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mass. Again discrete levels at the bottom of the
well should be resolved. The ultimate resolution
of the 1 $-2'S transition will be 1.3 MHz, limited
by 3y annihilation. In both the H and positronium
cases, spectroscopy at the ultimate resolution
would provide a new level of tests of atomic
theory.

Detailed calculations to support the estimates
given above will be presented elsewhere. An ex-
periment to check certain points is also under
way. I have benefitted greatly from stimulating
conversations with A. Ashkin, P. L. Bender,
G. H. Dulm, J. W. Farley, J. P. Gordon, J. L.
Hall, D. Kleppner, W. E. Lamb, A. P. Mills,
D. Pritchard, W. P. Heinhardt, D. J. Wineland,
C. Woods, and numerous others while preparing
this note. C. V. Kunasz assisted with graphics.
The work has been supported in part by grants
from the U. S. National Science Foundation to the
University of Arizona. Acknowledgment is made
also to the donors of the Petroleum Research
Fund, administered by the American Chemical
Society, for partial support of this research.
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The first experimental evidence of the diffusive character of the phase variable which

describes the position of the convective rolls is presented. To produce a phase modula-
tion a small alternating Qow in a slightly supercritical fluid layer is injected. With use
of this method, the diffusion coefficient P~ concerning the propagation of phase distur-
bances parallel to the roll axis is measured.

PACS numbers: 47.25.Jn, 47.20.+ m

During the last years there has been a growing
interest in Rayleigh-Benard (RB) convection. '
The vicinity of the convection threshold R, has
been compared with a second-order phase transi-
tion and found to be well described by the Landau
model. ' Concerning the transition to turbulence,
in RB convection, two cases can be distinguished
depending on the aspect ratio A (A = horizontal

dimension/vertical dimension). In the case of
small A, turbulence occurs after several bifurca-
tions far from the instability threshold. ' The be-
havior of this transition to turbulence is consis-
tent with modern works on dynamical systems
with few degrees of freedom and with the concept
of strange attractors. ' In the case of large A,
experimental evidence shows that chaos may oc-
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cur very soon after the onset of convection, R,.'
No complete explanation has been given yet for
this behavior. However, it has been suggested
that this kind of turbulence resulted from slow
erratic motions of large parts of the roll system,
i.e., from a spontaneous instability of the phase
of the roll pattern. ' To get a better understand-
ing of the transition to turbulence in containers
with large A, a problem to tackle seems to be
that of phase dynamics.

In this paper we describe an experimental
study of a forced phase modulation in RB convec-
tion. For this purpose we have generated a local-
ized phase disturbance in a RB convection experi-
ment and measured, using laser Doppler ane-
mometry (LDA), the propagation of this distur-
bance. Its diffusive behavior confirms recent
theoretical results. '

The convective motions were confined in a rec-
tangular Plexiglass frame sandwiched between
two massive horizontal copper plates, the upper
one being uniformly cooled and the lower one uni-
formly heated. The physical dimensions of the
apparatus are L„=30d,L, =5d, with r, =d =0.6
cm, as described previously. ' We have per-
formed our experiments on a layer of oil with a
Prandtl number (P =v/tc) equal to 492 (v being the
kinematic viscosity and K the thermal diffusivity).
The vertical thermal diffusion time of this layer
d /z was 320 sec.

A slot, 0.03 cm wide, parallel to I., and situat-
ed at l.„/2was cut in each of the copper plates.
An imposed vertical stream flowed through the
slots (see Fig. 1). The flow was varied periodi-

cally and followed the relation q(t) = q, + q, cos~&
(&u =2&/T, q, (q„q,=2x10 ' cm'/sec).

The vertical velocity component v, of the con-
vective motion was measured by LDA in the mid-
dle plane of the container, and continuously re-
corded.

A visualization of the temperature gradients in
the x-z plane was also accomplished by a differ-
ential interferometry technique' (see Fig. 1). In
these pictures the fringes represent the lines of
temperature horizontal isogradient.

The vertical velocity component v, (x, t) of the
convective field in the middle plane of the con-
tainer may be described by

v, (x, t) =V(x, t) cos[k,x +y(x, t)],
with k„the critical wave number of the spatial
pattern without disturbance; V(x, t), the amplitude
of the convective pattern; p(x, t), the phase con-
tribution to the convective pattern.

The oscillating flow, imposed through the slots,
induces time-dependent variations of the convec-
tive structure. The first feature that we observe
is that the velocity variations are periodic in time
and have the same frequency as that of the im-
posed flow; no noticeable harmonics were gener-
ated. Moreover, the magnitude of the velocity
variations is spatially modulated. Two regions
may be distinguished in the container. The first
one, which we label the "amplitude modulation
region, " is located in the vicinity of the slots. In
this region, velocity variations are mainly pro-
portional to the mean velocity of the convective
structure, that is to say the amP/itude of the ve-
locity field is time modulated:

V = V, + V, (x) cos(~t+ &,). (2)
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FIG. 1. (a) Experimental apparatus with a sketch of
the generator of the disturbance. (b) Interferometric
pictures visualizing the shifting of the roll structure
during one period of perturbation. The position of the
centers of the rolls vs time is marked by white lines.
(For the purpose of visualization the disturbance has
been increased considerably. )

q (x, t) =y, (x) cos[~t+e(x)j. (3)

The second feature that we observe is that the
phase modulation experiences a spatial damping
and this damping increases with frequency; that
is, y, (x) is a decreasing function with the dis-

The second region, which we label the "phase
modulation region, " extends to the rolls further
away from the slots. In this second region, ve-
locity variations are maximum where the mean
velocity vanishes and vanish where the mean ve-
locity is maximum. These features suggest a
periodic shifting accompanied by a deformation
of the rolls structure. Since the roll position
may be defined by the phase factor y(x, t) in Eq.
(1), periodic shifting of the rolls is equivalent to
a phase modulation
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tance from the slots and with the frequency .
The third feature observed is that, in the phase

modulation region, a time phase shift occurs be-
tween the velocity variations and the imposed
flow. This phase shift 8(x) increases with the
distance from the slots and with the perturbation
frequency.

In our experiment, where the periodic perturba-
tion extends across the entire y dimension of the
container and where the rolls have a two-dimen-
sional structure parallel to this flow, no phase
perturbations are expected to propagate along the
p axis (so that 8" y/Q"= 0, V m). So we study the
propagation of phase perturbations in x direCtion.
The phase dynamics has been predicted' to be
governed by a diffusive process:

a p/st =D „8'y/sx'.

The diffusion coefficient may be written D
~~

=f(&,k,)$,'/T&„where $, =0.385d is the character-
istic length scale for amplitude perturbations, T,
= (d'/It)(1. 95P+1)/38.44P is the characteristic
time scale for amplitude perturbations, and e
=(R -R,)/R, is the relative distance to the onset
of convection, ' and

e —4.315'/k, '
445

The factor f(c,k,) is very close to 1 when k-k, .
For the rigid-rigid horizontal boundaries in our
apparatus and with the physical properties of our
silicone oil, ' we get D

~~

= $,'/r, = 3.3 && 10 ' cm'/sec.
The solution of Eq. (4) with the initial condition

y(x =0,t) = y, comt is

y{x,t) =y, exp(-m, [ x[ ) cos(m, ~ x~ —~t), (5)

with m, =m, = (~/2D
~~

)'"= (mr, /T )'I'/g, .
All our experiments were performed at e =0.16.

We have scanned the velocity field step by step
along the x axis at L, /2. At each step, spaced
0.07 cm from the previous one, the time depen-
dence of the velocity was recorded during two
periods of the perturbation. Six different periods
were investigated: T/7, =18.75, 37.5, 75, 187.5,
375, and 817.5 (v, =16 sec).

As it has been pointed out previously, signifi-
cant velocity variations exist at a distance up to
6d from the slots. This cannot be explained by
an amplitude modulation whose characteristic
penetration length is expected to be smaller or
equal to the correlation length $'. ($' =v2(,e "
=1.35d when e =0.16.)' This demonstrates that
we deal with another phenomenon of a different
scale length. This phenomenon may be under-
stood by considering the interferometric pictures,
where a periodic shifting of the rolls structure
clearly appears, demonstrating the phase modu-
lation.

Our recordings of the velocity give (i =step num-
ber)

,(x„t)= (v, (x,))

+5V, (xg) cos[(dt+8(x, )j. (6)

The velocity variations may be related to the
phase modulation given in Eq. (1) so that the phase
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phase modulation amplitude yo vs the distance to the
slots for T = 187.5~0.
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FIG. 4. Experimental value of m, and m2 vs the
frequency of the perturbation (~ = 2~/T).

modulation may be worked out with use of a first-
order expansion in terms of p (since p was &0.1
rad); thus we may express the term y, in Eq. (3)
as

ly supercritical Bayleigh number and with slow
variation of phase and amplitude. " Actually a
pure phase disturbance is rather difficult to gen-
erate and in our experiment the amplitude of the
rolls structure was also perturbed. However, we
found that the phase contribution can dominate the
amplitude contribution. This happens when the
amplitude modulation is damped faster than the
phase modulation, that is when L ~& 5 which leads
to T &2~~ (where T T=.,e ' is the characteristic
time of the slowing down' ). We suggest that this
kind of analysis may be applied to the similar in-
teresting experiments of Berkovsky et al."con-
cerning thermoconvective waves.

We wish to thank Dr. E. Koschmieder, Dr. Y.
Pomeau, Dr. P. Manneville, Dr. P. Berge, and
Dr. M. Dubois for interesting discussions and
M. Labouise and B. Ozenda for their technical
assistance.

At each step we have measured (v, (x,)), 58,(x,),
and 8$,) (Fig. 2). From 5v, (x, ) we deduced p, (xq).
The plot of y, (x,) vs x, [Fig. 3(b)] is well fitted
by an exponential decrease p, exp(-m, x), far
from the slots. Thus we can introduce the char-
acteristic phase penetration length L ~

= (m, ) '.
The plot of the time phase shift 8(x~) vs x& [Fig.
3(a)] has, far from the slots, a linear asymptotic
behavior 8(x) =m, x.

We have found that the equality m, =m, holds
for the different T measurements within our ex-
perimental errors. Notice the independent char-
acter of these two measurements. Moreover, the
m values obtained are compatible with the rela-
tion m '~+T, typical of a diffusion process (Fig.
4).

The measured value of the diffusion coefficient
D ~„„~,= (3.5+ 1)x10 ' cm'/sec is in good agree-
ment with the theoretical prediction' and consis-
tent with earlier determinations of $, and T,."

For the smallest periods, 37.5Tp and 18 75Tp,
we have used q(t) =q, cos~t as the imposed flow.
Since this imposed flow reverses periodically,
a small roll is alternately created and destroyed
at the slots which obviously generates a stronger
initial phase modulation pp.

The different series of measurements demon-
strate the diffusive behavior of the phase contribu-
tion to the velocity field. " The diffusion coeffi-
cient D li agreed with the predicted value' within
our experimental errors. This quantitative agree-
ment is valid since we have performed our experi-
ments with a high-Prandtl-number oil at a slight-

(')Present address: Ecole Superieure de Physique et
Chimie, 10 rue Vauquelin, F-75231 Paris 05, France.

'E. J. Hopfinger, P. Atten, and F. H. Busse, J. Fluid.
Mech. 92, 217 (1979).

R. Graham, Proceedings of the Seventeenth Solvay
Conference, Brussels, 1978 (to be published).

'J. Maurer and A. Libchaber, J. Phys. (Paris), Lett.
40, L419 (1979); M. Dubois and P. Berge, Phys. Lett.
76A, 53 (1980); J. P. Gollub and S. V. Benson, to be
published.

D. Ruelle and F. Takens, Commun. Math. Phys. 20,
167 (1971).

'O. Ahlers and R. W. Walden, Phys. Hev. Lett. 44,
445 (1980); P. Berge, in &xPeriments on Hydrodynamic
Instabilities and Transitions to Turbulence, edited by
J. Ehlers, K. Hepp, R. Kippenhehn, H. A. Weidemuller,
and J. Vittartz, Lecture Notes in Physics Vol. 104
(Springer-Verlag, Germany, 1979), p. 288; A. Libcha-
ber and J. Maurer, J. Phys. (Paris), Lett. 39, L369
(1978).

Y. Pomeau and P. Manneville, J. Phys. (Paris),
Lett. 40, L609 (1979).

YJ. E. Wesfreid, Y. Pomeau, M. Dubois, C. Normand,
and P. Berge, J. Phys. (Paris) 39, 726 (1978).

H. Oertel, Jr., and K. Buhler, Int. J. Heat Mass
Transfer 21, 1111 (1978); P. Berge and M. Dubois,
J. Phys. (Paris), Lett. 40, L505 (1979).

J. E. Wesfreid, P. Berge, and M. Dubois, Phys.
Rev. A 19, 1231 (1979).

' For general diffusive behavior in RB convection,
see A. G. Newell and J. A. Whitehead, J. Fluid Mech.
38, 279 (1969).

"Numerical resolution of Eq. (2) in Ref. 6 gives
similar velocity fields as in our experiments; P. Man-
neville, private communication.
"B.M. Berkovsky, V. E. Fertman, A. K. Sinitsyn,

and Yu. I. Barkov, J. Fluid Mech. 89, 173 (1978).

637




