlinear coupling is introduced.
It accounts for discrete changes of the degree of gain inhomo-
geneities at critical values of the spectral power density.

system. If the gain medium contains inhomogeneous con-
tributions, the coupling between individual modes is
enhanced. This agrees with the results of a numerical
analysis performed by Brunner et al. '6 In case of a strong
mode coupling (equivalent with a large inhomogeneous
contribution to the gain profile) the NDF of the system
can possibly reduce to a small fraction of the number of
IQodes.

The degree of inhomogeneity of the gain medium can
be changed by the spectral power density (for example, by
spatial nonuniformities). Therefore the control process
shown in Fig. 1 has to be extended by an additional feed-
back loop between the spectral power density and the non-
linear coupling, which is influenced by the inhomogeneity
of the gain medium. This nested self-reference is illustrat-
ed in Fig. 2. If an increasing spectral power density
enhances the inhomogeneity of the gain medium, the cou-
pling between different modes will be changed in the fol-
lowing way.

Let m be the NDF of the system, which is assumed to
be identical with the number of independently oscillating
modes. M is the total number of inodes at a fixed spectral
power density. Then the ratio M/m is a measure for the
inhomogeneity of the gain medium. If the inhomogeneity
(M/m) is decreased by an enhanced spectral power densi-

ty, the number of independently oscillating modes in-
creases. In other words, the nonlinear couphng changes
and simultaneously causes a modification of the spectral
bandwidth b,A, and of the spectral power density P/b, A, .

The described process is expected to be initiated only at
certain critical values of P/b, A, , because m and M are in-

III. EXPERIMENTAL

Mode lifetimes in a multimode cw dye-laser system
have been measured by means of intracavity absorption
spectroscopy As recent. ly shown, in the case of an un-
saturated absorption the relative depth of an absorption
dip (I/Io) follows a modified Beer's law

I/Io exp( set ——~,1/L), — (4)

where x represents the absorption coefficient at the center
of the line, t ~, is the average mode lifetime, and I/L is
the ratio of the effective absorption length l to the cavity

tegers and M/m can only change by a discrete amount.
At every critical value of P/bA. the system should run
through the inner feedback loop shown in Fig. 2. Then a
new equilibrium between the spectral power density and
the mode lifetime will be established.

The description of the gain inhomogeneity in terms of
Mlm suggests a picture of rn mode packets They .con-
sist of those modes which are strongly coupled, and which
oscillate independently from modes belonging to other
packets. Thus the system shows cooperative phenomena
on two different levels.

(i) The cooperative action of the particles inside the
gain medium gives rise to individual longitudinal laser
modes.

(ii) Inhomogeneous contributions to the gain medium
cause cooperation of individual modes which might result
in a reduction of the degrees of freedom from M modes to
m mode packets.
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length L .I is the laser intensity at the center of the ab-

sorption line, Io is the intensity in the absorption-free
case. The mode lifetime t ~, can easily be determined if
the absorption coefficient x of the observed line is known.

In order to have convenient experimental conditions,
the ubiquitous atmospheric water vapor has been used as a
clearly unsaturated absorber. In this case, I/L =1. Two
different HzO lines have been investigated which are listed
in the following table. The line numbers, their position,
and their identification are given according to the work of
Antipov et al. '

0.2-

Line no.

198
199

Posltl oil (cm )

16852.80
16850.83

Identification

P2(401)
P2(401}

gogh lines belong to the (401) band of the electronic
ground state of H20 and have been selected because they
are not blended by other transitions. They are spaced by
approximately 2 cm '. Therefore, they provide indepen-
dent results for the lifetimes of those two different sets of
modes which belong to the corresponding absorption
linewidths.

The absorption coefficients of both H20 lines have been
determined as described recently.

A cw jet-stream dye laser with a folded cavity (length
L =60 cm} has been operated with Rhodamin 6G. The
wavelength was tuned by means of an interference filter
coated for 450 nm. Apart from the tuning filter, the stan-
dard mirrors for Rhodamin 6G were the only optical ele-
ments inside the cavity. The absorption features of both
molecular transitions were observed under the environ-
mental conditions of the laboratory atmosphere.

The dye laser was operated on a vibration-free table to
minimize mechanical instabilities. A laminar fiow box
covered the whole experimental setup to avoid any per-
turbing dust particles inside the laser cavity.

The radiation emitted by the dye laser was observed by
means of a 2-m grating spectrometer. The spectrum was
recorded photoelectrically and registered on a strip-chart
recorder using a lock-in amplifier.

An electro-optic modulator between the dye laser and
the argon-ion pump laser imposed a fixed mode lifetime
between 5 and 15 psec on the dye-laser system. Figure 3
shows the measured sensitivity 5 = —ln(I/IO) as a func-
tion of the fixed mode lifetime t ~, The abs. orption
coefficients can be directly taken from the slopes of the
lines and are indicated in Fig. 3. The absolute water-
vapor concentration for this particular measurement has
been (9.81+0.34) g/cm [N =(3.26+0. 11)X10' per
cmi).

The ratio of the measured absorption coefficients is
a(198}/v(199)=1.97+0.12. This value differs by 12%
from the ratio ~(198)/x(199)=1.76 obtained from the
data of Antipov et al. ,

' who estimated an error smaller
than 10%%u'.

'

Since the absorption coefficients change due to small
variations of the absolute water-vapor concentration, they
had to be corrected for each sequence of measurements.

Once the absorption coefficients of the relevant lines

0.0 I

10
I

15

FIG. 3. Measurement of the absorption coefficients in the
center of the investigated H20 lines. Measured sensitivity
S = —ln(I/Io) of both lines is given as a function of the mode
Metime t ~. The absorption coefficients are calculated from
the slope of the lines and the H20 density ¹

IV. RESULTS AND DISCUSSION

The behavior of the mode lifetimes (mode-correlation
times} as a function of the spectral power density shows
two basically different features. They can be classified ac-
cording to the spectral power density in the dye laser. At
low spectral power densities, we observe discontinuous
jumps of t ~, (Sec. IVA). At high spectral power densi-
ties, the mode lifetime approaches a constant value (Sec.
IV B}.

These features modify the picture which results from
the purely stochastic approach discussed in Sec. IIA.
Nevertheless, this approach correctly describes the overall

are known, the mode lifetimes in the free-running system
can be extracted from the relative absorption depths
(I/Io) according to Eq. (4). The mode lifetimes have
been measured as a function of the spectral density of the
dye-laser output power In order. to detect finer details of
this dependence, the output power has been incremented
in small steps of 10 mW. Each particular mode lifetime
has been obtained from five independent measurements of
the relative absorption depth of each line.
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behavior: The mode lifetime decreases with increasing
spectral power density.

A. Discontinuous behavior at low spectral power densities

The mode lifetimes at low spectral power densities are
shown in Fig. 4. Their values as extracted from both ab-
sorption lines agree within their standard errors. Hence,
the given error bars refer to the mean value of both lines.

The spectral power densities as indicated on the abscis-
sa were calculated from the ratio of the dye-laser output
power and the spectral width of the laser emission. The
intracavity spectral power density can be obtained by ac-
counting for the refiectivity of the output mirror of the
resonator.

There are clearly two critical spectral power densities,
at which the mode lifetimes show serious deviations from
the continuous decrease predicted by theory. ' At approxi-
mately 14.5 mW/A the mode lifetimes reduce drastically
from 300 down to less than 200 p,sec. With a further in-

crease of the spectral power density, the mode lifetimes
recover to about 240 @std at spectral power densities

around 30 mW/A. At 36 mW/A again another dis-

continuity appears, reducing the mode lifetimes from 240
to 180@sec.

It has to be pointed out that the critical values of
P/b, A, , which give rise to the discontinuities, depend on
the particular fine adjustment of the laser resonator. For
this reason, the behavior of the mode lifetimes was quali-
tatively reproduced at different values of (P/hA. ),„,dur-

ing subsequent measurements.
In order to illustrate the difference between the

behavior of the total output power of the multimode sys-
tem and its spectral power density as a function of the

pump power, we refer to Fig. 5. In the upper diagram,
the total output power follows the pump power in a
steady and almost linear manner. The slope of the result-

ing line is a measure for the efficiency of the dye-laser
system.

I,„t (mK)

200-

100-

2.0 3.0

P
(m4//A) xx" xxx

X X

30-

However, the lower diagram shows pronounced steps of
the spectral power density in certain pump-power inter-
vals. These steps can be understood phenomenologically
by a simultaneous increase of P and hA, , thus providing
an almost constant ratio P/b, ii.. The stepwise variation of
the slope in the lower diagram of Fig. 5 is directly corre-
lated with the discontinuities of the mode lifetimes in Fig.
4. In those pump power ranges, where the dye-laser band-
width hA, increases with P, the pronounced reduction of
the mode lifetimes has been observed.

Figure 4 reveals two phenomena which are in contrast
to the theoretical predictions based on the stochastic ap-
proach mentioned above:

(i) The discontinuous reduction of the mode lifetimes at
certain critical values of the spectral power density;

(ii) an increase of the mode lifetimes, as the spectral
power density is further enhanced beyond (P/hA, ),„,.

We start the discussion of these phenomena within the
framework of the self-referential properties of the mul-
timode system, as described in Sec. II B.

t
~ ())sec)

20-

400-

X X X

300-

10-

200-

20

FIG. 4. Measured mode-correlation times as a function of
low spectral power densities. The error bars result from a sta-
tistical average over both absorption lines. The mode-
correlation times show discontinuous jumps at 14.5 mW/A. and
at 36 m%' /A in this particular sequence of measurements.

2.0 2.5
r

3.0
0- =- 4

&.„„, , (~)

FIG. 5. (a) Output po~er P, of the dye laser as a function
of the pump power Pp p An almost linear dependence is ob-
tained, which is equivalent to a constant total efficiency. (b)
Spectral po~er density P,„t/hA, of the dye laser as a function of
the pump power Pp p In certain pump power ranges, the
spectral power density does not change. These particular spec-
tral power densities coincide with the observed discontinuities of
the mode-correlation times in Fig. 4.
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The nested control processes illustrated in Fig. 2 differ
mainly by the fact that the inner feedback loop is expected
to be initiated only at certain discrete values of P/b, A, .
This assumption is based on the picture of a discrete ratio
Mlm, which is considered as a measure for inhomo-
geneities inside the gain medium. In contrast to the inner
loop, the superior loop connecting the mode lifetime and
the spectral power density yields an equilibrium mode
lifetime for each laser power P.

We argue that the spectral power density reaches a crit-
ical value (P/hA, ),„, in those regions where discontinui-
ties of the mode lifetime occur. At (P/bA, ),„„the degree
of inhomogeneity inside the gain medium changes. This
variation of M/m causes a modification of the nonhnear
coupling among the different modes, thus giving rise to a
change of the spectral width of the laser emission. This
behavior can clearly be recognized in the lower part of
Fig. 5.

With respect to the sudden decrease of the mode life-
time at (P/hA, ),„„we are still left with a problem which
cannot be solved by stochastic fluctuations as the only
mechanism determining the mode-correlation times.
Moreover, the stochastic model is also insufficient to ex-
plain the growing mode-correlation time with increasing
spectral power density beyond (P/dA, ),„,. Purely stochas-
tic arguments predict a steady decrease of the mode-
correlation times.

Consequently, one has to look for concepts which
would allow for a modified behavior of the mode-
correlation times. In the following, we discuss two dif-
ferent possibilities.

1. Within a potential picture of the laser system, gen-
erally some potential valleys may coexist which are
separated by intermediate barriers. In a different termi-
nology, it has become customary to speak of coexisting at-
tractors. The system ean switch from one attractor to
another if the fluctuations of its order parameter are
strong enough to drive the system across the separating
barrier. This phenomenon has been called "generalized
multistability. " It can be characterized by a mean first-
passage time describing the average time interval during
which the system stays in the same attractor. '~ In this
sense, the mode-correlation times could be related to mean
first-passage times of a multistable system.

2. An alternative concept providing finite mode-
correlation times originates from the properties of deter-
ministic chaos. One of these properties is the limited
correlation time of an order parameter of the system. As
such a quantity, the mode-correlation time could be con-
sidered as a measure for the degree of chaos in a mul-
timode laser system. For the system investigated in the
present paper, several necessary conditions for chaotic
behavior are fulfilled. However, there is not yet enough
evidence that the system certainly shows chaotic behavior
in distinct parameter ranges.

Without any further experimental information, it is im-
possible to distinguish between both concepts only on the
basis of correlation-time measurements. Nevertheless,
there are some indications which suggest an interpretation
of the measured mode-correlation times as a superposition
of mean first-passage times and chaotic correlation times.

Since the concept of mean first-passage times involves
fluctuations (which always exist in real physical systems),
it is preferably identified with the overall stochastic
behavior of a decreasing mode-correlation time at increas-
ing spectral power density. An increase in the spectral
power density is equivalent to an increasing influence of
fluctuations due to fluctuation-dissipation relations. This
is true as long as the system operates far enough away
from dynamical instabilities.

In agreement with results reported by Westling et al. ,
we assume that the multimode laser system is character-
ized by a considerable gain inhomogeneity at low spectral
power densities. This assumption is further supported by
the measured mode lifetimes, which are identical (within
their statistical errors) for both absorption lines investigat-
ed. A rather large gain inhomogeneity is equivalent to
only a few independently oscillating mode packets.
Hence, the system has only a few degrees of freedom and
is of relatively low dimensionality.

Under these conditions, a comparison with numerical
results obtained for one-dimensional maps should be jus-
tified. The mentioned numerical analysis revealed a linear
relation between the logarithms of the first-passage time
and the noise amplitude.

In order to compare the numerical results with experi-
mental data obtained for the multimode laser system with
only a few degrees of freedom, we fitted a log-log plot of
the mode lifetimes versus the spectral power density. This
plot is shown in Fig. 6. In the selected range, the behavior
of the mode lifetimes quahtatively follows the prediction
of the purely stochastic theory. If, to a first approxima-
tion, we regard the fluctuation amplitude to be linearly
dependent on the spectral power density, we obtain a
surprising analogy to the model calculations mentioned
above. Our experimental data show an almost perfect
linearity according to a correlation coefficient of —0.991.
They confirm the interpretation of the mode-correlation
time by the concept of mean first-passage times, as long
as the measured mode-correlation times decrease steadily
with increasing spectral power density.

2 3-

22-

21-

tS

FIG. 6. Log-log plot of the measured mode-correlation times
as a function of the spectral power densities P/h. i.. In this case,
the selected range of P!AA. is free of any discontinuities of the
mode-correlation times. The measured values are fitted in a
linear manner and reveal a correlation coefficient of —0.991.
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The discontinuities at critical values of P/hA, are inter-
preted as ma»festations of dynamical instabilities of the
multimode laser system. The process of symmetry break-
ing, which is characteristic for such instabilities far from
thermal equilibrium, is easily recognized by the discrete
change of the gain inhomogeneity (M/m). It simultane-
ously changes the NDF of the system.

The behavior of the mode-correlation times in the
neighborhood of an instability differs seriously from its
general behavior which is governed by intrinsic stochastic
processes. It will be the subject of further experiments to
investigate whether the multimode laser system shows
chaotic properties. This would imply an interpretation of
the mode-correlation times due to the limited correlation
times in chaotic systems. Furthermore, experimental evi-
dence could possibly be extracted for a type of instability
which leads from one to another chaotic state of the sys-
tem. Such kinds of instabilities have already been
analyzed numerically for a three-dimensional forced
Lorenz system ("chaos-chaos phase transition") ' and for
a one-dimensional map ("crises in chaotic attractors"),
respectively. Both investigations reveal a change of the
chaotic correlation time in the system if it is driven across
the instability region.

8. Asymptotic behavior at high spectral power densities

At elevated spectral power densities, the mode lifetime
decreases and finally approaches a fixed value. This value
turned out to be rather accurately reproducible, although
the laser system had to be readjusted between different se-
quences of measurements. For high spectral power densi-
ties, we found a limiting mode lifetime r ~,-(95 5)
@sec. As mentioned above, this t ~, is independent of
the fine adjustment of the laser resonator. Hence, it
represents constant physical properties of the system,
which have not changed during the measurements
presented in this work. In Fig. 7, the measured mode life-
times are shown as a function of spectral power densities
at elevated values.

The error analysis of the measured mode lifetimes be-
longing to the two different H20 absorption lines revealed

trode ' Psec!

100-

95.

90-

60

FIG. 7. Measured mode-correlation times at high spectral
power densities. As explained in the text, only the values from
one absorption line are shown together with their standard er-
ror.

the following remarkable fact: Between both particular
HqO lines we obtained differences in the mode lifetimes,
which were statistically significant. This result is in con-
trast to the mode lifetime statistics at low spectral power
densities. In the latter case the mode lifetimes agreed
within their standard errors.

For these statistical reasons, Fig. 7 shows the mode life-
times belonging to one of the two HqO lines only (line
198). Later on we shall focus on the difference between
both mode lifetimes resulting from the statistical analysis.

Besides the convergence of the mode lifetimes for high
spectral power densities, Fig. 7 shows a feature which can
be characterized as an aperiodic oscillation of t ~, as a
function of P/b, A, . An identical structure appears if the
mode lifetimes around line 199 are considered. This
behavior of the mode lifetimes can be interpreted by the
action of the self-referential feedback loop between t ~,
and P/hA, .

It would be consistent with the explanation given for
the discontinuities at low spectral power densities (Sec.
IVA) to identify the local maxima and minima of the
mode lifetimes in Fig. 7 with critical values of P/hA, .
Since the influence of fluctuations on the mode ampli-
tudes is large compared with the situation at low spectral
power densities, the expected discrete jumps become
smeared out.

An additional hint which supports this qualitative pic-
ture is given by the small spacings of supposed successive
(P/hA, ),„,. With increasing spectral power density this
spacing should decrease if the difference between succes-
sive values of M/ni decreases. Hence the number M of
independently oscillating modes increases with growing
spectral power density, thus reducing the degree of gain
inhomogeneity. A similar result has been found by Wes-
tling et al. They argued that the onset of actual mul-
timode operation (all modes oscillating independently)
occurs beyond a critical power inside the dye laser. In
this context we revisit the statistically significant differ-
ence between the measured mode lifetimes from different
H20 absorption lines. These different mode lifetimes can
be explained by a lowered gain inhomogeneity due to an
increased spectral power density. This would imply that
the NDF in the standing-wave multimode system in-
creases with an increasing spectral power density.

The fluctuation-dominated character of the multimode
laser system at high spectral power densities allows the
following interpretation of the mode-correlation time in
this regime. In such a situation, fluctuations may be
larger than the interior barriers of the laser potential,
which has been used to introduce the concept of the mean
first-passage time in Sec. IV A. It becomes meaningless to
distinguish between different potential wells, since they
are bridged by Auctuations: the multistability of the sys-
tem. can be regarded as being degenerate. In the same
manner, the concept of an attractor becomes irrelevant.
Therefore, the mode-correlation time can certainly not be
interpreted as the correlation time of an order parameter
in a system, which might possibly be chaotic. As a result,
one is left with a purely stochastic interpretation of the
mode-correlation times in the case of high spectral power
densities.
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In the present paper we introduce a novel method for
measuring mode-correlation times in a multimode cw dye
laser. This method uses the technique of laser intracavity
absorption. The mode lifetime as an important parameter
for the dynamical behavior of multimode laser systems is
reinterpreted as the correlation time of the mode ampli-
tude.

On the basis of this new concept we measured the
mode-correlation time by means of two different HzO ab-
sorption lines in the laser emission spectrum. The obser-
vations show a qualitatively different behavior in different
ranges of the spectral power density P/hA, inside the laser
system.

At low spectral power densities, dynamical instabilities
occur at critical values of P/b, A, , which depend on the
particular fine adjustment of the laser resonator. The de-
crease of the mode-correlation time with increasing spec-
tral power density due to purely stochastic fluctuations is
related to the concept of mean first-passage times in a
multistable system. The mode-correlation times around
the critical values of P/b, k, differ strongly from this sto-
chastic behavior. For this situation, the possible relevance
of a limited correlation time due to chaotic behavior is
still under investigation.

At elevated spectral power densities, the mode-
correlation times approach an asymptotic value which is
qu'mtitatively reproduced. In this case, fluctuations clear-
ly dominate the behavior of the system. We describe this
behavior according to a degenerate multistability. The
mode-correlation times are governed by purely stochastic
processes.

For the explanation of some of our results, we use a
picture of mode cooperation, which is illustrataf by mode
packets consisting of strongly coupled modes. These
modes are not oscillating independently from each other.
Their behavior is correlated and can be regarded as an ex-
ample of self-organization. According to the model
described in Sec. IV, the number of independently oscillat-
ing mode packets is assumed to increase if the spectral
power density is driven across certain critical values.
Therefore, the NDF of the system increases with growing
spectral power density.
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