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T yields a superimposable family of 
curves; this result has been shown to 
provide assurance of the reliability of the 
measurements and of a well-defined scat- 
tering mechanism (15). The value of y 
obtained is distinctly different from the 
value y = 1 found for simple metals and 
is similar to that found for several other 
molecular metals, 2.0 to 2.4 (15, 16). 

Upon cooling below Tm the conductiv- 
ity abruptly decreases and then contin- 
ues to slowly decrease with further cool- 
ing (Fig. 2). This behavior suggests that a 
Peierls transition (1-4) or a first-order 
phase transition is taking place. Raman 
spectral studies down to 4?K do indicate 
that the lattice charge distribution, that 
is, the average degree of partial oxida- 
tion of NiPc, remains unaltered through 
this transition. Pronounced hysteresis in 
d-c conductivity observed upon passage 
through Tm is suggestive of contributions 
from stress at the contacts, and micro- 
wave conductivity studies in collabora- 
tion with T. Poehler suggest that the 
transition occurs at lower temperatures 
in unstressed crystals. 

Thus, the temperature dependence of 
the conductivity of NiPcIl.o is metal-like, 
and the mean free path at room temper- 
ature compares favorably with that of 
the most highly conductive materials 
composed of molecular stacks. This 
study and related work (8) confirm the 
idea that the partial oxidation of metal- 
lomacrocyclic systems is a chemically 
versatile synthetic route to a wide array 
of new molecular metals. 
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Nonlinear models of physical and bio- 
logical systems sometimes show'non- 
periodic time evolution even though they 
involve only a few degrees of freedom 
(dynamical variables) (1). This phenome- 
non has been noted in models of fluid 
motion (2), populations (3), physiological 
control systems (4), ion motion in elec- 
tric and magnetic fields (5), and geomag- 
netism (6). A number of investigators 
have suggested that the onset of turbu- 
lence in fluids and the behavior of other 
complicated systems might be under- 
standable in terms of models having far 
fewer variables than the systems they 
represent (7). However, this hypothesis 
has proved exceedingly hard to test be- 
cause of the difficulty of using experi- 
mental data to generate or test models in 
systems with many degrees of freedom. 
In response to a suggestion by R. Lan- 
dauer, we have studied a system of 
coupled electronic relaxation oscillators 
(8) which has particular advantages for 
efforts to understand the conditions un- 
der which a dissipative dynamical sys- 
tem can exhibit nonperiodic behavior. 

For a certain type of coupling (see be- 
low), we find experimentally that a two- 
or three-oscillator system frequently has 
an apparently erratic time dependence. 
However, phase space diagrams and 
high-resolution frequency spectra of the 
diode voltages show convincingly that 
there is usually a single time (often quite 
long as compared to the natural frequen- 
cies of oscillation) over which the oscil- 
lators are periodic. We observe numer- 
ous transitions between different dynam- 
ical regimes as the (time-independent) 
applied voltage is varied. Using a simple 
mathematical model of the experiment, 
we have made accurate numerical com- 
putations which are in agreement with 
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these experimental observations. Fur- 
thermore, a second coupling scheme 
transforms the system into one that does 
show regimes with intrinsic broadband 
noise and trajectories uniformly filling a 
region of the phase space. 

The systems we have studied consist 
of tunnel diode relaxation oscillators 
which are resistively coupled, as shown 
in Fig. 1A. The tunnel diodes (TDi and 
TD2) (1N3720) are hysteretic devices 
with the following properties. As the 
diode current increases, the voltage 
across it remains low (less than 0.15 V) 
until the current exceeds 22 mA, when 
the voltage rises suddenly to about 0.55 
V. If the current now declines, the volt- 
age hardly changes until the current 
reaches 3 mA, at which point the voltage 
drops essentially to zero. A tunnel diode 
in series with a d-c voltage source and 
inductor will oscillate spontaneously if 
the d-c load line intersects only the nega- 
tive resistance region of the current-volt- 
age characteristic. The frequency of os- 
cillation is determined roughly by the ra- 
tio of resistance to inductance of the 
circuit. The voltage wave form is essen- 
tially rectangular (Fig. 1B), whereas the 
current is composed of exponential 
curves. 

Several of these oscillators, with dif- 
ferent natural frequencies, may be 
coupled together in different ways. The 
resistor R (Fig. 1A) provides such a cou- 
pling, because the voltage applied to one 
oscillator depends on the current being 
drawn by the others. Alternately (or in 
addition), a cross resistor Rc joining the 
two diodes directly may be used. In this 
case the current through a diode depends 
not only on the current through its induc- 
tor but also on the relative values of the 
voltages V, and V2. 
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Periodicity and Chaos in Coupled Nonlinear Oscillators 

Abstract. A system of coupled tunnel diode relaxation oscillators shows a variety 
of complex periodic states as the external voltage is varied. The existence of chaotic 
or nonperiodic states is more dependent on the nature of the coupling than on the 
number of degrees offreedom. A simple but accurate numerical model shows many 
of the phenomena observed experimentally. 
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We begin by describing the behavior 
of a two-oscillator system when Re is in- 
finite. Basically we find that all four dy- 
namical variables (the two diode volt- 
ages Vi and V2 and the corresponding 
currents I, and 12) are strictly periodic 
with period T for all applied voltages at 
which oscillation occurs. The two oscil- 
lators synchronize in such a way that m 
cycles of one and n cycles of the other 
both require the same time T. However, 
m and n are often quite large, and so this 
periodicity is on a time scale much lon- 
ger than that of the natural oscillations. 
The behavior on a shorter time scale can 
be quite complex and apparently erratic 
as a result of the strong interaction be- 
tween the oscillators. The synchroni- 
zation property is demonstrated in Fig. 
1B, which shows the two time-depen- 
dent voltages under conditions for which 
min = 3/2. The spacing between adja- 
cent pulses is nonuniform. A graph of I, 
versus 2I is given in Fig. 1C, which can 
be viewed as a two-dimensional cross 
section of the four-dimensional phase 
space composed of II, 12, V1, and V2. 
This phase space trajectory, which was 
obtained from a time exposure of an os- 
cilloscope trace, is clearly closed, and so 
the system is periodic. A more striking 
example is shown in Fig. 1D, where m/ 
n = 14/11. This trajectory is quite com- 
plicated, but clearly closed, again in- 
dicating a strictly periodic state (9). 

A summary of the various states which 
can be observed as the applied voltage is 
varied is shown in Fig. 1E. The ordinate 
is min, or equivalently the ratio v1v 2 of 
the mean frequencies of the two oscilla- 
tors. The observed step pattern is in- 
dicative of the strong tendency toward 
synchronization and periodicity of this 
system. The solid line is the ratio of the 
free-running frequencies of the two oscil- 
lators, obtained by disconnecting each 
one in turn. When coupled, the oscilla- 
tors settle into a periodic state which is 
relatively close to this line. The transi- 
tions between different periodic regimes 
often exhibit hysteresis. 

We also obtained amplitude spectra 
for the diode voltages, using a hard- 
wired, real-time spectrum analyzer, as 
shown in Fig. 2A for the 14/11 state. (The 
ordinate would be squared to obtain the 
somewhat more conventional power 
spectrum.) This spectrum is composed 
entirely of sharp peaks. The apparent 
width is exaggerated by the logarithmic 
vertical scale but is purely instrumental. 
The base line is an instrumental noise 
level. All of the peaks are at multiples of 
the basic frequency T- = 1.77 kHz. 
However, most of the power is in the 
peak located at p2 = 11 T-1 = 19.5 kHz. 
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The spectrum of the other voltage is sim- 
ilar, except that the largest peak is at 
1 = 14 T-' = 24.8 kHz. 

If the coupling strength is reduced by 
about a factor of 10, the same qualitative 
behavior persists (10), although the 
amount of phase modulation of one oscil- 
lator by the other is reduced, and hence 
the integers m and n often have to be 
larger. It appears that synchronization 
and periodicity require only a very small 
amount of coupling. We also find that 
adding a third oscillator does not pro- 
duce nonperiodic states, only more com- 
plex periodic ones. However, as the 
number of peaks in the spectrum increas- 
es, it becomes increasingly difficult to 
distinguish experimentally between a 

A 
Fig. 1. (A) General circuit 
used in the experiments. 
Any number of tunnel 
diodes (TD) may be in- 
cluded. For the remainder 
of this figure, Re is 
absent, R = 3 ohms, 
L1 = 231 lH, L2 = 336 
,aH, RI = 1.3 ohms, and 
R2 = 1.4 ohms. However, C 
none of these values are 
critical. (B) Diode voltages 
V1(t) and V2(t) showing 
synchronization in a peri- 
odic state with min = 3/2. 
(C) Phase space trajectory 
corresponding to (B) pro- 
jected onto the plane con- 
taining the two diode cur- 
rents I, (ordinate) and 12 E 
(abscissa). The upper and 
lower bounds for these 
variables are 22 mA and 3 
mA. (D) Phase space tra- 
jectory for a more com- ? 
plicated, but still periodic, 
14/11 state. (E) Ratio of the 
mean frequencies of the 
two oscillators, or equiva- 
lently the ratio m/n, as a 
function of V0. 

Fig. 2. (A) Amplitude spec- 
trum of the diode volt- 
age V2(t) corresponding to 
the complex periodic state 
of Fig. 1D. The width of 
the peaks on this logarith- 
mic scale is purely instru- C 
mental. (B) Amplitude 
spectrum of V2(t) at V0 
= 0.2006 V for a circuit 

having R = 0, Re = 100 
ohms, L1 = 231 u/H, and 
L2 = 417 /tH. None of 
these values are critical. 
The peaks actually have a 
width greater than 100 Hz, 
and the time evolution is 
nonperiodic. (C) Phase 

20 

complex periodic state and a nonperiodic 
state (11). 

We have reproduced these phenomena 
by a simple numerical model in which 
the diode voltages are assumed to be 
constant except when the current passes 
one of its threshold values. In this case, 
the circuit is a linear system in the inter- 
vals between voltage jumps, and exact 
solutions I1(t) and I(t) can be obtained as 
a sum of two exponentials and a con- 
stant. One determines the times of volt- 
age discontinuities by repetitively deter- 
mining the root of an algebraic equation, 
and the coefficients in the solution are 
recomputed for each successive time 
interval. This method, which avoids 
numerical integration, permits exceed- 
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ingly accurate numerical solutions to 
be obtained over hundreds of cycles or 
more. If parameters similar to those 
of the actual circuit are used, these 
computations show the phenomena of 
synchronization and periodicity de- 
scribed above. 

States with intrinsic noise can be pro- 
duced by a second coupling scheme 
which incorporates a finite value of Re. 
In this case, a change in one of the diode 
voltages will immediately change the 
other diode current, rather than simply 
affecting its rate of change, as in the 
circuit with coupling provided by the re- 
sistor R. We now find that the trajec- 
tories are no longer periodic for certain 
broad ranges of applied voltage. The 
spectra contain a great deal of broadband 
noise (Fig. 2B). Although several peaks 
are still visible, high-resolution spectra 
show even the sharpest one to have a full 
width at half maximum of about 100 Hz. 
(In the periodic states the spectral lines 
have widths of a few hertz at most, and 
perhaps much less.) The corresponding 
phase space projection (Fig. 2C) uni- 
formly fills an irregularly shaped region 
of the I,-I2 plane. This behavior is clear- 
ly nonperiodic, and is qualitatively dif- 
ferent from the states described above. 
Although it is not difficult to find physical 
parameters that yield this type of chaos, 
only periodic states are observed if the 
system is scaled down to much lower fre- 
quencies (by increasing the induc- 
tances). In this physically realizable dis- 
sipative dynamical system, we have 
shown experimentally that the nature of 
the coupling is much more important 
than the number of degrees of freedom in 
generating chaos. 

J. P. GOLLUB 
T. O. BRUNNER 

B. G. DANLY 
Physics Department, Haverford 
College, Haverford, Pennsylvania 19041 
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generating chaos. 

J. P. GOLLUB 
T. O. BRUNNER 

B. G. DANLY 
Physics Department, Haverford 
College, Haverford, Pennsylvania 19041 
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Muscular Dystrophy: Inhibition of 

Degeneration in vivo with Protease Inhibitors 

Abstract. The protease inhibitors leupeptin and pepstatin were used in vivo in ge- 
netically dystrophic chickens to determine their effects on the histological and bio- 
chemical changes observed in this disease. These compounds appear to delay the 
degeneration of muscle tissue which is characteristic of this disorder and thus may 
have potential therapeutic value in the treatment of muscular dystrophy. 
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A striking feature of muscular dys- 
trophy is the extensive loss of sarcoplas- 
mic and contractile proteins and their re- 
placement by fat and connective tissue. 
The mechanism involved in this degrada- 
tion is unknown but a persistent observa- 
tion in neuromuscular degenerative dis- 
orders has been a marked elevation in 
the activity of acidic and neutral pro- 
teases and other lysosomal hydrolases 
(1). 

We recently reported that the use of 
the protease inhibitors pepstatin and leu- 
peptin (2, 3) could delay the degenera- 
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Fig. 1. Light micro- 
graphs of transverse 
sections of dystroph- 
ic pectoralis major 
muscle from an un- 
treated 4-month-old 
chick (A) and from a 
chick injected with 
pepstatin and leupep- 
tin for 4 months (B) 
(x 280). 
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tion of both normal and dystrophic 
muscle cell cultures. We thought that be- 
cause of their low toxicity and nonimmu- 
nogenic nature these inhibitors might 
have potential therapeutic value for the 
treatment of muscular dystrophy and 
other degenerative muscle diseases. 
Therefore, we studied the effects of pro- 
tease inhibitors in vivo in genetically 
dystrophic chickens. 

The chickens, both normal and dys- 
trophic, were hatched in our facilities 
from eggs supplied by L. Pierro, Univer- 
sity of Connecticut, Storrs. The chicks 
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