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The statistical properties of a stationary la-
ser system have been studied theoretically to
quite a great extent,! and recently it has been
possible to perform measurements of ensem-
ble distributions and time correlations in the
threshold region with high stability,? by using
a method of “preparation of the initial state”
before taking each sample of an ensemble.

By joint use of a @-switched gas laser and
of the linear method for photon counting® we
have studied a nonstationary statistical ensem-
ble, measuring the time evolution of a laser
field during a fast build up. The importance
of the transient statistics lies in the fact that
this is the way of measuring quantities which,
though having zero stationary average, bring
useful information on the dynamics of a system
(such as the expectation values of odd powers
of field operators).

The experiment is carried out in the follow-
ing way. We put a Kerr cell with end faces

at the Brewster angle within a single-mode 6328-

A He-Ne laser cavity. The cavity is 45 cm
long, with a nearly confocal configuration, and
the mode position is controlled by a piezoelec-
tric tuner as in Ref. 2. The cell is filled with
ortho-dichlorobenzene, which is more trans-
parent than the usual nitrobenzene at 6328 A.
The small residual insertion losses are help-
ful to allow no more than one mode oscillating
over a wide range of pumping conditions. The
Kerr constant of the ortho-dichlorobenzene

is much smaller than that of the nitrobenzene;
however the laser action is easily cut off by

a field of 10 kV/cm (corresponding to a phase
retardation of only a few degrees between the
two orthogonal components of the light field

in the cell).

Starting with some preset pump and cavity
parameters, but with the optical shutter closed,
the Kerr cell is switched on in a time shorter
than 5 nsec at the instant £ =0. The laser field
undergoes a transient build up from an initial
statistical distribution, corresponding to the
equilibrium between gain and losses far below
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threshold, up to an asymptotic condition above
threshold. At the instant { =7 we perform pho-
tocount measurements for a measuring inter-
val T of 50 nsec, very small compared with
the build-up time which is, in our case, of the
order of some microseconds. Once a steady-
state condition has been reached, an amplitude
stabilizing operation is performed by sampling
the laser output and comparing this with a stan-
dard reference signal, following a procedure
already described.? This is equivalent to “pre-
paring” an identical initial state for a succes-
sive measuring cycle. After the sampling,

the shutter is switched off for about 10 msec.*
At the end of this interval the shutter is again
switched on and the above described cycle of
operations is repeated. This way we collect
an ensemble distribution of macroscopically
identical events. By successively varying 7,
we obtain the time evolution of the photocount
distribution p(z, T, 7). A set of experimental
results is shown in Fig. 1.

The measured distributions must be correct-
ed for some unavoidable background light through
the mirrors of the cavity.® Furthermore, to
avoid dead-time problems on the small mea-
suring interval 7, we use the linear method,®
that is, the current pulses from the photomul-
tiplier are not standardized, but sent direct-
ly to an integrating capacitor. The statistical
charge distribution measured on the capacitor
is the convolution of the photocount distribution
and of the amplitude distribution associated
with the single-photoelectron response.® Both
the background light and the single-photoelec-
tron amplitude distribution are evaluated from
independent measurements with the same ap-
paratus. The moments of the photocount dis-
tributions are computed (a) by assuming that
the background light is uncorrelated with the
laser light and (b) by using the formulas giv-
en in Ref. 3 for the linear method.

The average photocount number () and the
associated variance An?= %) - (n)? are report-
ed as functions of the time delay in Figs. 2
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FIG. 1. Experimental statistical distributions with
different time delays obtained on a laser transient.
The solid lines connect the experimental points which
are not shown to make the figure clearer. All distri-
butions are normalized to the same area.

and 3 for two different pumping conditions I
and II. We may distinguish a first region, where
(n) increases rapidly because of the stimulat-
ed amplification process, and the variance
grows much larger than if going slowly through
a succession of stationary conditions (as shown
in Fig. 1 of Arecchi, Giglio, and Sona?). This
is explained as an enhancement of the initial
spread in the photon distribution, due to lin-
ear amplification by stimulated emission.”
Once a great amount of electromagnetic ener-
gy has been built inside the cavity, the field-
atom interaction is no longer a linear process;
hence the curve of (#) has a point of inflection
and reaches eventually a saturation value, and
the variance goes through a maximum and then
decreases down to an asymptotic value appro-
priate to the stationary distribution.

The experimental results can be interpret-
ed by the following semiclassical arguments.
The complex light amplitude of a laser obeys
a van der Pol equation with a Gaussian-Mar-
koffian noise source I'(f) having zero average
and autocorrelation function given by®

(T*O)T ¢ +7))=4q5(7). (1)

Writing a corresponding equation for the pho-
ton number » and taking an ensemble average,
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FIG. 2. Evolution of the mean value () of the statis-
tical distribution p(»,T, 7). The solid lines represent
the theoretical curves which best fit the experimental

points. The experimental points related to curve I
have been obtained by the statistical distributions of

Fig. 1.

one obtains
(@(n)/dr)-2Bd{n) +28(n*)=0, @)

where d is proportional to the difference between
gain and losses and $ is the saturation param-
eter. Quite above threshold, the small nonlin-
ear contribution 28(»n?) (which becomes impor-
tant only for long times) can be reasonably ap-
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FIG. 3. Evolution of the variance (An% = {n%— )% of
the statistical distribution p(n,T, 7). Dashed lines re-
present an interpolation of the experimental points.
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Table I. Numerical values of the laser parameters corresponding to the curves I and II of Figs. 2 and 3.%

B=3B g=3A C=4¢-28d
()P (sec™}) 10%d=105(n), P (10° sec™?) lagl®© a (108 sec™?) @y b
I 82 1.09 9.96 1.1 24.5 993 2.23 1130
II 90 0.98 5.76 0.6 17 738 1.27 880

aq, B, d, and a are the parameters used by Risken (Ref. 1); A, B, and C are the parameters used by Scully and

Lamb (Ref 1).

bAverage photon number inside the cavity, obtained from the measured photocount number in 50 nsec, by multi-
plying by 1.2x 104 (reciprocal of the attenuation factor due to the cavity mirror, filters, and quantum efficiency of

the photocathode).

cao <0 is the pump parameter of the laser before the switching-on operation (below threshold).

proximated by 28(n)®. Using this approxima-
tion, Eq. (2) can be integrated for an initial
condition n, giving

ngd

<n(7)>no “no[1-exp(-28d7)] +d exp(-28dT)’ ®)
which is the solution one would obtain from
Lamb’s semiclassical theory.? In fact, n, is
a random variable, with a probability distri-
bution p(n,) corresponding to the laser condi-
tion before switching on. Therefore, the mea-
sured photon number is given by

() =J,"(ne), plr)dng )

We have done a best fit of the experimental
points of Fig. 2 with Eq. (4) leaving 8, d, and
(n,) as floating parameters, and taking p (n,)
as a geometrical distribution (corresponding
to a Gaussian field), since we start from far
below threshold.!® The agreement between the
theoretical curves and the experimental points
(see Fig. 2) is satisfactory.

In Table I we give the numerical values of
the three fitted parameters in the two report-
ed experimental conditions. Furthermore,
we calculate the value of g using the experimen-
tal steady-state values (n)., and {An? ., through
the relation® 2q =Bd(An?),./(n),. We give al-
so the pump parameter a = (8/¢)*"2d before the
switching on (a,<0) and after, and for compar-
ison we calculate what the average photon num-
ber at threshold (#)ip,. = 1.13(¢/B)'”2 would be
in a stationary operation. Finally, we think
it useful to give the numerical values of the
parameters A, B, and C used by Scully and
Lamb.! The evolution of the laser-field distri-
bution from the vacuum to the steady state can
be computed by solving the time-dependent
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statistical equations used in the theory,'* and
this has been done in two recent contributions.
Our results agree qualitatively with the theo-
retical ones, but we could not make a quanti-
tative comparison, because the available cal-
culations refer to much smaller photon num-
bers!! or pump parameters!? than those con-
sidered by us.

We thank B. Polli for the careful construc-
tion of the Brewster-window Kerr cell, C. Cot-
tini for designing the electronics, and A. So-
na for useful discussions.
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We present a calculation modeled after the theory of phase transitions to explain the
observations on self-trapped filaments of laser light in liquids. The resulting state is
shown to be similar to the Abrikosov vortex state in superconductors.

Self-focusing and self-trapping of intense
light beams have recently become one of the
most important and interesting subjects in non-
linear optics. While self-focusing as a result
of intensity-dependent changes of the refrac-
tive index is now more or less understood both
theoretically! and experimentally,? the forma-
tion of intense filaments arising from self-trap-
ping?® still remains a mystery. It is believed
that the filament formation is also a consequence
of the change of refractive index with intensi-
ty.® However, experimental results indicate
that the change in the refractive index of a fil-
ament, calculated from the observed intensi-
ty in the filament under Kerr effect assumptions,
is not sufficient to account for the observed
filament size.* In addition, a number of other
experimental facts have received no satisfac-
tory explanation.

In this paper, we present a calculation which
enables us to explain most of the experimental
observations on self-trapped filaments. The
calculation is based on the assumption of a field-
induced phase transition in the medium and is
similar to that of vortex formation in Type-II
superconductors. Preliminary results of the
calculation yield the following predictions:

(1) The splitting of an intense beam into small-
scale circular filaments is energetically favor-
able; (2) aside from fluctuations, all filaments
have the same size and the same power densi-
ty; (3) the filament size and the power contained

in each filament are characteristics of the me-
dium independent of the input beam intensity.

In the calculation, we will assume that a crit-
ical field exists and that aside from the inten-
sity-dependent dielectric constant €(w)=€,(w)
+€,(w)|E(w) |2, to produce this field, other non-
linear optical processes can be neglected be-
fore the filaments are formed.

Grob and Wagner® have also suggested the
analog of vortex lines in superconductors to
the filaments in this problem. However, they
assume that the filament formation is a result
of coupling between light fields and density fluc-
tuations in the medium. Their results are es-
sentially the same as those obtained by Chiao,
Gamire, and Townes.?

Our calculation is modeled after the theory
of phase transitions and the theory of vortex
formation in superconductivity.® We assume
that the molecules in a liquid are correlated,
and at temperature T, the state of the liquid
can be described by a dielectric function. We
further assume that in the presence of an in-
tense optical field greater than the critical field
E ., the molecular interactions in the liquid
can be changed, and the system can experience
a phase transition. (Field-induced phase tran-
sitions have been observed in ferroelectrics.)

We shall begin by discussing the energy of
an arbitrary two-phase configuration of the
liquid and then go on to discuss a liquid with
trapped light filaments. In both cases we as-
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