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ABSTRACT 

Composition analysis has been performed on particles collected from noctilucent 
clouds by a rocket sounding experiment in northern Sweden during August 1962. 
Electron diffraction, neutron activation, and electron beam microprobe techniques 
were applied to give information about chemical composition and possible crystal 
structure of the particles. Results obtained to date are presented in this paper which 
also discusses the applicability of the above methods to small particle analysis. 

Introduction 

During August 1962 four identically instru- 
mented Nike-Cajun sounding rockets were 
launched from KronogBrd in Sweden for in situ 
sampling of noctilucent cloud particles. Tech- 
nical details of the experiment, as well as of 
the sampling apparatus, are fully described in 
Refs. A & B of this series. 

The sampling surfaces, as described in Ref. 
A, were partially covered by a lucite hold-down 
plate with eight openings, machined to the 
shape of a wheel and coat,ed with an evaporated 
layer of aluminum. 

After the flights, before the sampling con- 
tainers were opened, the gas inside the con- 
tainers was withdrawn and analyzed by a mass 
spectrometer to determine the presence of pos- 
sible volatile products alien to the normal at-  
mospheric composition. Changes in concentra- 
tion of molecules normally found at  sea level 
were found as expected, but this waa attributed 
primarily to outgassing and gradual leakage of 
the containers. Only the presence of traces of 
ethyl alcohol and acetone was established by 
this technique. Both these substances were 
used in the cleaning of the nose cone. 

Before the application of a method for che- 
mical analysis of the collected particles two 
criteria must be kept in mind. First, the method 
must be sensitive and it must offer a possibility 
to discriminate the particles from the back- 
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ground, or the substrate. This is particularly 
important in view of the fact that the total 
collected maas amounts to less than grams. 
This material is distributed over a relatively 
large area in form of discrete particles whose 
mass is in general less than lo-'' grams. Sec- 
ond, the method must be non-destructive since 
the amount of matter accessible to analysis is 
limited. Miarochemical spot-testing which is 
extensively used in small particle analysis was, 
for example, rejected for latter reason. Methods 
which fulfill the above requirements and which 
were utilized in the present work are electron 
diffraction, neutron activation and electron 
beam microprobe analysis. 

Electron diffraction analysis 

Electron microscopic samples from the alu- 
minum and the fuchsine coated surfaces were 
used for selected area diffraction analysis. The 
work was carried out in a Siemens Elmiskop I 
electron microscope with a 100 kV electron 
beam. Approximately 100 particles of varying 
size were found to yield diffraction patterns. 
The patterns were calibrated with the aid of 
the (200) ring of chromium. This metal had pre- 
viously been deposited on the surfaces for 
shadowcasting (Ref. B.) To investigate possible 
changes in the diffraction pattern, prolonged 
heating of the particles by electron bombard- 
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TABLE 1. Sensitivity of neutron activation ana- 
lysis for some elements. The  table refers to a length 
of irradiation of two half-lives, or maximum of one 
week in a neutron f lux of 4 x l0l3 neutronslcmz. 

(90 $6 thermal, 10 % fissionspectrum.) 

f"PP'. 
inmimum 

neutron detectable 
Atom half-life cross-section quantity 

AlZ8 2.27 min. 0.21 barns 1.5 x lo-" g 
Au'gs 
Ca45 165 days 0.016 5 x 10-8 g 
Fe59 45 days 0.0033 10-7 g 
1 ~ i i 6 m  54 min 148.0 5 x 10-13 g 
Mn56 2.58 hrs 13.3 5 x 10-12 g 
NaZ4 15 hrs 0.54 2 x 10-1' g 
Nia5 2.56 hrs 0.016 2 x 10-8 g 
Si31 2.62 hrs 0.0034 5 x 10-9 g 
s 3 5  87 days 0.30 5 x 10-8 g 

ment was applied in a number of cases. In many 
of these cases the diffraction pattern vanished 
upon heating. The heating also caused recrystal- 
lization of the chromium and aluminum coatings 
of the substrate. Aluminum (111) and (200) 
rings or traces of rings were clearly identified 
in eight of the analyzed patterns. Typical dif- 
fraction patterns from the samples exposed to 
noctilucent clouds together with electron micro- 
graphs of the corresponding particles are shown 
in Fig. 5. The accuracy in determination of 
the crystallographic d-values is approximately 
0.5 to 1 

Unambiguous interpretation of the obtained 
diffraction patterns is not possible as the che- 
mical composition of the particles is not known 
and only one orientation of the particle can be 
examined. Moreover, the particles might consist 
of a mixture of substances or the reflections 
might even originate from a coating on the 
surface of the particles. A feature which was 
observed in 5 to 10 % of the cases was a pattern 
with hexagonal symmetry for which the largest 
d-value ranged from 4.43 to 4.47 A. An example 
of this pattern is shown in Fig. 5a. Such pat- 
terns did in most cases vanish upon heating. In  
one case, however, the pattern remained after 
prolonged electron bombardment and showed 
only increased d-values. The increase amounted 
to about 1.8 %, the largest d-value becoming 
4.52 A.  Unfortunately a similar pattern with 
similar d-values and identical intensity distri- 
bution has been observed in other laboratories 
which were studying objects of entirely dif- 

for distinct reflections. 

ferent origin, and even objects with known 
amorphous structure. The possibility that these 
reflections might originate from a coating of 
oriented molecules of vacuum oil on the surface 
of suitable particles has been pointed out. 
(Brosset, private comm.) A pattern with cubic 
symmetry and [001] orientation is shown in 
Fig. 5b.  Here tho largest d-value is 3.14 a. If 
both the patterns above originate from the 
same type of crystal, then this crystal would be 
cubic with ~ ~ ~ ~ 6 . 2 8  A. Lastly, Fig. 5c shows 
a particle containing dark circular inclusions, 
opaque to 100 kV electrons and believed to be 
of metallic composition, which did not yield a 
diffraction pattern. 

Neutron activation analysis 
If a sample containing certain elements is 

placed in a flux of neutrons, artificial radioac- 
tivity will be induced in it. The energy spectrum 
of the induced radioactivity is characteristic of 
the elements composing the sample. The inten- 
sity of the radiation is also a function of the 
length of irradiation, the half-life, and the neu- 
tron cross-section. The latter two properties 
are characteristic of a given element. Table 1 
shows these properties and the smallest detec- 
table quantities of some elements in question. 
The indicated sensitivity is for a length of ir- 
radiation of two half-lives, or a maximum of 
one week in a neutron flux of 4 x l0l3 neutrons/ 
em2 (90 yo thermal, 10 % fis- sion spectrum). 
(Christell, priv. comm.) 

The sample was prepared from the hold- 
down plate by stripping the surface with a 
thin Formvar film coated with nitrocellulose of 
about 200 A thickness. The area of the replica 
was about 2 cm2. This replica with the particles 
attached was enclosed in a polyethylene vial 
and placed in the reactor. After irradiation the 
sample was transferred to a non-radioactive vial. 
To avoid contamination the samples were 
handled in a miniature dry box. Following ir- 
radiation the radioactivity was measured by 
a scintillation gamma ray spectrometer. The 
activation analysis indicated the presence of 
the elements Al, Au, Mn, In, and Na. Of these, 
aluminum was expected to be present in the 
samples in the form of the coating of the hold 
down plates. The approximate amount of the 
metal found (about 10-6 g) is in accord with the 
mass expected from a surface of about 2 em2. 
Gold, sodium and manganese have high activa- 
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FIG. 1 .  Schematic drawing of the lucite hold down 
plate prepared for microprobe analysis. The alu- 
minum coating was applied during the manufactur- 
ing while the gold coating wax applied prior to 
analysis. The thickness of the gold layer is ap- 
proximately 150A. 

tion cross sections and are known to be likely 
contaminants. Indium was present on one of the 
sampling surfaces and is likewise labelled as 
contamination. None of the elements Fe, Ni, Si, 
Ca and S, all with poor activation efficiencies 
could be detected with this technique. These 
results point out the drawbacks of this method 
of analysis. The drawbacks are, different sensi- 
tivity for different elements and if the entire 
sample is analyzed at  one time, there is poor 
background discrimination. Thus for the pre- 
sent studies, neutron activation analysis is not 
suitable unless particles can be found which 
are large enough to be transferred to a non- 
radioactive substrate after irradiation. Since 
only a very few such particles are in the existing 
sample, the analysis of these large particles may 
not be representativc. 

Electron Beam Microprobe Analysis 

This method is the spectrometric analysis of 
x-rays emitted from an object illuminated by a 
finefocused beam of electrons with energies from 
10 to 30 kV. The electron beam illuminates a 
spot approximately 1 micron in diameter. The 
object thus acts as an x-ray target (as in a 
Roentgen tube) and yields both x-rays and 
back-scatter electrons. The emitted x-rays are 
analyzed by a proportional counter x-ray 
spectrometer and the spectra are displayed on a 
potentiometer recorder or on an oscilloscope 
screen. The display can be obtained in form of 
an x-ray spectrum of a fixed spot on the 
sample or of the intensity variation produced by 
mechanical or electronic scanning of a given 
area with the electron beam (the spectrometer 
being set for a fixed wavelength). In the latter 
case an image of the sample may be obtained 
on tho oscilloscope screen, formed either by the 
back-scatter electrons or by the x-ray spectro- 
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FIG. 2. Back-scatter electron scanning of portion of 
the lucite plate from a noctilucent cloud sample. 
The grooves in the picture are due to uneven deposit 
of gold because of poor surface finish. The area 
shown is 90 by 90 p. 

meter output. A back-scatter electron image of 
a portion of a noctilucent cloud sample is 
shown in Fig. 2. Particles are found either 
visually by an optical microscope system, by 
electronic scanning, or acoustically by connect- 
ing a loudspeaker to the pulse counter output. 
This latter device proved to be almost indispen- 
sable in the analysis of particles too small to be 
detected with the optical microscope. The 
samples for the present analysis were prepared 
from the hold down plate previously exposed to 
noctilucent clouds as well as from identically 
prepared laboratory control surfaces. In one 
case the sample was covered by a thin Formvar 
layer and a nitrocellulose coating on which a 
gold coating was vacuum deposited. In the 
other case the gold was applied directly (Fig. 1). 
The purpose of the metal coating was to make 
the surface a better electrical and thermal 
conductor and thus prevent excessive heating 
and charge accumulation due to the electron 
bombardment. Because of the particular char- 
acter of the sample, a special method of search 
for particles has been developed. The surface 
was first scanned with the spectrometer set for 
elements such as Fe, Ni or Si. Once a particle 
was detected, the substrate was slowly moved 
back and forth under the electron beam and 
the x-ray intensity from the particle and back- 
ground was recorded alternately. The latter 
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FIG. 3. X-ray spectrometer scanning of portion of the same sample as in Figure 2. The photographs 
reveal the presence of some micronsize iron particles with no measurable nickel content. The copper 
radiation is caused by fluorescence from parts of the analyzing instrument or from impurity of the 
gold coating. The area is 360 by 360 p. Spectrometer set at (a) Fe Ka,; ( b )  Ni Ka,; ( c )  Cu Ka,; (Such 

particles were also found on laboratory controls and were classified as contaminants.) 

procedure was repeated for other emission lines 
of the same element and those of other elements 
present. The electronic scanning facility per- 
mitted simultaneous analysis of a larger portion 
of the sample. Fig. 3 shows a series of x-ray 
scans of part of the noctilucent cloud sample 
for the Kci lines of (a )  Fe, ( b )  Ni, and ( c )  Cu. 
The photographs show micron size iron particles 
with no measurable nickel content. A few such 
particles were discovered on the exposed sur- 
faces as well as on the laboratory controls and 
are labelled as contaminants, probably originat - 
ing from the processing of the surfaces. Copper 
was generally found evenly distributed on the 
surfaces. This is believed to originate from 
fluorescence of the copper parts of the analyzing 
instrument and possible also from impurities in 
the gold coating. Figs. 4 a  to c show x-ray 
intensity records obtained from various particles 
of submicron size, while Fig. 4c  refers to a 
particle similar to that shown in Fig. 3 (i.e., 
one believed to be a contaminant). The most 
interesting of these records is the one shown in 
Fig. 4 a  which refers to an iron particle with a 
Ni/Fe ratio exceeding 15 %. The quantitative 
determination is approximate, primarily be- 
cause of movement of the particle in the electron 
beam. Of some 40 particles which contained 
iron, three particles with relatively high Ni/Fe 
ratios (exceeding 5 Y,) were found by analysis 

of a total area of approximately 3 cm2. Indica- 
tions of nickel were found in a number of other 
cases. It is pointed out that a nickel content of 
a few percent is a t  the limit of discrimination 
against background noise. The particles with 
the relatively high Ni/Fe ratio (found in dif- 
ferent samples in separate laboratories) showed 
no detectable amounts of other elements. These 
high Ni/Fe ratios are uncommon to terrestrial 
contaminants but can be found in meteoric 
matter; for example, taenite (Ni/Few 10 to 
30 :&), kamacite (Ni/Few 5 %) and schreibersite 
(Ni/Fem 14-60 yo). Other particles were found 
to contain silicon and iron, silicon and calcium, 

TABLE 2.  Metallic particles found by electron 
beam microanalysis of 0.5 cm2 of a surface expoeed 

to noctilucent clouds. 

Remarks Particle Fe Ni 

- 

- Weak A1 emission 
from the substrate. 

- 

+ Ni/Fe 10% 
f Ni/Fe small 

+ Ni/Fe very low 

+ Ni/Fe 5 %  

- 

- 
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$ 1  I I :  
ELECTRON BEAM MICIIOPRM)L 

4a 4 6  4 c  

FIQ. 4. Electron beam microanalyzer scans of the lucite plate from a noctilucent cloud sample. The 
scans were obtained by manually moving the particles back and forth in the electron beam at fixed 
settings of the x-ray spectrometer. Curves referring to different kinds of submicron size particles are 
shown and the relevant elements are indicated. The aluminum indication originates from the substrate 
coating. (a) Particle with Ni/Fe ratio greater than 15%. ( 6 )  Particle containing Si and Fe. (c )  Pure Fe 

particle; probable contaminant. 

only silicon. An x-ray intensity record for a 
silicon-iron particle is shown in Fig. 46. The 
curves are recorded in arbitrary units as it was 
not possible to obtain quantitative data from 
particles of the size collected. Table 2 shows 
the results of the x-ray microanalysis of an 
area of approximately 0.5 cme. This area is 
from a hold down plate exposed to noctilucent 
clouds. 

Conclusions and Future Work 
Three method have been utilized for compo- 
sition analysis of the collected particles. 

Of these only electron beam microanalysis 
has yielded useful results. The presence of sub- 
micron particles of a possible meteoric origin 
has been established. Further conclusions will 
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be found in (HEMENWAY, SOBERMAN and WITT, 
1964). The results of this partly exploratory 
work suggest continued samplings experiments 
such as are presently being planned. 

Experience indicates that the impact surfaces 
for electron beam microanalysis in the future 
should be made of high purity metals of low 
atomic number such as A1 or Be, both with low 
background radiation. To minimize chances for 
contamination the number of handling opera- 
tions prior to analysis is to be reduced by shap- 
ing the surfaces to fit the sample holder of the 
analyzing instrument without previous cutting. 
A method for particle identification combining 
electronic scanning with a low angle shadow- 
casting technique is presently being investi- 
gated. 
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5 a  

5 b  

5 c  

FIG. 5. Selected area electron diffraction patterns 
of particles from a noctilucent cloud sample. The 
solid rings are due to reflections from chromium 
which was used to shadow-cast the samples. Tho 
(200) ring of Cr was used for calibration. Scale of 
the electron micrographs is 1 micron. (a) Sixfold 
symmetry, double crystal with sporadic reflect,ions 
not belonging to the pattern. Traces of the A1 ( 1 1 1 )  
ring can be observed. The reflections vanished upon 
heating by electron bombardment. D-values cor- 
responding to the regular pattern: 4.45 A, 2.58 A, 
2.23 A, 1.68 A etc. Similar patterns were found in 
several particles. ( b )  Fourfold symmetry, zone axis 
(OOl), d,,,=3.14 A. Complete pattern found in 
two particles. ( c )  Particle containing dense circular 
inclusions, opaque to 100 kV electrons and un- 
affected by prolonged heating by bombardment. 
The inclusions are believed to be of metallic compo- 
sition. Such particles did, in general, not yield 
diffraction patterns. Scale = 0.5 micron. 
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