(24), and this places strong restrictions
on the greenhouse components required
by (6, 22, 23). Continued progress in our
understanding of the history of the ter-
restrial atmosphere and the paleoclimate
over time scales exceeding 10° years will
indicate whether these complex models
are correct and dramatic atmospheric
evolution has fortuitously offset the re-
duced solar power input to the planet in
the past [or perhaps that the Gaian or bi-
ological thermostat (22) has been oper-
ative]. Regarding the astrophysical as-
pects of the problem, if compensating ef-
fects such as those found by Hart (23)
are ruled out, then the general nature of
the predicted increase of the solar lumi-
nosity suggests that the study of stellar
structure will be presented with a prob-
lem even more fundamental than is the
solar neutrino dilemma.
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Department of Astronomy, University of
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Abstract. Small diamond indentors with spherical tips were pressed against a pol-
ished diamond flat. Pressures were calculated from Hertz contact theory. Very high

pressures were achieved on small areas.

As Hertz first showed, high pressures
can be generated when a sphere is
pressed against a flat (/). In our experi-
ments single crystals of diamond were
used for both the spherical tip and the
flat anvil (Fig. 1).

The contact pressure that develops
when an indentor with a spherical tip is
pressed against a flat plate is given by

3 )1/3 l( E )213 —2/3 ['1/3
=(2]"- 1
P, ( y) "\T T R2BFY (1)

where P, is the contact pressure at the
center, F is the applied force, E is
Young’s modulus, v is Poisson’s ratio,
and R is the radius of the indentor (2). In
this relation it is assumed that the con-
tact radius is small as compared to R and
that linear elasticity is valid.

Several small diamond indentors with

spherical tips ranging in radius from 2 to
20 wm were pressed against a highly pol-
ished diamond flat [E = 11.41 Mbar and
v = 0.07 (3)]. On the basis of Eq. 1, pres-
sures as summarized in Table 1 were ob-
tained. After a given load was removed,
both the anvil and the indentor were
examined carefully. High-magnification

- TN

\

R

Fig. 1. Diagram of a spherically tipped dia-
mond indentor of radius R pressed against an
initially flat diamond anvil with a force F.
Typically the indentor is a single crystal dia-
mond 1/500 to 1/1000 carat with a tip radius of
2 to 20 um, and it is mounted in a steel shank.
The flat is single crystal diamond (about V5
carat) with parallel faces, also mounted in a
steel shank. Because of the small size of the
indentor, the damage to the flat is quite local
and many tests can be made on the same flat if
different areas are used.

photographs were made of the indentor
profile at different known rotations and
these were carefully compared with the
profiles for the same rotations prior to
loading. Also direct photographs of the
tip end obtained by viewing along the
axis were made. By these techniques the
onset of permanent deformation could be
observed.

There are three possible modes of fail-
ure. The diamond may fracture, plasti-
cally deform, or undergo a phase trans-
formation. Usually failure occurred by a
definite ring crack on the flat diamond.
Observations were made with a Reichert
optical microscope equipped with No-
marski interference contrast. As the in-
dentor radius decreased, higher pres-
sures were obtainable before fracture.
We have found (for a radius range of 400
to 20 wm) that the pressure at which frac-
ture occurs on a (100) face follows the
equation

2.4

Pi=( R

1/3

) )
where P is the peak pressure (in mega-
bars) at which fracture occurs and R is in
micrometers. This type of behavior is in
keeping with the general trend of Auer-
bach’s law ). For R = 2 um, the pre-

Table 1. Results of pressure measurements.

Ra- Highest P
dius P, wi toh
of without failure Comment
tip  failure ‘
(um) (Mbar) . Mban)
20 0.9 1.0 Ring crack
8 1.0 1.2 Ring crack
6.5 1.2 1.3 Ring crack
2.5 1.2 1.4 Tip and flat
fractured
2 1.4 1.6 Failure mode not
determined*

*Possible failure modes include (i) fracture or ring
crack, (ii) plastic deformation, and (iii) phase trans-
formation.
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dicted center pressure at fracture is
P = 1.9 Mbar. Thus, to postpone frac-
ture, a tip with the smallest possible radi-
us should be used.

To obtain very high pressures, yield-
ing must also be postponed. The com-
pressive yield strength of bulk diamond
is approximately 350 kbar (5). From
Hertz contact theory the center pressure
at which yielding of diamond occurs is
1.36 times the compressive yield
strength; thus for bulk diamond a pres-
sure of approximately 500 kbar can be
reached without yielding (5). However,
there is evidence that a material may ap-
proach the strength of a perfect crystal
as the spherical tip size becomes very
small (6). This behavior apparently re-
sults because of the lack of dislocations
in a very tiny volume. For example, with
R = 2 pm and P, = 1.5 Mbar, the radius
of the contact area is only 0.8 um. The
region with high shear stresses in either
the anvil or indentor is therefore only
about 1 um? or 1072 cm3. With a dis-
location density of 10¢ cm per cubic cen-
timeter in diamond, the probability of
finding a dislocation is very small. Thus
with tiny tips, essentially perfect dia-
mond is being used. For perfect diamond
Ruoff (5) has predicted an attainable
pressure before yielding of 1.8 Mbar for
[100] loading. In the same pressure range
Van Vechten (7) has predicted a phase
transformation for diamond at 1.7 Mbar.
As noted above, fracture is expected for
a tip with R = 2 um when P, reaches 1.9
Mbar. Thus all three of these failure
modes are expected at approximately the
same pressure. At the present time, we
have not resolved which of the three pos-
sible failure modes has occurred for the
smallest tip size.

The calculated pressures without fail-
ure in Table 1 should be reasonably good
values. The radius of the indentor can be
determined to within 10 percent (the
pressure is thus known to within 7 per-
cent). The stress-strain curves of germa-
nium and silicon (which also have the
diamond cubic structure) have been ac-
curately calculated from the accurate
second- and third-order elastic con-
stants. For [100] compressive loading
they are nearly linear for compressive
strains to 0.15 (8), and for [111] compres-
sive loading for strains to 0.20 (5). Simi-
lar behavior is expected for diamond
where a compressive strain of 0.15 corre-
sponds to a compressive stress of 1.7
Mbar. Thus the linear diamond scale
used Lere has a good scientific basis.
Moreover, when this technique of gener-
ating pressures is combined with the mi-
croelectronics fabrication technology re-
cently applied by Ruoff and Chan (9) to
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high pressure research, it will be pos-
sible to carry out scientific experiments
under these ultrapressure conditions.
A. L. RUOFF
J. WANAGEL
Department of Materials Science
and Engineering, Cornell University,
Ithaca, New York 14853
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Immunofluorescence Localization of Proteins of High

Molecular Weight Along Intracellular Microtubules

Abstract. To help clarify the role, in cytoplasmic microtubule function, of the pro-
teins of high molecular weight that coassemble with tubulin in vitro, a monospecific
antibody against the proteins of high molecular weight was prepared from the serum
of immunized rabbits by affinity chromatography. With indirect immunofluorescence
we found that the protein in both cultured neuroblastoma cells and 3T3 cells is dis-
tributed in an extensive filamentous array that originates at sites near the nucleus
and extends to the cell periphery or, in neuroblastoma cells, gathers into bundles
which enter neurites. No filaments were seen with nonspecific antibodies from serum
taken before immunization, and prior incubation of the specific antibody with puri-
fied protein of high molecular weight (but not tubulin) prevented filament visual-
ization. The filamentous pattern in 313 cells was disrupted by colchicine. This evi-
dence indicates that the proteins of high molecular weight are found in cells in asso-

ciation with cytoplasmic microtubules.

Two major proteins are consistently
found in various preparations of cyto-
plasmic microtubules (/, 2). One is tubu-
lin, which assembles to form the micro-
tubule backbone and usually constitutes
more than 80 percent of the total protein.
The other is a protein of higher molecu-
lar weight (composed of two subunits
each greater than 300,000 daltons), the
function of which is unclear. In cilia and
flagella an adenosine triphosphatase of
high molecular weight, called dynein (3),
forms side arms which project from the
A subfiber of each outer doublet micro-
tub-ile onto the B subfiber of the adjacent
doublet. This protein provides the ener-

| i 0 ﬂb

gy for sliding between adjacent outer
doublets that is responsible for the
movement of these organelles (3, 4).
Similar side arms or filamentous material
are seen by electron microscopy in asso-
ciation with microtubules derived from
brain extracts by repetitive cycles of as-
sembly and disassembly. These struc-
tures, which are probably composed of
the proteins of high molecular weight (5),
have not yet been shown to have adeno-
sine triphosphatase activity.

The above observations suggest that
the proteins of high molecular weight as-
sociated with microtubules assembled in
vitro from crude brain extracts may be

: x'

+

Fig. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of purified MAP and 2x
microtubule protein. Approximately 25 ug of MAP (left) or 150 ug of 2X microtubule protein
(right) was applied. Gels were stained with Coomassie brilliant blue.
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