
5) Gaseous components from Io, re- 
quiring higher-than-volcanic temper- 
atures for evaporation from the body, 
may be fed into a gas torus at the orbit of 
Io. 

6) X-ray emission from the current 
spots may be expected (12). 

Note added in proof: Voyager 2 has 
since confirmed that at least six of the 
eight spots were still producing plumes 4 
months later. The active spots show a 
strong concentration to the equator (sev- 
en being within 30? of it), an effect ex- 
pected for the present interpretation but 
not for volcanoes powered by the tides 
(13). 
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Melting of Helium at Room Temperature and High Pressure 

Abstract. Helium has been solidified at room temperature. The melting pressure at 
24?C is 115 kilobars, in complete agreement with the Simon equation. An original 
apparatus was developed for this experiment, which allows loading of the cell at 
room temperature. Applications to various areas of research are suggested. 
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Within the last 10 years, significant 
progress has been achieved in very high 
pressure technology (1). This progress 
has been largely due to improvements in 
the design of pressure generators (2) and 
in measurement procedures (3), based on 
the use of diamond anvil cells which now 
can be used into the megabar range. Re- 
cently (4), diamond anvil cells were used 
in the study of gases; liquid hydrogen 
was introduced into a diamond anvil cell 
with a cryogenic setup, and solidification 
of fluid hydrogen was observed at 57 
kbar and room temperature. In this re- 
port, we describe a different method in 
which the cell is loaded at room temper- 
ature under a gas pressure of 2000 bars. 
We could thus measure the melting point 
of helium (4He) at 24?C and compare it 
with the melting temperature predicted 
by existing melting laws. We also found 
that solid helium may be used as an inert 
and plastic pressure-transmitting medi- 
um for very high pressure research in the 
diamond cell. 

Figure 1 is a sketch of the apparatus 
that was designed for the experiment. 
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Fig. 1. Sketch of the diamond cell (dark lines) 
inside the low-pressure vessel (light lines): a, 
diamond cell (maraging steel); b, low-pressure 
bomb (5 kbar) (maraging steel, 52RC); c, 
stainless steel gas-loading capillary; d, mov- 
ing piston; e, stainless steel capillary feeding 
the pressure control fluid (helium in this ex- 
periment); and f, piston seal. 
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The diamond anvil cell (a, heavy lines) is 
contained inside a low-pressure (5-kbar) 
vessel (b, light lines). At this stage, the 
diamonds are not pressed against the In- 
conel gasket. The gas to be studied, heli- 
um under a pressure of 2 kbar, is then 
introduced into bomb b through tubing c. 
It fills the volume inside the low-pressure 
bomb, including the sample space be- 
tween the diamonds and the gasket. 

To close the cell, a small overpressure 
(300 bars) is exerted on piston d, which 
supports the moving anvil. The neces- 
sary pressure, 2300 bars, is fed through 
capillary e. The resulting force is about 
300 kg on ram d, which has a surface 
area of 1 cm2. The pressure is sufficient 
to press the diamonds into the gasket and 
bring the pressure on the 4He sample up 
to about 100 kbar. Both pressures con- 
trolled through tubings c and e are then 
decreased from 2000 and 2300 bars, re- 
spectively, to 0 and 300 bars, maintain- 
ing a difference of 300 bars throughout 
the whole process. Bomb b can then be 
opened and the cell extracted with the 
gas sample still contained between the 
diamonds. 

One can use the cell for optical experi- 
ments under variable pressure by chang- 
ing the pressure on piston d through the 
capillary e, which is still attached to the 
cell. The internal pressure is measured 
on the Ruby fluorescence scale. 

The gas used here is U-grade 4He with 
a nominal impurity content of less than 
30 parts per million. Its melting upon 
slow decompression was directly ob- 
served and photographed at the crystal- 
fluid equilibrium point. 

This particular experiment was de- 
signed so that we could observe the melt- 
ing point of helium at around 100 kbar. 
Thus the dimensions of the anvils, holes, 
and seats (Fig. 1) that we used would not 
be suitable for pressures above 200 kbar. 
At higher pressures, we use a sturdier 
geometry for the anvils, although the di- 
mensions of the cell remain the same (31 
mm in outside diameter and 57 mm long). 

Figure 2, a to d, shows the melting 
process of helium at room temperature 
(24?C). The two dark objects, near the 
center and at 4 o'clock, are ruby chips. 
The diameter of the hole is 130 gm. 

Figure 2a shows the solid phase. Grain 
boundaries between individual micro- 
crystals appear as an irregular network. 
In Fig. 2b, two crystals are present in the 
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fluid. The smaller one, with rounded-off 
edges, melts first and has disappeared in 
Fig. 2c. In Fig. 2d, the melting process is 
almost over. The pressure measured at 
melting is 115 + 2 kbar at 297 + 0.4 K 
(24?C). 

The optical contrast between the solid 
and fluid phases is weak. The refractive 
indices of both phases are almost the 
same and presumably very close to 
unity. With normal illumination, no de- 
tails were visible. The photographs in 
Fig. 2 could be taken only with light re- 
flected from the cell walls, at nonnormal 
incidence. 

Melting curves can frequently be rep- 
resented by the Simon equation, which 
holds well for rare gases. The pressure P 
and temperature T at the melting point 
are related by an exponential law of the 
form 

P = aT + b 

where a, b, and c are parameters that are 
determined by experiment for a given 
element or compound. Those parameters 
have been determined by experiments up 
to 10 kbar and 60 K for helium (5). The 
use of this law up to liquid nitrogen tem- 
perature does indeed predict the ob- 
served pressure (14 kbar) (6). No mea- 
surements have been reported above this 
point, and legitimate questions have 
been raised on the validity of the Simon 
equation at very high densities (5). The 
law appears to hold remarkably well 
even under these conditions. The pre- 
dicted pressure at 24?C is 115 kbar. For 
4He, at least, there does not seem to be a 
need for a more complicated equation, as 
was correctly noted from experiments up 
to 10 kbar (5). The calculated density of 
helium at 115 kbar is about 1.0 g/cm2. 
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Fig. 2. Melting of helium 
crystals at room temper- 
ature. The total diameter of 
the cell is 130 Amm. The two 
dark spots near the center 
and on the right are ruby 
chips. (a) Solid helium mi- 
crocrystals fill the entire 
volume of the cell. (b) Dur- 
ing melting, two crystals 
(lower part, left) are in 
equilibrium with the fluid. 
(c) Two minutes later, the 

up. _ tj ssmaller crystal has disap- 
peared. (d) Two minutes 
later than (c), the larger 

very sr l crystal has melted signifi- 
cantly (corners are round- 
ed off). The whole melting 
process took 10 minutes in 
this experiment. The total 
mass of helium was about 
0.5 ag. 

This verification of the Simon equation 
up to 115 kbar justifies its extrapolation 
far above this pressure, except for a 
phase transition. This regular behavior 
very strongly points to the retention by 
solid helium of its 1000-bar structure, 
which is face-centered cubic. Moreover, 
a different structure some 50 or 100 kbar 
above the 115-kbar point is also unlikely 
since it would be announced by a mea- 
surable deviation from the Simon equa- 
tion (7). 

This law is applicable to other rare 
gases. Their melting curves are similar, 
at high densities, when expressed in "re- 
duced" units to pressure and temper- 
ature (5, 7). According to this law, the 
law of corresponding states, a pressure 
of 115 kbar for helium is equivalent to a 
pressure of 575 kbar for argon. The melt- 
ing behavior of argon and other rare 
gases is thus known indirectly, at much 
higher pressures and temperatures, that 
is, under conditions that are, for the 
present time, outside experimental pos- 
sibilities. The reduced pressure range 
which is now known for helium is 50 
times larger than the range where argon 
was actually measured. This discussion 
is valid, of course, only in the range 
where rare gas solids retain their low- 
pressure, insulating structures. Devia- 
tions from it are expected when they 
transform to a metallic phase. 

Dense fluids of any kind can thus be 
studied in the diamond anvil cell, wheth- 
er the loading is done by cryogenic meth- 
ods or high-pressure procedures. Many 
fields of research may take advantage of 
this diamond cell. 

Theories of melting require experi- 
mental data not only on the P-T curves 
but also on the densities, volume varia- 

tions on melting, and latent heat. These 
quantities can either be directly mea- 
sured or derived by experiments in the 
diamond cell, along with other physical 
measurements such as optical absorption 
or Raman scattering. 

Information on the behavior of gases 
at high densities, especially hydrogen, 
helium, and their mixtures, is required in 
many areas. For example, existing mod- 
els for the interiors of Jupiter or Saturn 
rely on assumptions about the behavior 
of the solid and fluid phases of hydrogen 
and helium. Direct measurements of 
those elements and their mixtures are 
now possible up to about 1 Mbar and a 
few hundred degrees kelvin, which cor- 
responds to depths of a few thousand 
miles below the visible surface of Jupi- 
ter. 

Another field where equations of state 
and phase behavior are useful is laser im- 
plosion methods for controlled fusion re- 
search. With diamond anvils, the tem- 
peratures and pressures that may be at- 
tained are much smaller than those that 
are achieved in these processes, except 
in some initial stages of implosion. But 
since the actual conditions must be ex- 
trapolated by calculations, the precision 
of those extrapolations may be increased 
if one uses improved equations of state, 
based upon an extended range of experi- 
mental data. 

Another research area that will benefit 
from this type of experiments is the 
study of the metallic state in gases. 
Prime candidates are hydrogen and its 
isotopes and the heavier rare gases 
(krypton and xenon). There are indica- 
tions that xenon may well reach the me- 
tallic state in the vicinity of 300 kbar (8), 
and that hydrogen undergoes the transi- 
tion somewhat above 1 Mbar. Direct ob- 
servation of those phases and measure- 
ments in the diamond cell will certainly 
provide greater insight into the mecha- 
nism of the transition. 

Apart from the consequences for fun- 
damental research, the use of helium in 
diamond anvil cells may improve very 
high pressure techniques. It may make it 
possible for one to circumvent three 
complicating factors that are commonly 
encountered when one uses "liquid" 
pressure media, such as ethanol-meth- 
anol mixtures, in research on crystals: 

1) These mixtures are very hard 
glasses above 100 kbar, and stress gradi- 
ents within the cell cause large pressure 
inhomogeneities. 

2) These mixtures tend to revert to the 
crystalline state when heated under high 
pressure, since they are metastable 
glasses above 20 kbar. They then crystal- 
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lize in a diffusing and opaque array of mi- 
crocrystals, precluding optical measure- 
ments. 

3) They are not inert chemically, es- 
pecially at the high temperatures (1000 to 
2000 K) that are obtainable in the dia- 
mond cell and that are necessary for 
many geophysical problems. 

We measured the profile of the ruby 
luminescence lines up to 150 kbar in sol- 
id helium and could see no measurable 
broadening that would indicate pressure 
inhomogeneities within the cell. Al- 
though this must be checked at higher 
pressures, it is an indication that helium 
behaves as a rather "soft" crystal and 
may well counter the first factor. Con- 
cerning the second factor, we could veri- 
fy (Fig. 2a) that the presence of helium 
microcrystals does not prevent optical 
measurements in the cell. Diffusion on 
grain boundaries is kept at a low level be- 
cause of the low refractive index of the 
solid. In other measurements we found it 
straightforward to crystallize helium in 
the cell, as a single crystal with no dif- 
fusion at all. This would certainly be true 
at all temperatures, in contrast to meta- 
stable ethanol-methanol mixtures. With 
respect to the third factor, helium is 
known to be remarkably inert and would 
probably be the best pressure-trans- 
mitting medium, in that respect, for sol- 
id-state studies (9). 
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Interplanetary Dust: Trace Element Analysis of 

Individual Particles by Neutron Activation 

Abstract. Although micrometeorites of cometary origin are thought to be the 
dominant component of interplanetary dust, it has never been possible to positively 
identify such micrometer-sized particles. Two such particles have been identified as 
definitely micrometeorites since their abundances of volatile and nonvolatile trace 
elements closely match those of primitive solar system material. 
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Micrometeorites are micrometer-sized 
interplanetary dust particles that enter 
the earth's atmosphere without melting 
(1). They are collected from the strato- 
sphere by U-2 aircraft (2) and are being 
studied because a significant fraction 
may be particles from comets (3). Com- 
ets are volatile-rich bodies which may 
be well-preserved planetesimals that 
formed at very low temperatures and 
have been stored at a great distance from 
the sun, probably for most of the age of 
the solar system. 

We report here the first use of highly 
sensitive neutron activation analysis 
techniques to determine trace element 
abundances of individual micrometeor- 
ites. The two particles analyzed [U2- 
13A1 (70 by 35 ,um) and U2-14A6 (42 by 
28 /um)] are among the largest of more 
than 400 extraterrestrial particles that 
have been collected during 5 years of U- 
2 flights and are very close to the largest 
size (for their composition type) that can 
enter the atmosphere without suffering 
melting or partial vaporization. Prior to 
activation analysis, both particles were 
subjected to routine morphological and 
qualitative elemental analysis in optical 
microscopes and scanning electron mi- 

Table 1. Surface composition of particulate 
matter collected from the stratosphere by 
EDX analysis in an SEM. Values represent ele- 
ment/silicon ratios (in percent by weight). 
Particle U2-13A3 is a 7-/am chunk of material 
which fell from the main mass of particle U2- 
13A1 during handling. 

Ele- Particle Bulk 
ment U2-13A1 U2-13A3 Cl(6) 

Na 0.25* 0.10 0.098 
Mg 0.84 0.87 0.890 
Al 0.11 0.12 0.099 
S 0.86 0.28 0.53 
Ca 0.11 0.10 0.10 
Ti 0.006 0.005 
Cr 0.023 0.025 0.019 
Mn 0.030 0.024 0.017 
Fe 2.97 2.12 1.72 
Ni 0.15 0.11 0.091 

*"Laboratory weathering" is probably responsible 
for the high Na value (Na tends to migrate toward 
the surface of the particle) and for antlerlike 
growths. A peculiar aspect of particle U2-13A1 was 
the growth of antlerlike fibers during a 2-year storage 
period in the laboratory. The horn-shaped structures 
were not seen in the original photos taken soon after 
collection. 
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croscopes (SEM) with energy-dispersive 
x-ray (EDX) analysis. In the SEM work, 
it was necessary to sputter-coat the par- 
ticles with a 100-A layer of Pd. The dif- 
fraction pattern for particle U2-14A6 
(made with a small Debye-Scherrer cam- 
era) indicates that the bulk of the particle 
is composed of amorphous or poorly or- 
dered materials. The only strong lines 
were from magnetite, a minor phase in 
the particle. Quantitative EDX analysis 
of particle U2-13A1 (Table 1) represents 
an average for the top few micrometers 
of the particle (about 10 percent of the 
particle mass) (4). 

Both particles are black, opaque ag- 
gregates of micrometer- and submicrom- 
eter-sized grains. Particle U2-13A1 is 
porous both because of fine-scale voids 
between individual constituent grains 
and because of large open vugs as big as 
15 ,gm across. It is more porous than the 
most porous meteorites and probably 
has a density of < 2 g cm-3. Qualita- 
tively, both of the particles have essen- 
tially chondritic compositions and may 
be classed as chondritic aggregate inter- 
planetary dust particles, the most com- 
mon type of micrometeorite (2). 

The results of neutron activation anal- 
yses (5) for the two particles are shown 
in Table 2. Because there is some uncer- 
tainty in estimating the weight of these 
particles, the observed elemental con- 
tents are reported as such without con- 
verting into concentrations. The concen- 
tration of these elements in C1 chon- 
drites (a group of primitive, chemically 
undifferentiated meteorites that best rep- 
resent the cosmic or solar system abun- 
dance of chemical elements) is also giv- 
en (6). Relative abundances of all the ele- 
ments except Au in the stratospheric 
particles are very similar to those of C1 
chondrites (7). Relative to Cl chon- 
drites, the mean abundances of six non- 
volatile elements (Fe, Ni, Cr, Co, Sc, 
and Ir) in these two particles are 7.33 x 
10-8 and 10.5 x 10-8. If these particles 
are of Cl composition, then the corre- 
sponding weights of 0.07 and 0.11 /tg are 
in good agreement with those inferred 
from the particle size. The abundance 
patterns of the particles closely match 
those of primitive C1, C2, and C3 carbo- 
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