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The narrow-line output of a dye laser on the low-frequency side of the P~~2 resonance line

(7948A) of rubidium was self-defocused by passage through dilute rubidium vapor. The de-
focusing was caused by the electronic nonlinearity associated with "adiabatic following" of the

laser field by the pseudomoment of the resonant atoms. By using the corresponding non-

linear dielectric constant, the wave equation was solved numerically and gave excellent quan-

titative agreement with experiment.

INTRODUCTION

In the experiments on thermal self-defocusing of

light, the intensity dependence of the dielectric
constant & was due to absorption and subsequent

heating. ' ' The self-defocusing reported here is
due to the resonant nonlinearity associated with

adiabatic following, and the observations provide
a precise test of the adiabatic following model.

Previously, Grischkowsky observed the self-
focusing of light by potassium vapor when the fre-
quency v of the light was greater than the frequency

vo of the P3&~ resonance line ('7665 A) of potassi-
um; however, when v& vo, no self-focusing was ob-
served. Instead the observations were consistent
with self-defocusing. These results could be ex-
plained either by the adiabatic following model,
which was introduced in Ref. 4, or by the steady-
state model of Javan and Kelley. ' Both models
give constitutive relations which are local and

known analytically for all intensities. Also, the
resonant electronic nonlinearity of each model
causes self-focusing when vo & v and self-defocus-
ing when v& vo. Recently, Akhmanov et al. ob-
served self-focusing and self-defocusing in potas-

sium vapor. In a limited region they were able to
show experimentally that the nonlinear suscepti-
bility wa, s proportional to (v —vo) . This result is
obtained from either adiabatic following or the
steady-state model.

The term adiabatic following describes the situ-
ation in which the pseudomoment p of the near-
resonant transition follows (remains parallel to)
the effective field 6, of the laser pulse. " Adi-
abatic following occurs when two conditions are
satisfied. First, in the rotating coordinate frame,
the direction of S, must change slowly compared to
the precession frequency b, of p about 8, (7, must
change adiabatically); second, the pulse width
must be short compared to T& and T, of the atomic
system. The response time of p and of the corre-
sponding resonant electronic nonlinearity to
changes in 8, is of the order of D ' (for the work
reported here the response time was less than 100
psec). In contrast to adiabatic following, the
steady-state model is insensitive to how the pulse
is applied and requires the pulse duration be long
compared to both T& and T&. The response time
for the steady-state model is approximately T&.

We will now derive the condition for adiabatic
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application of the laser field. The experiments of
this paper were done with the rubidium vapor in a
magnetic field in order to remove all degeneracies.
The incident light was circularly polarized and

propagated along the field. The electric field of
the input laser light can be represented by

E = E[e,cos(kz —Idt —Q) —e, sin(kz —Idt —ItI)],

where e, and e2 are orthogonal unit vectors. In
the coordinate frame g~, rotating about the s axis
with angular frequency +=2mv, E is given by

E =E(e', cosp+ e, sinItI) .
In g, the effective field is

S,= E+e,'h(v —vD)/(p~, Y 2 ),
where p&2 is the absolute value of the matrix ele-
ment of the electric dipole moment of the 0 transi-
tion of frequency vo. 8, can be rewritten as

8, =
~

S,
~

[e&(sing) (cosItI)+es(sing) (sinItI)+es cosg],

where sing = E/ I 5, I and

cosg=h(v —vD)/(~ S,~p~sC 2) .
The precession frequency of p about ~, is given by

& = [(v —v, )'+ 2p'„E'/h']'~ ' .

N, is the effective number density of atoms and
E, =

I h(v —vD)/pzsj. When E «E„E= ED+ Es E,
with

Ep = 1 4wN4pgz/[h(v —vp)]

Es = 4wN, pcs/[h(v —vD)]s

EXPERIMENT

The experimental apparatus is diagramed in Fig.
1. The dye laser (DTTC in methanol) was longi-
tudinally pumped by a Q-switched ruby laser and
produced a 2-mm-diam beam with a peak power
of several kilowatts, a pulse width of 10 nsec, and
a full divergence of less than 1 mrad. The dye-
laser output was frequently a single longitudinal
mode with a linewidth 5v/c less than 0.005 cm ~,

as shown by very little beating in the detector out-
put and by Fabry-Perot interferograms (see Fig.
2). More often the output was multimode and con-
sisted of one dominant mode separated by 0. 03
cm ' from one or two adjacent longitudinal modes
oscillating weakly. The narrow-line output of the
dye laser was obtained by including in the cavity
a combination of two high finesse (7 =60) Fabry-
Perot interferometer s with slightly incommensu-

The angular rate of change dTj/dt of the direction of
S is

dTj g
dt

which is the same as
~ yg '
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8, changes adiabatically when dTj/dt«2wh. The
condition dg/dt «2wb, is the one usually stated for
adiabatic fast-passage experiments in spin reso-
nance where the driving field has very high co-
herence and de/dt can be neglected For o.ptical
experiments, de/dt can also be neglected if the
linewidth is determined by the pulse duration.
However, for many optical experiments the line-
width of the incident light is not determined by the
pulse duration and dg/dt & dg/dt. This is probably
the situation for the experiment of this paper and
was certainly the case for the work of Grischkow-
sky4 and of Akhmanov et at. Now (dTj/dt)/2w is of
the order of 5v, the linewidth of the incident light,
and to a good approximation dTj/dt «2wA, if 6 v « tL.

As I v —vo I & 6, a more restrictive requirement but
one easier to apply is 5v« l v —vol.

The analytic expression for & resulting from
adiabatic following is given by
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h(v —vII) (1+2E'/E,')'i ' FIG. 1. Schematic diagram of the experiment.
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tored. For one series of experiments, Fabry-
Perot interferograms were taken of the emergent
beam.

The 8-kG field caused a 1.0-cm Zeeman split-
ting, removed all degeneracies, and put the hyper-
fine interaction in the Paschen-Bach limit. An
excess of rubidium metal was doubly distilled into
the Pyrex glass cell, which was then sealed under
vacuum. Increasing the cell temperature increased
N and consequently increased I e~ I. The density-
vs-exposure curve (H Dcu-rve) of the Kodak high-
speed infrared film 2481 was obtained with a single
pulse of the dye laser by placing the film 50 cm
from the aperture and using the observed Fraun-
hofer rings as the exposure calibration.

FIG. 2. Single-mode a. dye-laser pulse (10-nsec
pulse width) of Fig. 3 observed with an ITT biplanar
photodiode and a Tektronix 519 oscilloscope. A Fabry-
Perot interferogram of the same pulse. The interferom-
eter had a finesse of =100 and a spectral range of 0.33
cm . The measured linewidth was Less than 0. 005 cm

RESULT

Since the experiments were done with the Rb
vapor in an 8-kG magnetic field, we mere able to
study the interaction of o' and cr circularly po-
larized light separately, and hence verify the
strongly resonant nature of the nonlinearity. For
the results shown in Figs. 3 and 4, &~= —2. 5x10 '
esu for o light, which was 33.4 times larger than
c& for o' light. For o light, vo —v=0. 45 cm
and for o' light, vo —v = l. 45 cm; ez(o )/e2(o')
= (l. 45/0. 45) = 33.4. For comparison, @2=+4.2
x10 ' esu for CS~, one of the most nonlinear Kerr
liquids.

rate spectral ranges of the order of 13 cm . The
dye laser oscillated where the transmission maxi-
ma of the two interferometers overlapped, and the
frequency of this intersection could be tuned con-
tinuously by tilting the interferometers with re-
spect to the cavity axis.

A Fabry-Perot interferogram and an oscillogram
(Fig. 2) were taken of each pulse of the dye laser
before the beam was circularly polarized (the
helicity could be changed from o' to o by rotating
a quarter-wave plate 90') and encountered a cen-
tered 0. 5-mm-diam aperture. The aperture was
50 cm from the entrance windom of the 100-cm
rubidium-vapor cell, so the transverse intensity
distribution of the beam entering the cell was the
Fraunhofer diffraction pattern of the aperture. We

note that when beam-defining apertures are used
outside the laser, as in this case, it is very im-
portant that the aperture be far enough from the
cell input for the beam to be described by Fraun-
hofer rather than Fresnel diffraction. This is be-
cause it is extremely inconvenient to describe
Fresnel diffraction from a circular aperture ana-
lytically and hence very difficult to compare theory
and experiment. After passage through the cell
near-field and far-field, photographs (Fig. 3) were
taken of the beam, and the output pulse mas moni-
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FIG. 3. Near-field and far-field photographs of the 10-
nsec single-mode dye-laser pulses after passage through
the 100-cm rubidium-vapor cell at a temperature of 124 'C
and in a magnetic field of 8 ka vs the direction of ro-
tation (o or a I of the circularly polarized input light.
The frequency of the a' light was 1.45 cm ~ below the
frequency of the a' component of the Zeeman-split P~g2
line (7948 A) of rubidium, while the o light was 0.45 cm
below the a component. For the o' pulse the peak power
was 185 W, and for the a' pulse (shown in Fig. 2) the
peak power was 235 W.
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The observed defocusing for the two polariza-
tions is shown in Fig. 3. The pictures labeled
"near -field" are the intensity distribution photo-
graphed at the end window of the 100-cm Bb cell.
The far-field pictures were obtained in the focal
plane of a 97-cm focal length lens. The two po-
larizations show qualitatively different behavior.
The distribution of p' light deviates only slightly
from a Fraunhofer diffraction pattern, correspond-
ing to the input pulse having had an accurate
Fraunhofer pattern. The distribution of the g
light (which also had a Fraunhofer distribution at
the cell input) has been strongly modified. In the
near-field, the peak has been flattened and broad-
ened, and two rings (the outer ring is easily seen
on the negative) have appeared where there would
be one in the Fraunhofer pattern. Also, in the
far-field the central peak has broadened and rings
have appeared.

The near-field calculation was similar to Kel-
ley's, but with modifications appropriate to our
problem. The input beam was accurately a
Fraunhofer diffraction pattern and was therefore
represented for the calculation by the function

2 J~(kg@/D)rI (~„2gp~

kar/D

of the number density N at the measured average
cell temperature of 124 C was obtained from pub-
lished data and extrapolations of the vapor-pres-
sure curve of Rb; the vapor -pressure data
have a, scatter from N= 1.3x 10' /cm' to 2. 5x10 ~/
cm3 at 124'C. The good agreement (shown in Fig.
4) was obtained with N= 2x10', which was well
within the estimated error of the vapor-pressure
curve. The theoretical result was quite sensitive
to the input parameters Eo, N, and (vo —v) . A
change by a factor 2 for any one of them caused
large changes in the near-field result, and theory
and experiment no longer agreed. The same value
of N was used for both the 0' and o calculations,
since the temperatures were the same. The pow-
ers were somewhat different, but the important
difference was in the distance from resonance.
The agreement is very satisfactory in both cases
and indicates that the adiabatic following model for
the nonlinear dielectric constant is substantially
correct. In this regard we note that 2E~/Ea= l. 2
in the center of the input beam for the o light,
and that therefore it would be incorrect to describe
the nonlinear index in terms of the first-order ex-
pansion e~ E .

For all our experiments the strength of the self-
defocusing increased smoothly with cell tempera-

Here r is the radial coordinate in the input plane,
a is the radius of the diffracting aperture, and D
is the distance from the aperture to the input plane.
The axial and radial distances are normalized in
the usual way, but the field is normalized to its
saturation value. In normalized form the self-
defocusing equation is therefore

ieE 1 &E BE k a 4mN pgp+= =+ —p+
Bz 7 Br BT &pk(v vp)

xII-(I+2IEI')-' ')E=o.

H sr e 7= x/a, k = 2m v(eo)" /c, Z = z/2k a', and E= E/E, .
The computer program was tested by using the Fraun-
hofer pattern as input to the "empty" 100-cm-long
cell. The computed output pattern was a)most exactly
the Fraunhofer pattern appropriate to a distance
150 cm from the beam-defining aperture. In
matching theory to the experimental results in

Fig. 4, it was necessary to take into account the
time variation of the laser pulse. This was not
critical in dealing with the g' pattern, since it is
so little changed from the linear case, but for the
g light it was important. The o' and g pulses
were represented by histograms shown in Fig. 4.
The defocusing was calculated for each power and
the intensities then combined using weights deter-
mined simply from the relative area under each
power.

The measured values of vo —v and peak power
were used in the computer computation; the value
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FIG. 4. Comparison of the densitometer traces of the
negatives used for the near-field photographs in Fig. 3
with the results of computer integration of the nonlinear
diffraction equation for the 0' and 0 pulses. The so-
lutions were summed over the pulses as shown by the
histograms and were adjusted for the measured density-
vs-exposure curve of the film. The parameters used in
the calculation had their experimentally determined
values.



D. GRISCHKOWSKY AND J. A. ARMSTRONG

ture and input-beam intensity. Experiments with-
out the aperture and with beams with irregular
transverse intensity distributions showed that the
self-defocusing tends to smooth out the transverse
intensity profile of the propagating beams. Self-
defocusing always increased the beam divergence
in our results. There was no evidence of absorp-
tion of light by the vapor, and at 124'C for o ].ight
an upper limit for the absorption coefficient n is
given by the low-level steady-state result n = 0. 9
x 10 ' cm '. When multimode dye-laser output was
obtained, strong third-order mixing occurred in
the rubidium vapor and indicated that the response

time of the resonant electronic nonlinearity was
much faster than 1 nsec, the period of the beat note
between adjacent longitudinal modes of the dye
laser.
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This paper is concerned with the behavior of the autocorrelation and memory functions of
statistical mechanics as t ~. A simple calculation shows that for a large class of models
leading to power-law behavior, the two functions have opposite sign and common functional
behavior in the limit t

INTRODUCTION

The calculation of a typical autocorrelation func-
tion (acf) 4 (t) via an integrodifferential equation

—c (t) = — d 7 K(t T)c (T), c'(0) = 1

whose kernel is the appropriate "memory function

(mf), " is of great utility in modern statistical
mechanics. ' However, little is known, in general,
about the quantities 4 (t) and K(t). It is the purpose
of this paper to point out simple relations which
must exist between these functions when the long-
time behavior of the acf is of certain nonexponen-
tial varieties. These relations are summarized in
Eqs. (13). Since there has been considerable in-






