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Quantum Fluctuations, Pump Noise, and the Growth of Laser Radiation
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We have measured the distribution of times for single-mode laser radiation to grow from an
equilibrium spontaneous-emission background to a prescribed value of the intensity. These
passage-time distributions are compared with the results of Monte Carlo simulations and demon-
strate a new technique for the description of statistical fluctuations in lasers.

PACS numbers: 42.55.Mv, 05.40.+j, 42.50.+q

The growth of laser radiation from a spontaneous-
emission background to a nonequilibrium steady state
is an example of the decay of an unstable equilibrium
state. Pioneering studies of fluctuations in laser tran-
sients were performed by Arecchi and co-workers and
by Meltzer and Mandel. Their experiments provided
the first pictures of the evolution of photon number
distributions in a laser (see also Pariser and Marshall4).

Much interest has been expressed recently in a
somewhat different perspective of the transient growth
of laser radiation. The intuitively simple and practical-
ly meaningful concept of first-passage times (FPT)
has been applied to this problem by several authors. '

The basic question is the following: If we allow the ra-
diation to develop from a spontaneous-emission back-
ground, what is the distribution of times for the inten-
sity to reach a certain prescribed value~ We report
here the first measurements of passage-time statistics
for the laser turn-on process. The technique de-

veloped provides an entirely new source of inforrna-
tion on statistical fluctuations in lasers. Whereas
photon-counting techniques are invaluable near and
below threshold, the methods reported here are easily
applied at much higher intensities. FPT measure-
ments thus complement the well-established photon-
counting and correlation measurements. The compu-
tations presented here examine the role of additive
and multiplicative (non-Markovian) noise in deter-
mination of the qualitative and quantitative features of
the passage-time distributions.

The ring dye (rhodamine 6G) laser (Fig. 1) is

pumped by an argon-ion laser and is extremely stable
in steady-state operation. A Pellin-Broca prism and
Fabry-Perot etalon ensure single-mode operation in
the steady state, and a Faraday rotator and compensa-
tor are used to obtain unidirectional operation. The
cavity is 160 cm long, and the round-trip loss per pass
is —12%.

SIGNAL

ARGON LASER

SCANNING

DRIVER
AND ~

CRO

I I PHOT ODI ODE
jET

R. F.
DRtVER

VARIABLE
THRESHOLD

D I SCRIM I NATO R

PULSE
GENERATOR

TIME TO
PULSE HEIGHT
CONVERTER

PULSE
HEIGHT
ANALYSER

X —Y

PLOTTER

FIG. 1. Apparatus used for passage-time-distribution measurements.
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An acousto-optic modulator in the laser cavity turns
the laser on and off. The rise time of the modulator
from maximum transmission (about a 2'/o insertion
loss) to the maximum-loss (60/o diffraction efficiency)
condition requires less than 15 ns. The laser was
turned on and allowed to reach steady-state intensity
I„and stay on for about 600 tLs. It was then turned
off for 400 p, s. This process was repeated several hun-
dred thousand times.

The laser output was incident on a fast linear-
response photodiode with a rise time of ~1 ns. As
the laser is switched on with the acousto-optic modula-
tor, a trigger pulse marks the beginning of the turn-on
time. When the intensity I crosses a reference value

I„f, the photodiode voltage crosses a preset threshold
on the discriminator, and a pulse is generated. The in-
itial trigger pulse and this pulse are the start and stop
inputs for a time —to—pulse-height converter which
generates an output pulse with amplitude proportional
to the separation in time between the start and stop
pulses. These output pulses are fed to a pulse-height
analyzer which then generates the FPT distribution for
the laser radiation. The laser was operated such that
its steady state was quite far above threshold, with a
pump power —15o/o in excess of the threshold pump
power.

In Fig. 2 we show three of the seven measured
first-passage-time distributions for I, f/I„= 0.44, 0.66,
and 0.96, respectively. As the reference intensity is
increased, the distributions move progressively to the
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FIG. 2. Comparison of measured passage-time distribu-
tions with the results of Monte Carlo simulations of a
single-mode laser model with quantum fluctuations and
pump noise. (a) I„,r//I„=0. 44, (h) l„,r//1„=0. 66, and (c)
I„ f/I„= 0.96. The simulation results are on the left. The
other parameters are kept constant for all the simulation

&o=2.16x106 s-i & 2 64x106 s-i P 00043
s-', p'=3x10" s ', &=2.4x10 s ', and integration time
step = 1.0x 10 ' s. The total time scale is 9.0 p, s.

(q;(t)q, (t')) =&5;, 5(t —t') (ij =1,2), (2)

where a and 3 are the net-gain and self-saturation
coefficients, and q (t) is a S-correlated, Gaussian,
complex noise source which represents the effect of
spontaneous emission on the complex dimensionless
field E. Simulations quickly showed that the growth
in the width of the FPT distributions could not be ex-
plained adequately by this model, which is widely
used. ' We then included pump fluctuations with time
scale 1/y as follows:

dE/dt = a oE —~ I E I'E

+p (t) [E —(&/F ) IE I Ej + q (t), (3)

dp/dt = —yp+yq'(t),

with

(q, '(t)ql'(t') ) = P' 5,, 5(t —t'),

which implies

(p, (t)p, (t') ) = ,' P'y e—
and Eq. (2) is still valid. ao is the average net gain.
Here i,j =1,2 for the real and imaginary parts; I'i is
the first-order factor. 7

Thus the effects of multiplicative pump noise with a
finite correlation time and of additive white noise
(quantum fluctuations) were incorporated in this
model. These equations take account of noise in the
inversion which will be present in both the a and A
terms. If only loss fluctuations are present, the second
term in the square brackets should be omitted. We
find in practice, however, that this term is negligible
for our simulations.

The FPT distribution is obtained by integration of
Eqs. (3)—(6) step by step, ' noting the value of the in-
tensity I ( =

I
E I ) after each step. As soon as I ~ I„r,

the value of the time step is stored. This procedure
was repeated 10000 times to construct the FPT distri-
butions shown on the left-hand side of the experimen-
tal measurements in Fig. 2. It is clearly seen that the
delay, width, and asymmetry of all the distributions
can be reproduced very well by the numerical simula-
tions. A total of seven measured distributions were
fitted by simulations done with the same values of the
constants ao 3, y, P, and P', of which three are shown
in Fig. 2. The constants are obtained by variation of

right (i.e. , the laser takes a longer time to reach that
I„,), grow in width, and develop a decided asymmetry.
The entire time scale is 9.0 p, s.

To interpret these measurements, we first per-
formed Monte Carlo simulations on a standard single-
mode laser model:

dE/dt = aE —~ IE I'E + q (t),
with
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FIG. 3. Mean first-passage times from experiment (cir-
cles) and from simulations (squares) vs I„f/I„The resu. lts
of the simulations with and without pump noise are indistin-
guishable for the mean FPT.
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them until the simulated distributions match the mea-
sured ones, and are quite reasonable in value. The
parameters are ao ——2.16&&106 s ', 2 =2.64&106 s
y= 2.4X10s s ', P =0.0043 s ', and P'=3&&10 s

A time step of 1.0&10 s s was taken. These parame-
ters imply pump fluctuations of about 2'/o in the net
gain. The definitions of the loss, gain, and saturation
coefficients are given in Ref. 7. We note that the
parameters a0 and A can be independently determined
from measurements of the cavity loss, pump power
above threshold, and known decay rates of the rho-
damine molecule. " Thus only three parameters, P,
P', and y, are freely varied to fit a total of seven distri-
butions; error estimates are —20O/o for these parame-
ters. The greater amount of "noise" in the simulated
distributions reflects the fact that 10000 stochastic tra-
jectories were computed, whereas several hundred
thousand were measured experimentally for each dis-
tribution.

Figure 3 shows a plot of I„r/I„vs (t), the mean
first-passage time from the experiments and simula-
tions. Figure 4 shows the variance of these distribu-
tions versus I„,r//I„. ' Two sets of simulation results
are shown, with and without pump noise. The origin
of the sharp rise in the widths is clearly the pump sto-
chasticity. However, the variances are very similiar for
the smaller values of I„r//I„. This indicates that the
longer time scale of the pump noise (compared to the
time scale of the spontaneous fluctuations) and the
small values of ~E~ do not allow it to play a dominant
role in the early stages of growth of E. Quantum fluc-
tuations dominate then, but as the field approaches
steady state, it is the pump noise that becomes impor-
tant, and the spontaneous emission is negligible. The
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FIG. 4. Variance of the passage-time distributions from
the experiment (circles), simulations without pump noise
(triangles), and simulations with pump noise (squares). The
bars show typical experimental uncertainties. The curves
have been drawn through the simulation results.

time scale (1/y) affects the skewness of the FPT dis-
tributions; these measurements will be published later.

We comment briefly on the validity of the cubic ap-
proximation in Eq. (3); it is expected to be valid for
excitations as high as 20'/o above threshold (see Arec-
chi and Degiorgio and Ref. 7).

We have shown the distinct roles of quantum fluc-
tuations and pump noise in the transient growth of
laser radiation, and also demonstrated the usefulness
of the first-passage-time concept in obtaining a quanti-
tative physical understanding of the laser.

The FPT distributions thus enable us to obtain con-
sistently reasonable estimates of the parameters ap 3,
y, P, and P', which characterize the statistical fluctua-
tions of the single-mode laser. These techniques are
applicable to any laser system that is operated in single
mode, not too far above threshold, and for which the
adiabatic elimination of the atomic variables is possi-
ble. These are, in fact, the conditions for the validity
of the third-order Lamb theory. It should also be pos-
sible to extend these methods to lasers which do not
satisfy the above restrictions, and provide stringent cri-
teria for testing the validity of theoretical models with
the help of FPT measurements, which do not require
elaborate photon-counting or correlation apparatus.
The established counting and correlation techniques
remain invaluable near and below threshold; the FPT
measurements provide a new source of complementa-
ry information. Together, they assert the validity of
the model given in Eqs. (3)—(6) in the description of a
wide range of laser operation.
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