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Research Program 

Since August 1957, long-range, high-
altitude Lockheed U-2 aircraft of the 
U.S. Air Force have been systemati­
cally sampling the radioactive debris in 
the stratosphere as part of the High 
Altitude Sampling Program sponsored 
by the Defense Atomic Support Agen­
cy. The scientific direction of the 
sampling program, the radiochemical 
analysis of samples, and the meteor­
ological interpretation of the data are 
the responsibility of Isotopes Inc., 
Westwood, N.J. (6). 

After an initial training and testing 
phase, from August to October 1957, 
at Laughlin Air Force Base, Texas, 
the sampling aircraft were based at 
Plattsburg Air Force Base, New York, 
and Ramey Air Force Base, Puerto 
Rico. From these two bases a north-
south sampling corridor along the 70th 
meridian (W) extending from latitude 
66° N to 6° S, was monitored systemati­
cally from November 1957 through 
May 1958. During June and July 
1958, sampling was conducted only in 
the vicinity of Puerto Rico. From Sep­
tember 1958 through August 1959 the 
aircraft operated from Ramey Air 
Force Base and from Ezeiza Airfield, 
near Buenos Aires, Argentina, in order 
to sample the atmosphere in the South-
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Strontium-90 Content 

of the Stratosphere 

A low concentration of strontium-90 in the stratosphere 
indicates a short stratospheric residence time. 



ern Hemisphere more completely. A 
corridor along the 63rd meridian 
(W), extending from latitude 38" N to 
57" S, was monitored. The aircraft 
from Ramey made occasional deploy- 
ments to Plattsburg to check the north- 
ern reaches of the sampling corridor. 
It is believed that the air sampled 
along a meridional corridor is repre- 
sentative of the entire atmosphere if 
sampling is carried out over a suf- 
ficiently long period of time. Eventual- 
ly the whole atmosphere is carried 
through the corridor by normal zonal 
circulation. 

Each of the six aircraft used for 
carrying out the high altitude sampling 
program has a sampler, capable of ex- 
posing four filter papers, consecutively, 
installed in the nose position. A single 
sample usually consists of the particu- 
late matter filtered from 5000 to 20,- 
000 standard cubic feet of air. Two 

missions, each of which collects 16 
samples from the corridor, are sched- 
uled per week. 

As a result of wind-tunnel and in- 
flight calibrations of the sampler, car- 
ried out by the Air Force under the 
direction of E. G. Reid, the volume of 
air represented by a sample may be 
calculated to within about 15 percent. 
Special filter paper with a high perme- 
ability, which permits operation at a 
high face velocity, is used. This paper 
(I.P.C. filter paper number 1478) con- 
sists of cotton fibers impregnated with 
dibutoxylethyl phthalate. Wind-tunnel 
measurements of filter-paper retention, 
carried out under the direction of J. 
A. Van den Akker at the Institute of 
Paper Chemistry, %ave indicated that 
this paper has a collection efficiency of 
approximately 100 percent for par- 
ticles as small as 0.005 micron in 
diameter, and they have suggested that 

Fig. 1. Photomicrograph of an autoradiogram of a cellulose fiber from a filter paper 
used to collect stratospheric particles. The blackened .silver grains, about 1 micron in 
diameter, were activated by beta emission from fission products contained in stratospheric 
particulate matter. The stratospheric particles are too small to be observed in the light 
microscope, but the autoradiogram discloses their presence in the fiber. The autoradiogram 
was obtained by coating liquid NTB-3 emulsion on a microtomed section, 5 microns 
thick, which contained the fiber. The emulsion was exposed for 1 month and developed 
for 5 minutes in D-19. [Isotopes Inc.] 
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its efficiency in collecting smaller par- 
ticles is equally high. 

Analysis 

All filter papers, immediately after 
sample collection, are sent to Isotopes, 
Inc., where they are analyzed for total 
beta activity (Fig. 1) and strontium- 
90 content. Some samples are also 
analyzed for concentrations of the 
potentially hazardous nuclides cesium- 
137 and plutonium. Measurements of 
barium- 140, strontium-89, zirconium- 
95 and cerium-144 are made to deter- 
mine the age of the debris. Tungsten- 
185 and rhodium-102, introduced as 
tracers during the United States test 
series of May-August 1958 in the 
Pacific, are also determined. 

An aliquot of each sample is set 
aside, and beta activity is counted over 
the course of several weeks. The level 
of activity and the apparent half-life 
of the activity are indicative of the 
age of the debris sampled. Other ali- 
quots are taken from about one-fourth 
of the samples for analysis of the 
gamma spectra, which provide meas- 
urements of the barium-140 and zir- 
conium-95 concentrations. One half 
of each paper is ashed at about 450" 
C. The ash is taken into solution, 
and separate aliquots are removed for 
analysis for tungsten-185, rhodium- 
102, and plutonium and for a sequen- 
tial analysis for zirconium-95, cerium- 
144, barium-140, strontium-89, stronti- 
um-90, and cesium- 137. 

From the radiochemical data the 
disintegration rate per unit mass or 
unit volume of air is determined, 
through knowledge of the altitude at 
which the sample was collected, the air 
speed of the plane during sampling, the 
effective cross-sectional area of the filter, 
and the temperature of the air. A me- 
teorological cross section is constructed 
along each flight track on the basis of 
data from radiosonde stations located 
near the sampling corridor. 

Results and Conclusions 

By 1 May 1959 more than 1400 Sam- 
ples had been collected. The conclusions 
given here are based on the radiochem- 
ical analyses of over 800 of these Sam- 
ples. 

The strontium-90 content of the strat- 
osphere varies markedly with latitude 
and altitude. Between September 1958 

SCIENCE. VOL. 131 



and April 1959, the concentrations of 
strontium-90 in the Southern Hemi- 
sphere were generally between 4 0  and 
8 0  disintegrations per minute per 1000 
standard cubic feet of air. Between No- 
vember 1957 and April 1959, concen- 
trations of strontium-90 in the strato- 
sphere of the Northern Hemisphere were 
between 100 and 300 disintegrations per 
minute per 1000 standard cubic feet. 
Samples collected in clouds of debris 
from bomb tests conducted only a 
month o r  two before sampling showed 
much higher activities. The  upper trop- 
osphere norn~al ly has a strontium-90 
concentration of less than 3 disintegra- 
tions per minute per 1000 standard 
cubic feet. 

The  total stratospheric inventory of  
strontium-90 has been calculated by 
integrating the specific activities over 
the entire stratosphere. Because of lim- 
itations in the range of the aircraft and 
in the altitude they could attain, the 
data must be extrapolated to  the upper 
stratosphere and to the poles. Fortu- 
nately, the specific activity of the atmos- 
phere is greatest in the lower layers of 
the stratosphere, most of  which can be 
sampled by the aircraft. The  extrapola- 
tion to  the top of the atmosphere has 
been made primarily by using data from 
Project Ashcan (3), which show a maxi- 
mum in the concentration of strontium- 
9 0  per unit mass of air a t  65,000 feet, 
with strong decreases in concentration 
with altitude up to 90,000 feet (4). Ac- 
tually, only a small percentage of the 
mass of the atmosphere lies above the 
limits reached in the sampling program, 
and no reasonable assumption as t o  the 
exact distribution of activity within this 
portion of the atmosphere will signifi- 
cantly affect the calculated total inven- 
tory. The  stratosphere above the polar 
tropopause appears to be fairly well 
mixed so that extrapolation poleward 
beyond the range of the sampling pro- 
gram aircraft should introduce only a 
small error into the calculation. Data 
from two sampling missions to the North 
Pole indicate that the concentration of 
nuclear debris in the polar stratosphere 
farther north than the limit of normal 
sampling is roughly the  same as the con- 
centration in the part of the northern 
polar stratosphere regularly sampled. In  
Table 1 the total strontium-90 concen- 
tration of the atmosphere, averaged over 
the period November 1957 through 
November 1958, is given as a function 
of latitude. Strontium-90 data for sam- 
ples collected during this period give a 
total concentration of strontium-90 in 

the stratosphere for that period of about 
1.0 megacurie. This is considerably less 
than the burden of 2.5 to 3.2 megacuries 
estimated by Libby (2) in the past. 

Rates of Mixing 

The  data from the high altitude sam- 
pling program have shed some light o n  
the rates of mixing of stratospheric air. 
The  persistence of strong vertical con- 
centration gradients in the specific 
activity of debris has shown, for  ex- 
ample, that vertical mixing through al- 
titudes up to 5000 feet is slow compared 
with horizontal mixing through several 
hundred miles above the tropical tropo- 
pause. Both the north-south spread of 
individual "hot clouds" and the pole- 
ward diffusion of tungsten-185 intro- 
duced during Project Hardtack have 
demonstrated a fairly rapid lateral 
spread of debris. Within less than 5 
months after the first introduction of 
large quantities of tungsten-185 into 
the stratosphere, a t  about 10" north 
latitude, stratospheric concentrations at 
latitude 45"N had increased to about 
2 0  percent of those at  10'. Lockhart 
found that the transport of debris across 
the equator in the troposphere is quite 
slow compared with the rate of mix- 
ing within the Northern Hemisphere 
(7). However, by 1 January 1959 the 
concentrations of tungsten-185 in the 
northern polar stratosphere were only 

Table 1. Variation in the concentration of 
strontium-90 in the stratosphere with latitude. 

Latitude 

0"-10°N 
10"-2O0N 
20"-30"N 
30"-4O0N 
40"-50'N 
SOo-6O0N 
60"-7O0N 
70"-8O0N 
80"-9O0N 
0"-9O0N 

Millicuries 
per Megacuries 

square mile 

Northerr2 Henlisphere 
6.4 0.110 
4.2 0.069 
4.1 0.064 
5.0 0.070 
8.3 0.101 

12.2 0.120 
13.8 0.100 
11.3 0.050 
10.7 0.016 

0.70 

Both henzispheres 
Total 1.0 

about three timcs as high as those in the 
southern polar stratosphere. 

There is some confirmation of the 
theory that the tropopause gap, the 
region in middle latitudes where the high 
tropical tropopause overlaps the lower 
polar tropopause, is the chief route of 
transport of  radioactive debris from the 
stratosphere into the troposphere. Sam- 
ples taken in this region show a grad- 
ual decrease in activity in passing from 
the polar stratosphere laterally through 
the gap and into the tropical tropo- 
sphere. The movement of air through 
the gap is promoted by the generally 
turbulent character of the region, as 
exemplified by its frequent association 
with the jet stream. T h e  marked increase 
in turbulence in the gap during winter 
months may be a major cause of the 
observed spring maximum in the rate at  
which fallout reaches the ground (8). 

Residence Half-Time of Debris 

The  residence half-time of nuclear 
debris in the stratosphere may by calcu- 
lated by comparing the measured strat- 
ospheric inventory of strontium-90 
with estimates of the total quantity in- 
jected into the stratosphere since the 
testing of nuclear weapons began. It  is 
assumed, for  purposes of this calcula- 
tion, that the "drip" of debris out of the 
stratosphere can be approximated by 
first-order kinetics. Although this is a n  
oversimplification, it does yield a first 
approximation to the truth. According 
to data released by the Atomic Energy 
Commission on nuclear bomb yields (9), 
the total fission yield for air bursts from 
1945 through 1958 was 37.8 megatons. 
Presumably about 1 5  megatons of this 
amount were produced by the Soviet test 
series during the fall of 1958 (2). T h e  
total fission yields for  ground-surface 
and water-surface bursts during the same 
period were 21.5 and 32.6 megatons, 
respectively. If it is assumed that 100, 
20, and 30 percent of the debris from 
air, land-surface, and water-surface 
tests, respectively, stabilizes in  the 
stratosphere, it appears that about 37  
megatons of fission products had been 
introduced into the stratosphere by Oc- 
tober 1958, when the Russian fall test 
series began. T o  explain the presence of 
only 1.0 megacurie of strontium-90, 
taken to be equivalent to  1 0  megatons 
of fission products, by mid- 1958, one 
must assume a residence half-time in 
the stratosphere of less than one year, 
equivalent to  a mean residence time of 
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less than 18 months. If it is assumed 
that debris introduced into the polar 
stratosphere by Russian tests has a dif- 
ferent residence time than debris intro- 
duced in the tropical stratosphere by 
United States and British tests, resi- 
dence half-times of 4 to 9 months for 
Russian debris and 9 to 15 months for 
United States and British debris may be 
derived. These values appear to be ap- 
plicable to the debris which has been 
introduced into the stratosphere during 
the past four years; debris introduced 
at higher altitudes by the 1954 Castle 
series of high-yield tests may have had 
a longer residence time. 

Alexander (10) has estimated that 
the total ground inventory of strontium- 
90 by 1 October 1958 was 3.2 mega- 
curies. Thus, the ground inventory in 
July 1958 was probably about 3.0 mega- 
curies. The estimates of yields give a 
stratospheric injection of 37 megatons of 

fission products, or about 3.6 megacuries 
of strontium-90, by July 1958. The 
values 1.0 niegacurie for the strato- 
spheric burden ancl 3.0 megacuries for 
the ground burden agree reasonably well 
with this value for total injection, in 
view of the uncertainties in these esti- 
mates. 

Because the residence time of most 
nuclear debris in the stratosphere is 
relatively short, the radioactive decay 
of the debris during its storage there is 
negligible for long-lived nuclides such 
as strontium-90 ancl cesium-1 37 and is 
much less than was previously expected 
for nuclides such as strontium-89 and 
cerium-144. As a result, stratospheric 
storage cannot appreciably lessen the 
ultimate dietary and skeletal contamina- 
tion of the human population. On the 
other hand, predictions of the surface 
concentrations of strontium-90 to be 
expected during the next few years as 

---- STRATOSPHERIC INVENTORY 
(MEGATONS OF FISSION) 

- .- - -. SURFACE CONCENTRATION 
(MEGACURIES OF Sr-90)  

NEWLY FORMED BONE 
(MKC S r - 9 O / g m  C a )  

Fig. 2. Predictcd concentrations of strontium-90 in the Northern Hemisphere. 

a result of further stratospheric fallout 
have generally been too high because of 
the overly high estimates of the current 
stratospheric inventory. 

Predicted Levels in Human Beings 

A calculation may be made of the 
strontium-90 concentrations in hunian 
bones to be expected in the future if the 
testing of nuclear weapons in the atmos- 
phere is not resumed. Iculp et nl. (11)  
have estimated that a concentration of 
about 2.2 micromicrocuries per gram of 
calcium existed in newly formed bone in 
the North Temperate Zone in July 
1958. It is assumed that the dietary lev- 
els of strontium-90 are directly propor- 
tional to the total quantity of strontium- 
90 in soil. As a result of the Soviet tests 
in late 1958, the total stratospheric bur- 
den reached more than 2 megacuries by 
November 1958. It is assumed that all 
debris from the Soviet tests will be 
deposited in the Northern Hemisphere 
and that the residence half-time is 6 
months for Soviet debris and 12 months 
for U.S.-British debris. As shown in 
Fig. 2, the concentration of strontium- 
90 in newly formed bone will continue 
to rise for one or two years, passing a 
maximum of almost 4 micromicrocuries 
per gram of calcium during 1961. After 
the maximum is reached, the concen- 
trations should decrease at a rate close 
to the 28-year half-life of strontium-90. 

If, as is quite possible, dietary levels 
of strontium-90 are more clepenclent up- 
on the rate of fallout than upon the cu- 
mulative surface burden, the maximum 
concentrations in newly formed bone 
should have been reached in 1959, and 
concentrations should decrease fairly 
rapidly during the next few years. Thus, 
no great increase in skeletal burden is 
to be expected as a result of future 
stratospheric fallout from the bomb tests 
conducted through the end of 1958 (12). 

 not^ acicieci in proof. Data from the 
analyses of 1029 samples collected since 
1 January 1959 have been used to cal- 
culate a mean stratospheric strontium- 
90 burden of 0.8 Mc for January to 
August 1959. This IS lower than the 
burden predicted in Fig. 2, suggesting 
that ( i )  the fall 1958 Soviet injection 
was less than 15 Mc of fission products, 
(ii) more than half of the debris from 
this Soviet injection fell out within six 
months, and (iii) at least half of the 
debris injected by the  U.S. and Great 
Britain during 1958 fell O L I ~  within 1 2  
months. 
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John A. Anderson, 
Astronomer 

The 200-inch telescope on Palomar 
Mountain, California, was the work of 
many men. George E. Hale, of course, 
was responsible for the concept of such 
an instrument and for the enthusiasm 
that brought adequate financial support. 
The man chiefly responsible for its 
actual construction and for its present 
very successful operation was John A. 
Anderson. 

Anderson was ,born at Rollag, Minne- 
sota, 7 August 1876 and died suddenly 
in Altadena, California, 2 December 
1959. He received his B.S. degree from 
Valparaiso University (Indiana), in 1900 
and his Ph.D. from Johns Hopkins Uni- 
versity in 1907. He remained at Johns , 

Hopkins until 19 16, advancing through 
the ranks of instructor, assistant profes- 
sor, and associate professor. While in 
Baltimore he carried out various in- 
vestigations on absorption and emission 
spectra and on the rotation of tourma- 
line by polarized light. He also took 
charge of the ruling machine con- 
structed by Rowland for making spec- 
troscopic gratings. Besides ruling a num- 
ber of the finest gratings that had been 
produced up to that time, he developed 
methods for making replicas. With 
C. M. Sparrow he published a theory 
of the effect of groove form on the dis- 

and Physicist 

tribution of light by a grating. This was 
one of the important ear$ steps toward 
the production of "blazed" gratings of 
high efficiency which play so important 
a role in current astronomical spectros- 
COPY. 

During the second decade of the pres- 
ent century, the Mount Wilson Observa- 
tory of the Carnegie Institution of 
Washington, under Hale's direction, was 
building up a group for the investigation 
of various fields of physics in order to 
obtain the fundamental data necessary 
for the interpretation of astronomical 
phenomena. In 1916 Anderson was in- 
vited to join this group of physicists, 
which included +Tarold Babcock and 
Arthur King. He immediately took 
charge of the large ruling engine which 
was then under construction. 

Shortly after World War I Anderson 
developed the exploding-wire techniques 
for producing very high temperatures 
approximating those of the hotter stars. 
These high temperatures were obtained 
by discharging a large 50,000-volt con- 
denser through a fine metallic wire; this 
procedure' instantly evaporated the wire 
and raised the vapors to temperatures of 
20,000°C or more. Since these explo- 
sions lasted only microseconds, Ander- 
son and Sinclair Smith developed new 
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techniques and instruments, including 
the rotating-mirror camera, the rotating 
mirror spectrograph, and the Kerr cell 
shutter, for studying them. These tech- 
niques and instruments came into com- 
mon use during World War I1 in con- 
nection with atomic-bomb problems. In- 
deed, one of the original Anderson and 
Smith rotating-mirror cameras was used 
on that project and became the proto- 
type of later models. During this same 
period Anderson contributed significant- 
ly to the development of Michelson's 
stellar interferometer and, in particular, 
to its application to the measurement of 
double stars. In collaboration with 
Harry 0. Wood he developed the theo- 
ry of the torsion seismometer. He de- 
signed equipment for, and participated 
in, eclipse expeditions in Spain in 1905, 
in Wyoming in 1918, in California in 
1923, and in Sumatra in 1926. 

In 1928 the International Education 
Board granted $6 million to California 
Institute of Technology for the construc- 
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