
Fig. 1. Screw dislocation in "G.E." pyro- 
graphite, etched 46 minutes, CO,, 1150?C. 

surface steps are oxidized at an increas- 

ing rate, and thus the screw pattern is 
magnified (Fig. 1 and cover). 

The magnitude of the Burgers vec- 
tor (equal to pitch) of the screw can 
be determined by any procedure which 
measures the height of the step orig- 
inating on the dislocation. For large 
steps which could, of course, be mea- 
sured only by replication techniques, 
conventional shadowing techniques had 
been used (3). For monatomic steps, 
that is, steps which are only one atom 
layer high, the step height can most 
readily be demonstrated by creating 
additional surface steps known to be 
only one atom layer high, and etching 
the surface until the various steps 
merge. Monolayer steps can be created 
at will by any chemical or physical pro- 
cedure which creates single vacancies. 
The most convenient one for the pres- 
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Fig. 2. Determination of Burgers vector. 
"French" pyrographite etched 24 minutes, 
CO,, 1150?C; I minute, 0O, 40?C; 10 
minutes, Cl-02, 650?C. A, Merged sur- 
face steps of dislocation and of loop. B, 
Nonmerging steps, indicating multilayer 
defect. 
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ent problem was the creation of single 
surface vacancies by chemical attack 
with ozone. Detailed calibrations (4) 
had established that at 40?C a gas 
mixture of 10 percent ozone in oxygen 
created 10-" surface vacancies per atom 
per minute and only negligible amounts 
of multilayer vacancies during the first 
hour of reaction. 

The cleaved crystals containing screw 
dislocations were, therefore, first etched 
in carbon dioxide to develop well- 
spaced screw steps, then treated with 
ozone to produce single surface vacan- 
cies, and finally etched briefly in a mix- 
ture of 0-_ and C1 to expand the vacan- 
cies into surface depressions large 
enough to guarantee frequent intersec- 
tions with screw steps. An example of 
four such intersections is shown in Fig. 
2. Two of the intersections, designated 
A, show true merging without any 
additional step between the loop and 
the screw. They demonstrate that the 
screw of Fig. 2 consists of a monatom- 
ic surface step, that is, a step 3.35 A 

high, and that the c-component of the 
Burgers vector of the screw dislocation 
at the center of the screw is 3.35 A. 
The intersection designated B shows 
an example of a multilayer step, which 
is, however, not part of a screw dislo- 
cation. 

These methods have been applied 
thus far to three types of graphite. Nat- 
ural graphite was obtained from the 
Ticonderoga area of northern New 
York State. This graphite is found both 
in igneous intrusion and in Precambrian 
limestone, in the form of crystals 
which are often of great perfection. Lit- 
erally thousands of these have by now 
been examined by our group without 
revealing a single example of a mon- 
atomic screw dislocation. We estimate 
that we have searched at least 1 cm2 
so that an upper concentration limit 
of one screw per square centimeter is 
indicated. This estimate neglects the 
possible occurrence of isolated patches 
of screws, which could obstruct easy 
cleavage of the crystal and thus escape 
detection; nonetheless, patchy cleavage 
was rarely observed. The same crystals 
contain, however, an appreciable con- 
centration of large screw dislocations 
(3) whose pitch is never less than 450 A 
high, and which generate occasional 
spiral surface growth patterns (3, 5). 

Pyrolytic graphite (6) had been re- 
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crystallized by heating above 3100?C 
under pressure. This material contained 
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Nearly all the screws which could be 

crystallized by heating above 3100?C 
under pressure. This material contained 
at least 5 X 108 screw dislocations, 
about equally left and right handed. 
Nearly all the screws which could be 

examined in detail had a pitch of one 
atom layer (Fig. 2). About five percent 
of the screws were very short, terminat- 
ing within two or three layers. The 
concentration of screws may have ex- 
ceeded 5 X 108/cm2 because elongated 
crowded patches rendered precise deter- 
minations difficult. 

A sample of pyrolytic graphite (7), 
which had been deposited at high su- 
persaturation of carbon and subse- 
quently had been heated in a graphite 
capsule at 3600?C, contained 10? screw 
dislocations per square centimeter. 

Both samples of pyrographite were 
difficult to cleave and contained numer- 
ous defects other than the screw dislo- 
cations. The size and density distribu- 
tion and the behavior of the screws on 
further annealing is still uncertain. 

G. R. HENNIG 
Argonne National Laboratory, 
Argonne, Illinois 
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Electron Microprobe Analysis of 

Oxygen in an Iron Meteorite 

Abstract. A quantitative analysis of 
oxygen in the iron-nickel matrix of the 
Santa Catherina iron meteorite has been 
accomplished by using an electron mi- 
croprobe with dispersive x-ray optics 
and by applying theoretically calculated 
corrections to the observed intensity 
ratios. Microvolume analyses and two- 
dimensionral scanning images in OKa, 
FeLa, and NiLa x-radiation show that 
the high nickel phase of the meteorite 
has been oxidized while the low nickel 
phase has remained unoxidized. 

The Santa Catherina iron meteorite 
is a nickel-rich ataxite with an overall 
nickel content of 36.14 percent by 
weight (7). Considerable importance has 
been attached to this meteorite because 
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The Santa Catherina iron meteorite 
is a nickel-rich ataxite with an overall 
nickel content of 36.14 percent by 
weight (7). Considerable importance has 
been attached to this meteorite because 
it appears to have originally consisted 
of two coexisting iron-nickel alloys of 
the high nickel y-phase (2) which have 
not been found in other iron meteorites 
or man-made alloys. Polished sections 
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of the meteorite show two major phases 
which vary considerably in their rela- 
tive abundances from place to place in 
the meteorite. By means of an electron 
microprobe x-ray analyzer (3), we have 
made quantitative analyses of the oxy- 
gen in these two phases. This accom- 
plishment is important because until 
recently (4) the electron microprobe, 
which performs a nondestructive, chem- 
ical analysis of micron-sized volumes of 
the surface regions of a solid sample (5), 
was limited to analyses of elements of 
atomic number 12 or greater (x-ray 
wave lengths ?_ 10 A). New techniques, 
however, now permit the detection of 
x-rays up to 93 A in wavelength (6). 
The range to 93 A includes the K 

Table 1. Electron microprobe analyses of 
the Santa Catherina iron meteorite. For the 
complete analyses of phase II, samples were 
removed from obvious cracks in the meteor- 
ite. 

Preliminary Complete 
Ele- analysis analysis 
ment ment 

Phase I Phase II Phase II 
(wt %) (wt %) (wt %) 

Fe 67.3 46.1 46.1 
Ni 31.8 45.2 45.2 
Co 0.63 0.63 0.63 
P <0.1 <0.1 <0.1 
0 8.4 

Total 99.83 91.93 100.33 

spectra of all elements through boron 
as well as the L spectra of the transition 
metals. 

In a preliminary study with an elec- 
tron microprobe, there were indications 
that two compositionally distinct phases 
existed in this iron meteorite (Table 1), 
the main dark-etching phase (phase I) 
containing less nickel than the unevenly 
distributed light-etching phase (phase 
II). The analysis of phase I (Table 1) 
indicated that all major elements had 
been accounted for, but in phase II, 
some 8.1 percent by weight of the 
phase was missing and was interpreted 
as being attributable to one or more 
elements with atomic numbers less than 
12. We have now made a complete 
(atomic number greater than 4) spec- 
trum analysis and have found that, ex- 
cept for the elements already deter- 
mined (Table 1), oxygen is the only 
major element present in a concentra- 
tion greater than 1 percent. 

Excellent x-ray scanning photographs 
were obtained with OKa radiation 
(23.707 A) after exposures of about 1 
hour, a potassium acid phthalate (KAP) 
analyzer crystal and a flow proportional 
counter being used with a supported, 
nitrocellulose window, 2000 A thick. 
Figure 1 shows the distribution of oxy- 
gen in the Santa Catherina iron meteor- 
ite. X-ray scanning pictures were also 
taken with FeLa radiation (17.602 A) 

and with NiLa radiation (14.595 A), 
to show the distribution of iron and 
nickel, respectively, in the same area 
(Fig. 1). From these photographs it was 
obvious that the component of low 
atomic weight in the nickel-rich phase 
II was, in fact, oxygen and that this 
phase had apparently been selectively 
oxidized by terrestrial oxidation along 
cracks in the meteorite while the main 
groundmass, phase I, had remained un- 
oxidized. 

Quantitative oxygen analyses of phase 
II were made with a 5-kv accelerating 
potential on the primary electron beam. 
A homogeneous specimen of magnetite 
(FeO04) was used as a standard. No 
corrections were required for wave- 
length shift and, because of the low 
counting rates, detector dead time cor- 
rections were not necessary. Back- 
ground measurements were made on 
areas of oxygen-free phase I and on 
samples of pure Fe. Mass absorption 
corrections for OKa in FeNi were made 
by assuming the mass absorption co- 
efficient for Fe to be 24,000 and for Ni 
to be 25,500. These values were extrap- 
olated from data given by Henke et al. 
(7). Green's (8) experimental f (X) 
curves for CKa were used to interpolate 
the 5-kv curve which was used in con- 
junction with these mass absorption co- 
efficients to derive an absorption cor- 
rection factor of 1.177. No correction 
for secondary fluorescence was required. 
Corrections for atomic number were 
not made because of the possibility of 
large errors in the estimated mass ab- 
sorption coefficients. The chemical simi- 
larity of the standard and the sample 
would also tend to make this correction 
very small. An outline of the correc- 
tions is given in Table 2 as they apply 
to the oxygen contents measured on 
phase II as a function of the distance 
from the oxidized crack shown in Fig 1. 

The complete analysis (Table 1) of 
phase II as it occurs in our samples of 
the Santa Catherina iron meteorite re- 
moved from obvious oxidized cracks 
explains in full the low total weight 

Table 2. Calculation of the oxygen content of phase II. 

Observed counts Oxygen content (wt %) 
Sample --- 

OKm Background Relative to mag- After absorp- OKa Background netite standard tion correction 

Magnetite standard* 341 19 
Fig. 1. FeLa, NiLa, OKa x-ray scanning 
photographs of the Santa Catherina iron 
meteorite. (Phase I, low nickel concentra- 
tion; phase II, high nickel concentration.) 
Accelerating voltage, 5 kv. 
12 FEBRUARY 1965 

Phase II 
Removed from crack 102 (27)t 19 7.1 8.4 Close to crack 133 (4) 19 9.8 11.5 
Very close to crack 186 (6) 19 14.3 16.9 

* 27.6 percent oxygen. f Numbers in parentheses indicate the number of individual analyses made. 
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percent found in the preliminary anal- 
ysis (Table 1) and demonstrates the 

power of the electron microprobe in 
making accurate analyses of the abun- 
dances of the light elements. 

J. F. LOVERING 
Departm7ent of Geophysics, Australian 
National University, Canberra 

C. A. ANDERSEN 
Hasler Research Center, 
Applied Research Laboratories, Inc., 
Goleta, California 
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Anomalous Abundance of 

Upper Atmosphere Sodium, 1964 

Abstract. Measurements of atomic 
sodium in the upper atmosphere by 
absorption spectroscopy with the Pep- 
sios spectrometer on the Fraunhofer D2 
line during February to August 1964 
at Madison, Wisconsin, have indicated 
abundances of about 10l'/cm' for the 
late winter, about twice the values from 
a similar method in 1961-62. An abrupt 
decrease in abundance occurred during 
Marclh in agreement with established 
seasonal behavior, but the abundance 
then increased anomalously in the sum- 
mer to 8 X 109/cm2. The summertime 
increase may be related to observations 
of increaseed turbidity of the upper at- 
mosphere, presumably caused by vol- 
canic dust. 

The abundance of atomic sodium in 
the atmosphere during recent years has 
been determined spectroscopically from 
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The abundance of atomic sodium in 
the atmosphere during recent years has 
been determined spectroscopically from 
emission measurements on the twilight 
glow, in dayglow and twilight glow 
with the Zeeman-effect photometer, in 
absorption with a sodium scattering 
cell, and by absorption of direct sun- 
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light with the Hypeac grating-Fabry- 
Perot spectrometer at high resolution. 
The complex problem of the annual 
variation of abundance, with its prob- 
able dependence upon geographic loca- 
tion, appears unsolved. Much of the 
accumulated evidence points to a sea- 
sonal variation marked by a late winter 
maximum and rapid springtime decrease 
to a summer minimum and slow au- 
tumn increase (1); but a recent exten- 
sive compilation based mainly upon 
Zeeman-effect photometry points to a 
summer maximum (2). 

It is not my purpose in this report to 
contribute data on the general problem 
of the annual abundance, but rather to 
describe a particular anomaly observed 
at one place in 1964, compare it with 
the most nearly comparable previous 
data, and point out a correlation-con- 
vincing to me-with an atmospheric 
disturbance that offers a clue to the 
origin of at least that sodium which con- 
tributes to the anomaly. 

The terrestrial absorption associated 
with the Fraunhofer D2 line from Feb- 

ruary to August 1964 at Madison, Wis- 
consin, was observed with a Pepsios 
spectrometer (3), an instrument par- 
ticularly suitable for work on this prob- 
lem because of great luminosity at high 
resolution in a dense spectrum and the 

simple interpretability of the output. 
The observations are compared with 
those made in a similar manner during 
1961-62 by McNutt (4) with a Hypeac. 
Figure 1 is a representative Pepsiogram 
of the D2 line. Reduction of the data 
was accomplished and corrected to 
vertical abundance (4). The method is 
rather insensitive to the altitude of the 

layer, here taken to be 85 km. 
The 1961-62 and 1964 seasonal var- 

iations are shown in Fig. 2. The spring- 
time abundances decrease abruntly dur- 

ing March in both 1962 and 1964, but 
the 1964 abundance is clearly about 
twice that of 1962. Systematic errors, 
especially in determining the no-absorp- 
tion contour of the line, might have 
shifted the 1964 abundance points up- 
ward, but by not more than about 20 
percent. 

In recent months visual and photo- 
metric observations have been made 
elsewhere indicating that volcanic dust 
has been accumulating in the upper at- 
mosphere, reaching the northern hem- 
isphere in the autumn of 1963 (5). I 
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suggest that the high 1964 summertime 
abundance of atomic sodium is a direct 
consequence of the large amount of vol- 
canic dust, which serves in this instance 
as the primary source of the increased 
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consequence of the large amount of vol- 
canic dust, which serves in this instance 
as the primary source of the increased 

sodium. The dust layers have been ob- 
served to be at 20 km and higher. The 
spectroscopic observations reported 
upon here are not sufficiently sensitive 
to zenith angle to determine the height 
of the absorbing layer, but considera- 
tion of collisional and Doppler broad- 
ening and the observed resolution of 
the 57-mK(millikayser) hyperfine struc- 
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Fig. 1. Pepsiogram of the bottom of the 
Fraunhofer D, absorption line of the solar 
spectrum. The terrestrial sodium is identi- 
fied by its position relative to the solar 
line, which has a gravitational red shift 
plus a Doppler shift, and by resolution of 
the two hyperfine structure blends which 
are observable by virtue of the low pres- 
sure and temperature of the upper atmo- 
sphere. Ordinate, intensity (continuum 
1.00); abscissa, wave number (50 mK per 
division). 
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Fig. 2. Abundance of atomic sodium in the 
atmosphere at Madison, Wisconsin (43? 
N). Daily averages for 1961-62 and 1964 
are shown with vertical lines indicating 
one standard deviation. Circles without 
vertical lines are single measurements. The 
curve is a seasonal curve for Saskatoon, 
Saskatchewan (52 N). 
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