
lev-field MR extrauolated to H = L1. MR* 
shows roughly a factor of 3 enhancement 
observed for all telnperatures (Fig. 4). This 
enhancement appears to correlate with the 
larger effective intergrain barrier formed by 
the annealing process discussed earlier. This 
suggests that the description of transport at 
the grain boundaries evolves from a field- 
dependent scattering process to tunneling 
with increasing p and MR. 

Our study of polycrystalline filins pro- 
vides a new candidate for high-MR media. 
In recent vears, there has been much in- 
terest in magnetoresistive oxides and arti- 
ficial structures derived from them. Al- 
though very important for achieving and 
understanding new physical properties, ex- 
amples requiring epitaxial multilayer 
growth are unlikelv to be directlv trans- 
ferred to applications because of the high 
cost of preparation. By comparison, poly- 
crystalline films of CrO, readily grow on a 
wide range of substrates, and annealing 
steps can greatly improve the intergrain 
properties by using surface-decomposed 
Cr,03 as a tunnel barrier. Thus, the ma- 
terials asuects of ~olvcrvstalline films of 
CrO, appear to be quite attractive for possi- 
ble au~lications. The uredolninant issue to 

A 

be resolved is the origin of the rapid decrease 
in MR" with increasing temDerature, which - 
is quite similar to that observed in polycrys- 
talline perovskite inanganites and thin-film 
trilayer tunnel junctions of perovskite man- 
ganites (3, 5). Is this temperature depen- 
dence intrinsic, or can it be raised to higher 
temperatures by improving the materials in- 
terface properties (controlling impurity 
states, for example), in analogy to the suc- 
cessful development of magnetic metallic 
rnult~layers as useful room-temperature de- 

0.05 H (T) 
\ 

C r O ,  
0.00 

0.0 0 8 0 4 0.6 0.3 1.0 

Fig. 4. The magnetoresistance (MR) of the two 
polycrystalline films (fllm I ,  solid lines; film 1 1 ,  
dashed lines). (Inset) Thefeld-dependent p at 5 K 
normallzed to the maximum value. The main panel 
dspays the temperature dependence of the mag- 
ntude of the low-fed MR extrapolated to H = 0. 
MR". 
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Imaging of lntermittency in 
Ripple-Wave Turbulence 

William 6. Wright, R. Budakian, D. J. Pine," S. J. Puttermant 

The dynamics of a fluid surface filled with high-amplitude ripples were studied with a 
technique (diffusing light photography) that resolves the height at all locations instan- 
taneously. Even when nonlinearities are strong enough to generate a (Kolmogorov) 
cascade from long wavelength (where energy is input) to shorter wavelength, the re- 
sulting turbulent state contains large coherent spatial structures. The appearance of 
these structures in a thermal equilibrium state (with the same average energy) would be 
highly improbable. 

An attempt to distill into one question 
the issue that has intrigued scientists 
about the turbulent motion of fluids is, 
How does fully developed turbulence dif- 
fer from thermal noise with the same en- 
erg!;? ( 1 ) .  To address this issue, we used 
diffusing light images of a strongly rippled 
surface to quantify the competition be- 
tween structure formation and randomiza- 
tion of energy in far-off equilibrium fluid 
motion that must be contained in a uni- 
fied theory of turbulence. 

Thermal equilibrium differs from turbu- 
lence in that thermal equilibrium is global 
whereas the spectrum of turbulence has 
end points. Turbulence is driven by an 
external source of energy that enters at 
long wavelengths and then, through non- 
linear interactions, cascades through an 
inertial region of shorter wavelengths un- 
til the energy reaches a wavelength that is 
so sinall that viscosity dominates the mo- 
tion (2-4). 

In the steady state, the spectrum of en- 
ergy in thermal equilibrium and in the in- 
ertial range of turbulence are both power 
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laws in the wavenumber k. For example, the 
equilibrium distribution of thermal energy 
for capillary waves per unit area of surface 
per range of wavenumber is 

~ ( k )  - (kBT)k (1)  

which expresses the equipartition of ener- 
gy (k, is Boltzmann's constant and T is 
temperature). In comparison the steady- 
state wave turbulent distribution of ripple 
energy driven by a source of power per 
unit area q is 

where p is the fluid density and a is the 
surface tension (5-7). [For vortex turbu- 
lence as analyzed by Kolmogorov, u(k) - 
pl/3q2/3k-j/3 where q is now the power 

input per unit of volume by the tides into 
the stirring of the seas (3.  4 ,  8, 9).] 

The challenges posed by turbulence are 
much deeper than the need to explain the 
different values for the exponent of k in 
the equilibrium (Eq. 1) and far-from-equi- 
librium (Eq. 2)  steady states. The distinct 
physical aspects of turbulence are to be 
found in the fluctuations around the 
steady state. Because motion is character- 
ized by phase as well as amplitude, the 
spectra (Eqs. 1 and 2 )  do not uniquely 
determine the state of fluid motion to 
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which they apply. In thermal equilibrium 
the phases randomize so precisely that 
fluctuations are exponentially suppressed. 
The probability that a measurement of 
energy at wavenumber k finds a power 
different from the average (Eq. 1) is pro- 
portional to the exponent of the differ- 
ence and so follows a Gaussian distribu- 
tion (in amplitude), with the result that 
large fluctuations are highly improbable. 
In turbulence, large fluctuations are not 
exponentially suppressed (4, 10, 1 1 ), and 
the broad-band power spectrum (Eq. 2) 
masks the spontaneous, intermittent ap- 
pearance of large, coherent structures. 

Diffusing light photography (DLP) pro- 
vides a means to image the spatial struc- 
ture of intermittency in ripple-wave tur- 
bulence. Such a structure is displayed in 
Fig. 1, which is a plot of the local rate of 
dissipation of mechanical energy into heat 
within the turbulent ranee of motion for 

.2 

capillary waves. In the turbulent regime, 
the fluid motion is concentrated into areas 
of high amplitude that substantially ex- 
ceed the root-mean-square (rrns) value. 
Furthermore, these regions of high dissi- 
pation are organized into large structures. 

In DLP, the instantaneous height ((x, 
y) of a fluid surface with large variations in 
height and curvature can be measured (7). 
The fluid is illuminated from below with a 
10-p,s flash of light that diffuses through 
the water as a result of multiple scattering 
from a suspension of 1-p,m polystyrene 
spheres whose concentration (0.04%) is 

large enough to render the water milky but 
small enough not to affect the viscosity. 
The light intensity that exits the upper 
surface depends on the local depth: Less 
light penetrates deeper surfaces. Applica- 
tion of the calibration curve in Fig. 2A 
(inset), pixel by pixel, to a charge-coupled 
device (CCD) camera photo of the upper 
surface (Fig. 3A) leads to a rendering of 
the surface height (Fig. 3B). 

Kev to the usefulness of this techniaue 
is the elimination of ray crossings that 
occur when light is refracted by a surface 
of varying slope. For example, a light front 
that approaches a peak in the fluid- 
air interface from below will be refracted 
toward that peak and cross other rays 
just above the interface. These caustics 
prevent the use of shadowgraphs (1 2) for 
measuring c(x, y) accurately. Faraday (13) 
was the first to notice that the addition 
of milk to water eliminated caustics and 
rendered a smoothly varying pattern of 
transmitted light. Figure 4 shows a cross 
section of an image of a sine wave mold 
made from a solution of water, polyballs, 
and gelatin. The circles represent the 
reconstructed surface obtained with DLP. 
For this surface, rays from a horizontal 
light front (shadowgraph) would cross 2 
mm above the maxima. The diffusing- 
light rendition is faithful even though 
the sloves varv from + 1 to - 1. For surface 
waves, the slope is the Mach number, 
which in our exveriments reached maxi- 
mum values comparable to those that 

characterize this mold. 
Also shown in Fig. 4 is the three-quar- 

ter width of a laser beam as a function of 
distance traveled in the polyball suspen- 
sion. The laser is depicted here as incident 
from above. The light will propagate a 
transport mean free path, I*, before diffu- 
sion causes the beam to spread. A higher 
concentration of scatterers leads to a 
smaller I*. The diffusing light technique 
works when I* is comparable to or greater 
than ( but less than the overall depth, L, 
of the fluid (L > I* > 5; for surfaces with 
a large radius of curvature the technique 
can work even when I* < 5). In our 
experiments, the container of fluid is illu- 

Fig. 1. Experimental data for the rate of dissipation of turbulent ripple motion into heat as a function 
of location on the surface. Energy is injected into capillary wave motion at 25 Hz (k = 6.4 cm-l, A = 

0.98 cm) through parametric excitation. The motion obeys the applicable Kolmogorov power spec- 
trum in the wavenumber range 15 cm-' < k < 60 cm-'. From the instantaneously measured surface 
height, the contribution to the local rate of dissipation in a subrange Ak (here 42.4 cm-I < k < 46.5 
cm-I so A = 1.4 mm) is obtained by digital filtering and then plotted in dimensionless form. The 
displayed region is 7.56 cm by 7.56 cm. Blue regions correspond to the rms value of dissipation and 
red regions correspond to over 20 times this value. Large, organized structures are readily apparent. 
In general, adjoining subranges of k, from the same image, have different structures. 

Fig. 2. (A) The frequency spectrum of ripple 
turbulence. The region in which the data were 
filtered to obtain the graph (B) is indicated. (A, 
inset) A typical calibration curve for transmission, 
T, of light through water with a suspension of 
neutrally buoyant polystyrene spheres (index of 
refraction of 1.6, concentration 0.04%). The 
depths, L, span the experimental range. For this 
concentration, a light ray travels about 0.5 mm 
before Mie scattering from a polyball. Because 
the scattering angle is small (about 20" on aver- 
age), the ray must undergo more than 10 scat- 
tering events in order to be turned through 
a large angle. Transmission through the "milky" 
water is approximately given by T = ! I  */(L + : I  *) 
(22). (B) The distribution of structures in 
turbulence. The number of pixels with acommon 
side required to cover those regions where 
the dissipation exceeds 5 rms for 10 photos 
of turbulence. The light-shaded histogram de- 
notes randomized phases. The dark-shaded 
histogram denotes actual data. (Inset) The dis- 
tribution of heights for a real (dashed line) and 
phase-randomized photo. The randomized 
data, but not the physical state, fit well to a 
Gaussian distribution. 
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minated uniformly from below and a cam- 
era is focused onto the surface to record 
the transmitted light. The light reaching 
an individual pixel on the CCD comes 
from inside the cone (Fig. 4). If l* is too 
small, the beam spreads so rapidly that 
light collected from one point is affected 
bv the overall surface s h a ~ e  and the meth- 
od fails to yield a useful image. 

The power spectrum [u(k)] of the tur- 
bulent state, obtained from the spatial 

Fig. 3. Diffusing light 
photography and analy- 
sis of turbulent capillary 
waves. (A) Display of an 
actual photo obtained 
with a Princeton Instru- 
ments CCD with 65,000 
gray scales and 1024 by 
1024 pixels binned into 
512 by 512 super-pix- 
els. The displayed area 
(7.56 cm by 7.56 cm) 
spans 256 by 256 su- 
per-pixels. (B) Render- 
ing of the surface height 
as a function of location, 
5(x, y), on the plane of 
the undisturbed sur- 
face. The rrns amplitude 
of motion is 1.5 mm. (C) 
The dissipation function 
(Eq. 3) of (A) filtered to 
retain only those com- 
ponents in the subrange 
Ak (the data have also 
been median filtered). 
Those squares of 16 su- 

Fourier transform of { (Fig. 3A), is found 
to be isotropic and broad band in the 
range 15 cm-' < k < 60 cm-'. The 
exponent (-2.2 + 0.1) is close to that 
given in Eq. 2 (7, 14). Use of the ripple 
dispersion law, 02 = (ulp)k3, implies that 
the range of frequencies, o / 2 r ,  for which 
this motion is turbulent is 76 Hz < f < 
630 Hz, as we find from the temporal 
Fourier transform of {(t) of the motion in 
a 200-pm region of the surface (Fig. 2A). 

per-pixels that exceed 80 rms are blackened to exhibit structure in turbulence. The width of 
these structures is approximately the wavelength spanned by the subrange Ak. This is a 
different image from that used for Fig. 1. (D) Comparison with (C) where, in addition to filtering, the 
phases of the various Fourier components have been randomized. Although the power spectrum is 
completely unaffected, the area of structures as well as the regions of low amplitude are greatly 
diminished. 

Fig. 4. Experimental criteria for 
DLP. Our measurement of I *  is 0,6 
overlaid on a calibrated image of a 
sinusoidal mold. Shown is the width 0,4 
of a He-Ne laser beam (633 nm) 
propagating into the liquid (squares 0,2 
denote a 0.04% solution and trian- ; 
gles denote a 0.1 2% solution). The = 0.0 
indicated beam width contains 
75% of the light. For the 0.04% so- E -0.2 
lution, the beam propagates ballis- 
tically for a distance equal to the -0.4 
transport mean free path (I * - 0.75 
cm) before spreading. For a 0.04% -0.6 
solution, light propagates into the 
bulk of the medium without inter- 

, 
3 4 5 6 7 

acting with other surface locations. Positlon (crn) 
In this instance the calibration curve 
in Fig. 2 can be used to obtain an accurate rendering of the mold from a photo of the transmitted 
light. For a 0.12% solution the beam probes nearby points' on the surface, and so when its cali- 
bration curve is applied to a cross section of the mold, the rendered height is wrong at the peaks 
(but not the troughs) by 25%. For a 0.3% polyball suspension, the peaks are overestimated by a 
factor of 2. 

To elucidate structure in the turbulent 
state, images such as that in Fig. 3A are 
digitally filtered in a fixed range of wave- 
numbers (in this instance, 42.4 cm-' < 
k < 46.5 cm-') that lie entirely within 
the region of broad-band motion (the cor- 
responding frequency range 373 to 429 Hz 
is indicated in Fig. 2A). Then, the local 
rate of dissipation, E, of wave energy into 
heat by molecular viscosity is plotted in 
dimensionless form (Fig. 1) as 

where v is the kinematic viscositv and 
A, is the wavelength at which energy is 
injected. 

Quantifying structure within turbulence 
requires algorithms sensitive to the local 
response. Such algorithms are more akin to 
the JET Cluster routines (1 5 )  of high-ener- 
gy experimental physics than various global 
correlation functions. In this vein, we mea- 
sure the size of intermittent structures by 
first blackening those units of 16 pixels 
where the average dissipation exceeds the 
rms value by a factor of 5 (Fig. 3C). This is 
compared to a computer-simulated noise 
image where the spectrum has been pre- 
served but the phases have been random- 
ized (Fig. 3D). These data show that turbu- 
lent motion within a narrow range of wave- 
lengths is characterized by large fluctuations 
(1 6). This is demonstrated by the presence 
of organized high-amplitude structures as 
well as large regions where the motion is 
remarkablv auiescent. The suectrum of the , . 
Kolmogorov cascade (which is a global cor- 
relation) expresses a remarkable balance of 
these disparate motions. 

Figure 2B (inset) shows the distribution 
of amplitudes of the two images, from 
which we derive the local dissipation (Fig. 
3. C and D). Althoueh their standard u 

deviation (rms power) is the same, lack of 
random phasing in the physically realized 
broad-band turbulent state accounts for its 
non-Gaussian form and also for the broad 
distribution of localized structures (Fig. 
2B). There exists no theory for this key 
characteristic of turbulent motion (1 7). 

Our observation of intermittency 
stands in contrast with the conclusions 
based on computer simulations (18) that 
ripple turbulence is well described by a 
deterministic Boltzmann type of kinetic 
equation. We propose that the shortage of 
modes that can be dealt with in a comput- 
er calculation accounts for the differing - 
conclusions. The parameter of merit for 
the extent to which a system displays tur- 
bulence (7) is the ratio of the rate 117 of 
nonlinear interactions to the spacing be- 
tween the lowest lying modes wG. For 
computer calculations with 256 by 256 
modes this ratio is about 1, whereas for the 
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IRAK (Pelle) Family Member IRAK-2 and MyD88 
as Proximal Mediators of IL-1 Signaling 
Marta Muzio," Jian Ni, Ping Feng, Vishva M. Dixitt 

The interleukin-1 receptor (IL-1 R) signaling pathway leads to nuclear factor kappa B 
(NF-KB) activation in mammals and is similar to the Toll pathway in Drosophila: the 
IL-1 R-associated kinase (IRAK) is homologous to Pelle. Two additional proximal 
mediators were identified that are required for IL-1 R-induced NF-KB activation: IRAK- 
2, a Pelle family member, and MyD88, a death domain-containing adapter molecule. 
Both associate with the IL-1 R signaling complex. Dominant negative forms of either 
attenuate IL-1 R-mediated NF-KB activation. Therefore, IRAK-2 and MyD88 may pro- 
vide additional therapeutic targets for inhibiting IL-I-induced inflammation. 

A f t e r  binding to  IL-I,  t he  IL-IR type I 
(IL-1RI) associates arith the  IL-IR acces- 
sory protein ( IL-IRAcP) and initiates a 
signaling cascade tha t  results in  t h e  acti- 
vation of NF-KB (1-6). Substantial sirni- 
larity exists between the  IL-1R signaling 
pathway i n  mammals and the  Tol l  signal- 
ing path\vay in  Drosophila. Toll  shares se- 
quence homology with the  cytoplasmic 
domain of t h e  IL-1RAcP a n d  induces 
Dorsal activation (a  homolog of NF-KB) 
via t h e  adapter protein Tube  and  t h e  pro- 
tein kinase Pelle (7-1C). T h e  recently 
identified IRAK (IL-1R-associated ki- 
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nase) is ho~nologous to  Pelle (1 1 ) .  How- 
ever, in  mammalian cells, additional 
complexity is thought to  exist, because of 
t h e  observation tha t  multiple protein ki- 
nase activities coprecipitate with the  
IL-1RI (1 2 .  13) .  Furthermore, given tha t  
in  Drosophila t he  adapter protein Tube  
interacts with and  regulates Pelle's activi- 
ty, i t  is likely tha t  analogous adapter or 
regulatory molecules might participate i n  
IL-I signaling. 

I n  order to identify putative additional 
protein kinases associating with t h e  IL-1R 
signaling complex, expressed sequence tag 
databases mere searched for sequences ho-  
mologous to  IRAK (14 ,  15) .  ,4 novel par- 
tial human  cDNL4 was identified tha t  
showed significant homology, by Clustall 
a l i ~ n m e n t  analvsis, t o  both  IRAK and  , , 
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clone; analysis of t h e  nucleotide sequence 
revealed a n  open reading frame encoding a 
590-amino acid protein with a calculated 
size of 65 k D  (Fig. I A ) .  Given its sequence 
and functional similarity to IRAK, t h e  
molecule was designated IRAK-2. North-  
ern  ( R N A )  blot analysis revealed a single 
IRL4K-2 transcript expressed in  a variety 
of tissues \\,hose size (about 4 kb)  was 
consistent with tha t  of the  c D N A  (Fig. 
I B ) .  

Ectopic expression of IRAK-2 induced 
NF-KB activation as determined by t h e  
relative luciferase activity of a n  NF-KB- 
responsive construct. Truncated versions 
encoding amino acids 1 to  96 [IRAK-2(1- 
96)]  and amino acid 97 to  t h e  COOH- 
terminal end [IRAK-2(97-590)] failed to 
induce any luciferase activity, which sug- 
gests tha t  t h e  integrity of the  molecule \\,as 
essential for its function (Fig. 2A) .  Dele- 
tional analysis has previously shown tha t  
a n  NH,-terminal truncated version of 
Pelle analogous to  IRAK-2(97-590) is also 
inactive, which leads to  t h e  suggestion 
that  Pelle's recruitment to  t h e  plasma 
membrane through its NH,-terminal do- 
main is necessary for its subsequent func- 
t ion (7). Thus,  we tested whether IRAK- 
2(1-96) or  IRAK-2(97-590) could act as 
dominant  negative inhibitors of IL-1R- 
induced NF-KB activity. Coexpression of 
IL-1RI and IL-1RAcP (here  called IL-1Rs 
for clarity) strongly induced NF-KB activ- 
ity. Surprisingly, both IRAK-2(1-96) and 
IRAK-2(97-590) inhibited IL-lRs-in- 
duced NF-KB activity. A dominant  nega- 
tive mutant  version of t h e  downstream 
kinase NIK that  is implicated in  IL-IR- 
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