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Debris from Tests of 

Nuclear 
Weapons 

Activities roughly proportional to volume are found in 

particles examined by autoradiography and microscopy. 

Jan Sisefsky 

Since the summer of 1955, airborne 
debris from nuclear-weapon tests has 
been collected and examined at the 
Research Institute of National Defence, 
Stockholm. The debris has been col? 
lected on glass-fiber paper (30 by 60 cm) 
with a sampling device carried by air- 
craft (1) at altitudes up to about 13 
kilometers. Usually two samples have 
been taken at the same time, one above 
and one below the tropopause. Debris 
has also been collected on glass-fiber 
paper at ground level. 

Routinely, one-fourth of the filter 

paper is used for spectrometric deter- 

The author is affiliated with the Research In? 
stitute of National Defence, Stockholm. 
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mination of the contents of a number 
of gamma-ray-emitting nuelides, from 
which an age determination can be 
made (2). The remainder is autoradio- 
graphed on photographic film of the 

type most sensitive to beta rays?that 
is, no-screen x-ray film (3, p. 220) (II- 
ford "Ilfex"). The exposure time is 

usually 7 days, and the films are devel? 

oped according to the recommended 

procedure (ID 42; 4 minutes, 20?C). 
The autoradiographs show black, dense, 
circular spots with diffuse edges, vary? 
ing in diameter from a few millimeters 
down to about 10 microns (see Fig. 1); 
spots of 10-micron diameter are the 
smallest that can be distinguished. The 

largest spots appear only when there is 
fresh radioactivity; usually only a few 
of them appear per square decimeter of 
filter area. The smaller spots are more 

frequent, the smallest ones being some? 
times so numerous that they merge 
to a black haze, reprodueing the 
structure of the filter. Although, as a 
rule, samples taken above the tropo? 
pause are of higher activity than the 

corresponding ones taken below it, the 
ratio of big spots to small ones is usually 
larger for samples taken below the trop? 
opause. 

From the autoradiographs it is pos? 
sible to determine the activity of the 
individual particles and to locate their 

position on the filter (see 4). 

Radioactive Particle Measurement 

The simplest method of measuring 
the size of an autoradiograph spot is to 
determine its "diameter" under the 

microscope with a low-power objective 
(for example, X 4; ocular, X 12.5) and 
an ocular scale. The totally black center 
of a spot is surrounded by an area where 
the unexposed parts lie like islands in 
the blackening area. Further out from 
the center the black grains lie isolated, 
surrounded by unexposed film (Fig. 1). 
The edge of a spot can be defined as the 
zone where these two types of blacken- 
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Fig. 1. (Top row) Autoradiograph spots (left. x about 45; middle and right, X about 
56). (Bottom row) Corresponding copies. The diameter, as defined in the text, is 
indicated by the vertical lines in thc figure at top left. 

ing change. In this way, an approximate 
diameter of even very small spots can 
be defined. The reproducibility is about 
5 to 10 percent for a spot exceeding 
200 microns if the measurements are 
made by the same observer. Sizes of the 
smallest detectable spots (10 to 20 p) 
can be estimated within a factor of 2. 
The spots may also be made more sharp- 

edged if they are copied onto high- 
contrast photographic film (Fig. 1). 
This process must be carefully stand- 

ardized; otherwise each copy must be 
calibrated with standard spots. 

Suppose, now, that there is a radio? 
active point source on a photographic 
emulsion film of negligible thickness. 
The radiation will diminish with increas- 

p-disintegrations 
Fig. 2. An outline of a theoretical plot of autoradiograph spot size versus number of 
0-disintegrations, from a point source consisting of a single-spectrum 0-emitter with 
a range of 0.8 g/cm2 (corresponding to a maximal /3-energy of 1.8 Mev); each /3-par- 
ticle is accompanied by one 7-quantum, for which the response of the x-ray film is 
1 percent of the /3-response (solid line). The dashed part of the line indicates the limit 
below which the spots are undetectable. 
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ing distance from the point source by 
at least the square of the distance, as 
the radiation is absorbed in the film. At 
a certain distance from the source, the 
radiation will be just strong enough to 
cause a blackening, characterizing the 

limiting zone defined above. 
For a small spot we need consider 

only the /^-radiation [the a-radiation of 

nuclear-weapon debris is negligibly 
weak and the y-radiation has a blacken? 

ing power only a few percent of that of 
the /^-radiation (5, p. 18)]. Further, if 
we consider a spot of such small radius 
that the /^-absorption in the emulsion 
and the change in the /?-energy are 

negligible, we have in the edge zone of 
the spot: 

lt 
S = K ? - 

d2 
Therefore 

d - K (//)* 

where S is the edge-zone blackening, 
/ is the /^-intensity, t is the exposure 
time, and d is the diameter of the spot, 
and K is a constant. If we plot the spot 
diameter versus the number of emitted 

^-particles on a log-log scale, the plot 
will start as a straight line with the slope 
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p-disintegrations 

Fig. 3. Some typical plots of spot size versus activity for a set of nuclear-debris particles, showing the displacement effect (con- 
nected points) and the average plot (used for calibration purposes). The heavy line is compared with a line with the slope Vi 
(thin dotted line). 

Vi. For larger spots we must consider 
the /^-absorption in the emulsion as 
well as the change in the ^-energy 
spectrum of the radiation. This will, of 

course, cause the curve to deviate from 
the straight line and to approach asymp- 
totically the horizontal line correspond? 
ing to twice the maximum /?-range for 
the radiation in question. 

However, we must now also consider 
the y-radiation, which will be predom- 
inant at long distances from the source. 
Since a monoenergetic y-flux from a 

point source decreases approximately 
according to the law 

/o ? e-^ 
I ?- 

where p is the absorption coefficient 
and r is the distance from the source, 
the y-radiation will cause the curve to 
rise again toward infinity but with a 

steadily decreasing slope (Fig. 2). 
An attempt is being made to demon? 

strate these relationships by using dif? 
ferent fi- and y-emitting nuclides as 

point sources. For the studies under 

discussion, nuclear-debris particles emit- 

ting radiation strong enough to be meas? 
ured in /3-counters (stronger than 10 to 
20 disintegrations per minute) were 
used to determine the connection be? 
tween activity and spot size. However, 
it turned out that the spot-size-activity 
plots were horizontally displaced from 
one x-ray film to another, even when 
the films were from the same box and 
the temperatures and processing times 
were carefully controlled (Fig. 3). This 
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Fig. 4. (Left) A portion of a particle-plate coated with emulsion. The particles are found in the centers of the clear spots sur? 
rounded by dark rings. (Middle) The corresponding x-ray film autoradiograph. (Right) Copies of the left and center photographs 
superimposed, with a slight displacement. (About X 3.4) 
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Fig. 5 (left). Some representative y-decay curves, and a more anomalous curve (6) for single particles compared with the y-decay 
curve for all radioactivity in sample L-212 (dotted line) sampled from 180 g of air. (Particles from sample L-211 are marked 
with letters; those from L-212 with numbers.) Gamma disintegrations per minute are calculated from y-counts per minute simply 
by dividing by an average efficiency (7 percent), as the efficiency for the average energy of fission products probably does not 
vary more than 20 percent for the ages in question (2). Fig. 6 (right). Curves for 0-decay for the same fallout particles as in Fig. 5. 

made it necessary to normalize the plot 
for each film by means of ^-measure? 
ments of a few particles. 

By this method the ^-activity of 

particles from nuclear debris can be 
estimated with an accuracy of about 
10 to 20 percent down to approximately 
3000 disintegrations during the expo? 
sure time; 1000 disintegrations are 
needed to produce a detectable spot 
(and the activity is then estimated by a 
factor of 2 to 3). If the exposure time 
is 1 week, the corresponding disintegra? 
tions per minute are 0.3 and 0.1, re? 

spectively. 
It may be of interest to compare this 

method with ordinary ^-measurements. 
A low-background anticoincidence j$- 
counter, such as the one now in use in 
this laboratory (5), with 15 percent 
efficiency and background activity of 
0.3 count per minute, requires 2 days 
to measure the activity of a particle 
with activity of 0.3 disintegration per 
minute with 20 percent accuracy. Since 
we were dealing with hundreds of 

particles with activity in the range of 
0.1 to 10 disintegrations per minute, 
this procedure could not be used. 
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Microscopic Examination 

of the Particles 

The method of microscopic examina? 
tion used, described in detail elsewhere 

(4), is, briefly, as follows. The particles 
are transferred to celluloid films on 

glass plates. They are then covered with 
nuclear emulsion in gel form, which is 

"reversal-developed" by a special meth? 
od that gives clear, circular autoradio- 

graph spots against a brown transparent 
background. In the centers of these 

spots the active particles can be seen 
in the microscope. An ordinary x-ray 
autoradiograph is made simultaneously 
for use in activity determinations. (The 
clear circles on the plate are not suitable 
for this purpose because of their irreg? 
ular size, due to the varying thickness 
of the hand-cast emulsion layer.) 

If a great number of particles are to 
be examined on a plate, it may be 

profitable to transfer the x-ray film 

autoradiograph to the plate in the fol? 

lowing way. The autoradiograph is 

copied onto a soft film (which gives a 
true negative without diminishing the 
sizes of the spots). This film is, in turn, 

contact-copied onto another film which 
should be of high contrast and thin 

(for example, Gevaert Dipos Contact). 
The copy, which shows the spots of the 

autoradiograph with greater contrast (at 
least for the smaller particles) is placed 
in close contact with the emulsion layer 
on the plate by means of immersion oil, 
so that the spots on the autoradiograph 
and the corresponding clear areas in the 

plate are adjacent to each other. The 

thin, clear film does not impede the 
examination of the active particles under 

L-JE 

?\ I? 

\OfJL 
Fig. 7. Fallout particles from the Soviet 
bomb test of 30 September 1958. 
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the microscope, even if an immersion- 
oil objective is used (Fig. 4). 

The particles are now visible under 
a microscope and can be identified by 
their positions in the clear areas (a low- 

power objective is used for larger areas). 
They are examined with the highest- 
power objective (oil objective, X 100; 
ocular, X 12.5), their diameters are 
measured by a calibrated ocular scale, 
and their color, form, and transparency 
are observed. 

Soviet Bomb-Test Series of 

September-October 1958 

The Soviet bomb-test series of Sep? 
tember and October 1958 took place in 

Novaja Zemlja, beginning on 30 Sep? 
tember with two explosions and con? 

tinuing with several explosions during 
October. Seismic data (6) indicated 
that the most powerful explosions oc? 
curred on 18 and 22 October. 

The radioactive debris was first ob- 

served by the Research Institute of 
National Defence in a ground air sample 
taken on 8 October 1958 in Stockholm. 
Nine days later, on 17 October, the 
debris was observed for the first time 
in a high-altitude sample. At a height 
of 12 kilometers over central Sweden 
a very strongly radioactive air sample 
(called L-212) was gathered (~ 30,000 
pc/kg of air). (The count for the sam? 

ple taken immediately prior to this, at 
the same height, was approximately 
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Fig. 8. Activity versus size for 950 particles from sample L-212 on 29 January 1958 at the age of 120 days. The particles meas? 
ured in the 0-counter are marked with the larger circles. 
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200 pc/kg of air.) In the high-altitude 
samples taken next, strong and weak 
ones alternated in an irregular way, but 
none comparable with sample L-212 
was obtained. Sample L-212 could, from 
the y-spectrometric measurements-, be 
attributed to the tests of 30 September 
(2). The mixing with activity from 
earlier tests must have been insignifi- 
cant, even for the weakest particles, and 
the sample was thus a very convenient 
one for study. 

Examination of Debris from 

Explosion of 30 September 

Thirty of the most strongly radio? 
active particles from sample L-212 and 
the accompanying sample from below 
the tropopause (L-211) were punched 
out, repeatedly measured with fi- and, 
to some extent, y-counters (7), and 

autoradiographed, with varying expo? 
sure times and at different ages. 

The most strongly radioactive parti? 
cles found, which caused the spots of 
millimeter diameter on the convention? 
al autoradiographs, had a /2-activity of 
a few nanocuries. Some of the curves 
for y-decay are presented in Fig. 5, 
together with the curve for y-decay for 
a sample of the whole filter. 

In Fig. 6 the /?-decay for a number 
of particles is plotted. It is obvious that 
this decay is of type K ? rk. The mean 
value for k for all the particles examined 
is 1.15, with a standard deviation of 
0.15. This rate of decay corresponds 
well with the theoretical rate (8). 

In addition to systematical variations 
with particle size (9) variations between 
individual particles of the same size 
were found. 

In the plots of spot size versus 

activity no systematic variation with 
the age of the particles could be ob? 
served. Nor was there any indication 
that certain particles with an anomalous 

activity composition would fail to fit 
the plots. Some plots are shown in 

Fig. 3 together with the average plot, 
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which is used as a standard curve for 
the activity measurements. When the 
standard curve is used, some strongly 
radioactive particles of a sample are 
both measured in a /^-counter and auto- 

radiographed. The standard plot is then 

displaced so as to give the best adapta? 
tion to the plotted points of these 

particles for each film. A small sys- 
tematic error may arise for the less 
radioactive particles, as they do not 
have the same composition as the more 
radioactive ones (9). (According to the 

foregoing theory, the lower parts of the 
curve are not very sensitive to the 

energy of the /^-particles.) 
The relationship between particle 

size and activity was investigated, and 

microscopic examination was made of 
about a thousand particles from sample 
L-212. The great particle density on 
this filter made punching unnecessary; 
filter pieces of about 20 square centi? 
meters each were leached with acetone, 
and the main part of the glass fibers 
was filtered away by a metal gauze of 
200-micron mesh. Although the fiber 
residual retained 15 percent of the 

activity, it could be shown by auto? 

radiograph that this activity contained 
less than 1 percent of the particles of 
sizes large enough to be seen under the 

microscope (>0.2 p). 

Results 

The particles are colorless to reddish, 
translucent, and more or less spherical. 
Some characteristic particles are shown 
in Fig. 7. Activity versus size for about 
1000 particles at an age of 120 days is 
shown in Fig. 8. About 30 percent of 
the particles were measured at an age 
of 45 days and projections of the meas? 
urements to 120 days were made by 
using the average disintegration slope 
for the 30 chosen particles mentioned 
above. 

On account of variation in effi- 

ciency of the filter with particle size, 
the plot does not give a true picture of 

the particle size distribution, even if 
the 30 particles with strong ^-activity 
and the lower part of the plot, where a 

great fraction of the particles in the 

sample are not represented, are ex? 
cluded. 

If we frame the "point-cloud" in 

Fig. 8 by two lines with the slope lying 
at a vertical distance representing a 
tenfold increase in activity, chosen by 
visual adapting, the cloud can be char? 
acterized by the symmetrical line be? 
tween these two framing lines. Thus wc 

have, for 120-day-old particles, / = 
6.7 d9, when / is the /^-activity in dis? 

integrations per minute and d is the par? 
ticle diameter in microns. Fourteen per? 
cent of the particles lie outside the fram? 

ing lines?that is, the activities of these 

particles differ by more than a factor of 
10* from the activities derived with the 
formula given above. 

By using the decay formula / = 

Kt1'1*, we have, for 100-day-okl 
particles, / = 8.4 d'\ 

A more detailed description of this 
work has been given elsewhere (10). 
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