
Formation of Diamond by 

Explosive Shock 

Abstract. Samples of graphite have been 
recovered after exposure to explosive 
shocks of 300,000-atm estimated intensity. 
X-ray and electron-diffraction examina
tions prove the existence of diamond in 
this material. The mechanism proposed 
for the formation of diamond under these 
conditions is simple compression in the 
c-axis direction of the rhombohedral form 
of graphite. 

In the course of a program to study 
the effects of explosive shocks on var
ious minerals ( 2 ) , samples of spectro-
scopically pure artificial graphite were 
exposed to shock pressures estimated 
at 300,000 atm for 1 Msec (2 ) . The re
covered fragments, which microscopi
cally resembled the original material, 
were rather brittle and did not possess 
the greasy feel of normal graphite when 
ground in a mortar. When a piece of 
this material was rubbed between a 
polished sapphire and a glass slide, fine 
scratches appeared on both the glass 
and the sapphire. X-ray diffraction pat
terns of the shocked graphite and of 
control specimens were made with 
filtered iron radiation in a Phillips 
camera 114-mm in diameter. The pat
tern of shocked graphite showed three 
additional lines, weak and slightly 
broadened, which could be indexed as 
the (111) , (220) , and (311) diamond 
reflections. These are the only possible 
reflections from diamond with filtered 
iron radiation. The line positions coin-
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cided with a standard pattern of dia
mond powder made in the same 
camera, and the lattice spacing agreed 
with that reported by Swanson and 
Fuyat (5 ) . 

Some of this shocked graphite (4) 
was ground in a glass mortar to —325 
mesh and centrifuged in bromoform, 
density 2.87 g/cms. Since the respective 
crystal densities of graphite and dia
mond are 2.25 and 3.5, only particles 
containing at least 50 percent diamond 
by volume could settle. X-ray-diffrac
tion, electron-diffraction, and micro
scopic examinations were made of the 
dense fraction. With filtered copper 
radiation all the permissible diamond 
lines were observed. However, the lines 
were so broadened that the K-alpha 
doublet could not be resolved even for 
the (331) reflection. Transmission elec
tron-diffraction patterns of individual 
particles were made with a Hitachi 
model HU-10 apparatus. One of these 
particles, about 1 / / in volume, gave a 
pattern of partial-diffraction rings which 
corresponded to the first ten diamond 
reflections. Microscopic examination 
showed the particles to be small, gen
erally 10 p or less in diameter. In ap
pearance, they resemble meteoritic 
carbonados. 

Our most conservative estimates of 
temperature and pressure during the 
shock are well within the region of 
diamond stability. However, in the very 
short time at the pressure available in 
these experiments, it is unlikely that a 
mechanism involving wide-scale atomic 
movement and growth processes can be 
responsible for the graphite-diamond 
transition. A comparison of the struc
tures of graphite and diamond reveals 
an available diffusionless mechanism 
for the transition. 

The basic element of the graphite 
structure is a sheet of carbon atoms 
in which each atom is bonded to three 
other atoms at 120°C, forming a 
hexagonal network. These sheets are 
stacked in such a manner that alternate 

atoms in a sheet lie above the centers 
of the hexagons in the sheet below. 
There are two simple stacking arrays 
that meet this condition. In the more 
common hexagonal form of graphite 
the stacking is . . ABAB . .; that is, the 
atoms in the third sheet lie directly 
above the atoms in the first. In the 
rhombohedral form of graphite de
scribed by Lipson and Stokes (5) the 
stacking is . . ABCABC . .; that is, the 
atoms in the third sheet occupy a posi
tion symmetrically related to the first 
two. 

It has been pointed out that the ar
rangement of atoms in diamond dif
fers from rhombohedral graphite only 
in two respects (6). In diamond the 
sheets of hexagons are puckered and 
they are much closer together, 2.06 A 
in diamond versus 3.35 A in graphite. 
It appears that a simple compression 
in the stacking (c-axis) direction would 
suffice to convert rhombohedral graph
ite to a form very close to diamond. 
To complete the transition the sheets 
must now become puckered, which re
quires that each atom move only about 
0.25 A. 

In the shock-loading experiments a 
commercial artificial graphite was 
used. X-ray patterns of this material 
reveal that it is predominantly hex
agonal graphite, but there is consider
able disorder in the structure. Com
parison of our patterns with Franklin's 
published patterns (7) indicates that 
this graphite contains about 20 percent 
disordered structure. It is probable that 
some of this observed disorder is due 
to the presence of small domains of 
rhombohedral graphite. 

We propose that the graphite-to-
diamond transition observed in our ex
periments took place in properly ori
ented domains of rhombohedral graph
ite in the manner already described. In 
support of this mechanism is the fact 
that we have not yet been able to 
detect diamond in shock-loaded speci
mens of pure hexagonal graphite. The 
failure of Riabinin (8) to form diamond 
in a similar shock-loading experiment 
may have been due to a lack of the 
rhombohedral phase in his original ma
terial (9 ) . 
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Role for Ganglionic 
Norepinephrine in Sympathetic 
Synaptic Transmission 

Abstract. Transmission of nerve im- 
pulses in superior cervical sympathetic 
ganglia of cats and rabbits is markedly 
enhanced after reserpine-induced deple- 
tion of ganglionic norepinephrine. Trans- 
mission is also enhanced by administration 
of adrenergic blocking agents. In con- 
trast, reserpine-induced release of gangli- 
onic norepinephrine in animals pretreated 
with a monoamine oxidase inhibitor re- 
sults in a pronounced depression of gang- 
lionic transmission, which lasts until the 
ganglionic norepinephrine disappears. 
These results support the concept that 
norepinephrine in ganglia modulates the 
action of acetylcholine. 

The fact that stimulation of pre- 
ganglionic sympathetic nerves releases 
catecholamines from ganglia ( I ) ,  to- 
gether with the recent discovery that 
sympathetic ganglia contain consider- 
able amounts of norepinephrine ( 2 ) ,  
prompts speculation on the role of the 
amine in the regulation of synaptic 
transmission. In this regard, Marrazzi 
and others have demonstrated that the 
injection of epinephrine and nor- 
epinephrine causes inhibition of gangli- 
onic transmission (3). However, con- 
clusions concerning the physiological 
role of a naturally occurring amine are 
questionable when they are based on 
studies of the injected substance. For 
example, the injection of histamine and 
even serotonin, a substance absent 
from sympathetic ganglia, also modifies 
ganglionic transmission (4).  

We decided that a more direct ap- 
proach to studying the role of nor- 
epinephrine in ganglia would be to com- 
pare synaptic transmission before and 
after depletion of the amine. The 
present report describes experiments 
which implicate ganglionic norepineph- 
rine as a modulator of transmission 
in sympathetic ganglia. In these experi- 
ments changes in synaptic transmission 
were measured in cats and rabbits 
under chloralose anesthesia by applying 
graded electrical stimuli to the superior 
cervical sympathetic nerve and record- 
ing the electrical activity postganglion- 
ically before and after the intravenous 
injection of reserpine in various doses. 
The norepinephrine content of the su- 
perior cervical sympathetic ganglion 
was determined by a specific fluori- 
metric procedure which measures to- 
tal (bound plus free) catecholamine 
and detects as little as 0.040 pg of 
amine (5). 

Reserpine in doses up to 0.2 n~g/kg 
had no effect on ganglionic transmis- 
sion; a definite increase was produced 
with 0.6 mg/kg, and maximal enhance- 
ment with 1.25 mg/kg. In control ani- 
mals not given reserpine, the evoked 
potential remained relatively constant 
over a period of 20 hours. As shown 
in Table 1, facilitation of synaptic 

Table 1. Norepinephrine concentration in cat 
superior cervical ganglia 4 hours after ad- 
ministration of various doses of reserpine. 
The drug, dissolved UI water as the lyophilized 
phosphate salt, was given intraperitoneally, 
and the animals were killed 4 hours later. 
Norepinephrine concentrations are mean 
values, and numbers in parentheses indicate 
the number of animals. 

Dose of reserpine Norepinephrine 
(mg/kg) content (Fg/g) 

transmission was associated with a re- 
duction in the level of amine of more 
than 90 percent. 

Figure 1 (typical of 12 experiments) 
shows the postganglionic response 
evoked by submaximal and supra- 
maximal stimuli at various times 
after administration of reserpine (2.5 
mg/kg). After a latent period of about 
4 hours the evoked potential was 
definitely higher than the control value; 
it continued to increase and was maxi- 
mal in about 7 hours. The enhance- 
ment of the potential persisted through- 
out the 12 hours of the experiment. In 

RESERPINE RESERPINE 
1.25 mg/kg l.25mg/kg 4 1.v. 

A a * - *  - - 7 - 7  7 I 
I 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

TIME IN HOURS 

Fig. 1. Effect of reserpine on amplitude of postganglionic potential in response to graded 
electrical stimuli applied preganglionically to superior sympathetic ganglion. Stainless 
steel electrode pairs were used. Subthreshold (2 volts, 1 cy/sec, 0.01 msec) and supra- 
maximal (8 volts, 1 cy/sec, 0.01 msec) stimuli were applied in control period. Reserpine 
(2.5 mg/kg) was administered in divided doses at the indicated times. Records of 10 
potentials, 1 second apart, measured at 2, 7, and 12 hours (upper left of the figure), 
indicate the reproducibility of the response. Note the reduction in amplification re- 
quired to record the 12-hour response. 
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