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FOREWORD

Classified material has been removed in order to make the information
available on an unclassified, open publication basis, to any interested
parties. The effort to declassify this report has been accomplished
specifically to support the Department of Defense Nuclear Test Personnel
Review (NTPR) Program. The objective is to facilitate studies of the low
levels of radiation received by scme individuals during the atmospheric
nuclear test program by making as such information as possible available to
all interested parties.

The material which has been deleted is either currently classified as
Restricted Data or Formerly Restricted Data under ths provisions of the Atomic
Energy Act of 1954 (as amended), or is National Security Information, or has
been determined to be critical military information which could reveal system
or equipment vulnerabilities and is, therefore, not appropriate for openS~publication.

* •The Defense Nuclear Agency (DNA) believes that though all classified
material has been deleted, the report accurately portrays the contents of the
original. DNA also believes that the deleted material is of little or no
significance to studies into the amounts, or types, of radiation received by
any individuals during the atmospheric nuclear test program.
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AIMUflCT

The general objective was to estimate, tr)m analytical data on cloud samples, the relative dis-
triUntmo of cei'n rudionuclkdes between the local and worldwide fallout formed by maton-
range detonatlis on land Oad water surfaces, with particular emphasis on the distribution of
Sra asd Css between locau and worldwide fallout.

It was planned to achieve these objectives by radlochemical analyses and particle size mess-
urgments on the following types of samples: (1) particles and radioactive games present in LL-
upper portions of the clouds to be collected by hih-fyingh arcraft, (2) particulate matter in the fi .•

"clouds to be collected along nearly vertical flight paths, at several different distances from the
/ cloud axis, by rocket-propelled sampling devices, and (3) fallout to be collected at an altitude

of 1,000 feet by low-flying aircraft.
Ie project participated in a 1.31-Mt shot (Koa) fired over a coral island, a- shot

(Walnut) fired from a barge in deep water, and a 9-Mt shot (Oak) fired over a coral reed in shal-
low water. The aircraft sampling program was generally successful, and fairly complete sets
of both cloud and fallout samples were collected on each shot. The rocket program was unsuc-ceseuM because of a variety of equipment malfunctions.

The gas samples were analyzed for radioactive krypton, and the cloud and fallout samples
were each analyzed for Sr", CsI1 , and several other nuclides to give information on fractiona-
tion. Fail rate and size dLstribution measurements were made on the particle samples from the
land-surface shot. The combined analytical data was used to estimate the distribution o: Srm
and Cs'st between the local and long-range fallout.

There are no results to be reported on the spatial distribution of radioactivity In the clouds,
because this part of the project was dependent on the rocket samples.

The results from Shot Kos indicate that, if the cloud layers sampled were representative of
their respective clouds, about one-fLfth of the Sr and about two-thirds ot the Csall produced
were dispersed over distances greater than 4,000 miles. Corresponding fractions for Walnut
were about one-third for each of the two nuclides. For Oak, the fractions were about one-third
and one-half, respectively. Radionuclide fractionation was pronounced in Koa and Oak, i.e...
the radionuclide composition in the clouds varied with altitude. The local fallout was depleted,
and the upper portions of the cloud were enriched In both Sr" and Cal'. Fractionation was
much less evident in Walnut, the water-surface shot.

/
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FOREORD "

This report presents the final results of one of the projects participating In the mliitary-effect
programs of Operation Hardtack. Overall Information about this and the other military-effect
projects can be obtained irom ITR-1660, the "Summary Report of the Commander, Task Unit
3." This technical summary Includes: (1) tables listing each detonation with Its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc., for all proj-
ects; and (5) a listing of project reports for the military-effect programs. k

PREFACE

In the formulation of this project, several distinct parta were established: rocket fallout samp-
ling, aircraft fallout sampling and sample analysis, data interpretation, and report preparation.
Responslbility for the conduct of rocket sampling was assigned to the University of California
Radiation Laboratory (UCRL); responsibility for the conduct of the aircraft sampling was as-
signed to the Los Alamos Scientific Laboratory (LASL); and responsibility for the conduct of .
sample analysis, report writing, and so forth, was assigned to the U.S. Naval Radiological .
Defense Laboratory (NRDL).

The Project Officer was supplied from the NRDL technical staff. H. F. Plank, as technical
adviser to the project officer, was responsible for the conduct of the LASL portion; E.H. Fleming
acted in a similar capacity for the UCRL portion; and N.E. Ballou and T. Triffet were respon-
sible for the NRDL portion.

The authors acknowledge the vital contributions made to the project, In both the field and the
laboratory, by members of the laboratories. The Individuals included: G. Cowan, P. Guthals,
and H. Plank, of LASL; R. Batzel, E. Fleming, R. Goeckerman, F. Momyer, W. NervIk, P.
Stevenson, and K. Street of UCRL; and J. Abriam, N. Ballou, C. Carnahan, E. Freiling,
M.G. Lai, D. Love, J. Mackin, M. Nuckolls, J. O'Connor, D. Sam, E. Scadden. E. Schuert,'.

P. Strom, E.R. Tompkins, T. Triffet, H. Weiss, L. Werner and P. Zigman of NRDL. K?
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DfTRODUCTION
a•.• ..r

1.1 OBJECTIVES 0

The general objective was to estimate, from analytical data on cloud samples, the relative
distribution of certain radionuclides between the local and worldwide fallout formed by megaton- .. •
ranp detonations on land and water surfaces, with particular emphasis on the distribution of %
Sr" and Cs'13 between local and worldwide fallout.

Specific objectives were to: (1) obtain airborne particle and gas samples by rocket and air-
craft sampling techniques, (2) determine the distribution of radionuclides betw.3en two groups .
of particles that differed from one another in their falling rates In air and that could be consid-
ered representative of local and worldwide fallout, (3) attempt to determine an early time distri-

bution of radlonuclides and particles between the upper and lower halves of the cloud and radially
outward from the cloud axis, and (4) estimate the extent of separation of fallout from gaseous
fission products by fission determinations on gas and particle samples collected coincidentally
near the top of the cloud at various times following the shots. %

1.2 BACKGROUND AND THEORY

Data on the geographical distribution of fallout is particularly needed to assess the global
hazards associated with the testing of nuclear devices, but the Information is also Important
for an appraisal of the effects of nuclear weapons used In warfare. . '

It has been recognized since the earliest weapon tests that a substantial portion cf the radio-

nuclides formed in a nuclear detonation are deposited throughout the world, thereby becoming
available for general biological assimilation. The total fallout is usually considered as being
divided Into two classes, designated as local and worldwide fallout.. In a general way, local
fallout Is thought of as consisting of relatively large particles, which reach the earth's surface
in a few hours, whereas worldwide fallout Is composed of finely divided material, which may .
remain suspended In the atmosphere for months or years and be deposited at long distances
from the source. A more precise differentiation is needed for specific situations-one of the
most important considerations being the location of the detonation site in relation to world cen-
ters of population. For explosions at the Eniwetok Proving Ground (EPG), the boundary between
the two classes has been chosen at a particle f-ling velocity of 3 inches per second; material
settling out more slowly than this is likely to be transported beyond the ocean areas and deposit-
ed in inbabited regions, if It attains an altitude of 100,000 feet.

The ratio of local to worldwide fallout is also governed by the height attained by the nuclear
cloud and the size distribution of the particles in the nuclear cloud, which act as collectors for
the radioactive fission-product atoms. If many large particles with fast falling rates are pres- .)

ent, as is the case for underground or surface shots where the fireball contacts the ground, the
local fallout will be large. Local fallout can be expected to decreaae as the detonation height In- '.

creazes and to become a negligible quantity for an airburst high above the ground. •

11 ,'... . . . . .
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Natmerm~ cvt1!I=t" f teedl fzI~cd have been propred ::-om yrayt=u cprnatonns, mainy
firom analyses of nL~dr.a lcaItonnty dfta ottaincd !In aerial and curtace monitoring curvoys.
Bowavor, the uncertalts in converting from dooe rate moumurementa to fzaton, prducts d3-
posted per unit are are so great tht tho resulta cannot be reardud with a M, at dZIa of coc-
%ldence. Mors reliable valus ar evidently noeud, and In plaani3 for OA- ration lardtach,
the Atomic Energy Cornminnlon c.mined possible ways of obtaining such information (Rcferancs
1). After couclerition of the difficulties inherent in additional refinement of surface mcaure-
mact tachn lques, thi itproach was abdoed. An alternative prearsm based on further devel-

Sopme wt of exlntf cloud-sampling procedures was fo-mulatod (Reference 2), and this culminated
in Project 2.8.

A knowledge of fallout partition and how it is Influenced by shot environment may contribute
to reduction in worldwide fallout during future tests and to a better understanding of the military
Implications of local fallout. It will also asist in extrapolation to previously untried shot condi-
tions and yields.

1.2.1 Formation and Nature of Fallout Particlos. When a surface burst is detonated, great
"quantities of the adjacent environment are swept up and mixed with the incandeocent air in the

"1 fireball. There is sufficient thermal energy In the hot gas to completely vaporize all the material
in the immediate vicinity, but the flow of heat into a massive object, such as a shot tower, shield,
or coral rock, will be comparatively slow even with a high temperature gradient. Consequently,
the interior portions of large structures in the tilghborhood may not receive enough heat to
evaporate and will be melted only. Later, when the fireball has risen above the surface, the
material carried lito It by the vertical air currents around ground zero will not be heated to the
melting point. As a result, the fireball in its later stages will contain the environmental com-1-" ponents as a mixture of solid particles, molten drops, and vapor. The extraneous material in
the Pacific shots will consist of coral and ocean water salts plus the components of the device,
"shield, and tower or barge.

The preponderance of oxygen and of the environmental material In the fireball is of cutatand-
ing importance in the formation of the fallout particles. As the hot air cools through the range
3,500" to 1,000" K, it becomes saturated with respect to the vaporized conitituents. and they con-
Sdense ouths an aggregate of liquid drops (Reference 3), most of which are very small (References
4"and with the solid parte mixed with the larger drops formed by melting the environmental material

SThe radionuclide atoms present will collide frequently with oxygen atoms or molecules and,
because the majority of them are electron donors, metallic oxide molecules will be formed,
which become thermodynamically stable as the temperature falls. The oxide molecules, or
free radionuclide atoms, also have frequent collisions with the liquid drops of environmental
material (silica, 2lumina, iron oxide or calcium oxide), and these collisions may be inelastic,
because in some cases the incoming molecules will be held by strong attractive forces. The
radioactive oxide molecules that condense at the liquid surface will spread into the Interior of
the droap and become more or less uniformly distribut-d throughout. Later, alter the liquid
drops have frozen, the Incoming radlonuclilde molecules may be held by surface forces. Be-
cause of the very low concentrations of the radionuclide oxide molecules, collisions with one
"another will be relatively infrequent, and it appears that the aggregation of enough molecules
of this type to form a drop or crystal will be a rare event, if It occurs at all.

Another way in which the radionuclide molecules may become associated with the environ-
mental material Is by participation in the structure of the cluster embryos, which are the pre-
cursors of the liquid drops (References 4 and 6).

The isobaric radionuclide chains formed in the explosion are known to be distributed on a
mass scale in a w.y generally similar to the products of asymmetric fission of U" by thermal
neutrons, but with some important differences. The experimental yield curve for slow neutron
fission ha3 a broad minimum for mass numbers approximately half that of the original nucleus
and maxima on either side at mass numbers in the neighborhood of 95 and 139 (Refervence 7),
Comparing the chain yields for megaton-range detonations with this curve, it Is noted that there

12
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is a "=l drop in the pesk yields accompanied by an inerea In the orsnwtrtc •fston pgobabi..
ity. Tme same auide distribution might b eVpected in the•falUt material, amd tUs In found
to be roughly true under certain conditions. In other cues, the elements formed Initially p-rtial.
ly sepWarat with respect to one another s0 that samples of fallout may differ In composition a-
mong themselves and also from the distribution curve characteristic for the event.

FrsCtlocation is a term that has been applied to this phenomenon. It It used to signify an
alteration In nuclide composition of some portion of the debris that ronderm it nonrepresentative
of the proIucts as a whole. Tue R-values, which are commonly used for reporting radlochemical
dat on cloud and fallout samples, are useful indices of fractionatlon. The R-value for any au-
clide is defined as the ratio of the number of atoms of this n•ulide to the number of atoms of a
reference substance (usually Mo^) In the sample divided by the same ratio for the products of
thermal neutron fission of Ulu. Atoms that do not separate from the reference substance have
R-values appropriate for the type of detonation, while enrichment or depletion are manifested
by positive or negative deviations from the characteristic value.

Knowledge of the causes and mechanism of fractionation is still largely Incomplete at the
present time. C•_e effect that seems to be Indicated by the available data may occur in the Lao-
baric chains near mass numbers 9X and 140, which contain rare gas nuclides as prominent chain

* members. Because of their half-lives and Independent fission yields, they comprise a consider-
"* able fraction of the total chain yield during the period when the environmental material ie con-

densing. 11 the rare gas atoms that collide with the liquid drops of environmental material are
not held by strong forces, as appears probable, the particles formed at this stage will be de-
pleted in the nuclide chains In question.

A variety cf types of particles have been observed in the local fallout at previous test series
(References 8 through 13). For land surface shots in the Pacific they have been mainly of three
kinds: Irregular grains, spherical sblids, and fragile agglomerated flakes. The grains were not,
In general, uniform throughout but consisted of layers or shells of calcium oxide, calcium hy-
droxide, and calcium carbonate formed by the decarbonation, hydration, and recarbonation proc-
esses going on in the fireball and subsequently. The majority of them were white or transparent,

*/ but some wer-e yellow or brown. Many of the flaky aggregates were observed to disintegrate
spontaneously Into smaller particles within a few hours after collection. In addition to these
primary types, a fourth kind was noted consisting of small lack spheres of calcium iron oxide
(2CaO-Fe;O2 ). These were usually observed adhering to the surfaces of thd large grains but
occasionally were found isolated (Reference 12).

For detonations over ocean surfaces, the fallout collected consisted of droplets of salt slurry
-/ 50 to 300 microns In diameter. These contained about 80-percent salt, 18-pertent water and

2-percent insoluble solids by volume. The major part of the radioactivity was found In the in-
soluble solids portion. The fallout deposited at more distant points has not been as weil charac-
teri*zed but is believed to be composed of minute spheres formed by condensation of the environ-

- mental material from the vapor plus a very fine, unfused dust swept up into the cloud from the
area around the ihot point (Reference 14).

J The availability of the radioactivity in the fallout for assimilation Into the biosphere depends
to a large extent on its solubility In aqueous or slightly acid media. Determination of the soluble
fraction is therefore an important problem, and solubility studies have been reported on fallout

• .from several of the shots during Operations Castle and Redwing. For Castle fallout, it was
found that the soluble fraction was strongly dependent on the detonation environment, being a-
round 0.05 for land shots and 0.58 to 0.13 for shots fired from a barge (Reference 15). The
solubility In seawater of the fallout from the reef shot (Tewa) during Operation Redwing was
"investigated In two ways: by leaching of particles placed on top of a glass wool column and by

.' centrifuging a suspension of tie fallout material (Rtierence 13). The soluble fractions found by
these two methods were 0.08 and 0.18, respectively. An ultraliltration method was used for
determining the soltAbility of fallout from the land shot (Zuni). About 25 percent of the total
gamma activity and Np2 3' were soluble in seawater, and 3 percent of the total gamma activity

was soluble in rainwater.
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Tweet timntplts (fl:Zartace 10) tae chown that Wo ogical av"Inlmbai* to =m~t~p= to
solability Ia 1 N ElI. Mrus from mc -*rao bursts Is 9 pereml olubla to I N GCI, In-
dependent of shot onviraorit.

1.2.2 Cloud Devlopment. DurinZ the later csages of exiatence of the fireball, It is tran-
formed ino a vort= ring whose ratatiocal velocay persists up to the maximum cloud altitbid,
at least for the larger shota. no vortex contains the finlion producta, euviroamental material,
and bomb compaonto that were prevent in the fireball and Is the site where the radioactive tanf-
out particles are gMerated. T7U cloud continues to rise until its buoyancy to reducod to zero
by adiabatic expansion, entraining of cold air, and loms of energy in ovgrcomLng atmospheric
drag (References 17 through 19). The diameter of the ring Increases rapidly during the accent,
and the cloud spreads out laterally to a large area as its upward velocity decreases. For small-
or yields ths cloud stops at the tropopause or below, bat for megaton-raan* yields the top may
penetrate several thousand feet into the stratosphdre. The time to maximum altitude is some-
what less than 10 minutes.

. A knowledge of the distribution of activity and particlcs within the stabilized cloud is needed
for the establishment of a rational f.llout model; however, the collection of a suitable set of
samples thiat could be used to detesmine these quantities experimenially presents a formidable
operational problem that has not yet been solved. Several distributions have baen assumed in

* an effort to match the fallout patterns on the ground, but it is not known bow closely these models
correspond to the actual structure of the cloud. Considering the method of formation, it might
be anticipated that the activity would be greatest In an anchor ring centered on the axis of the

. cloud. Some evidence for this structure was obtained during Operation Redwing with rockets
with telemetering Ionization chambers (Reference 20).

1.2.3 Transport and Distribution. During the ucent of the nuclear cloud, the particles are
* acted on by body forces and by the vertical currents in the rising air. Some of the large parti-

cles will be heavy enough so that they will have a net downward velocity even though the cloud
as a whole is moving upward. They will contribute to the fallout in the immediate vicinity of

"" ground zero (Reference 21). During this time, volatile fission products may be fractionated
* from less volatile fission products by a kind of fractional distillation process within the hot

cloud.
Once the upward motion has ceased, the particles Ln the cloud will begin to settle out at rates

determined by their density, dimensions, and shapes and by the viscosity and density of the air
(Reference 22). The terminal velocities for 3mall spheres can be accurately calculated rhen
the dependence of the drag coefficient on Reynold's number is known. Irregular or angular par-

- ticles will fall more slowly than spheres of the same weight, but their velocities cannot be
"estimated as well because of uncertaint7 in the shape factors (Reference 23).

The particles that make up the local failout follow trajectories to the surface governed by
their fall rates and oy the mean wind vector between their pcints of origin in the cloud and the
ground level. Locations can be specified by reference to a surface coordinate system made up
of height lines and size lines. The height lines are the loci of the points of arrival of all parti-
cles originating at given heights on the axis of the cloud. The size lines connect the arrival

*. points of particles of the same size frcm different altitudes. Time and space variation of the
winds will change the magnitude and d~rection of the mean wind vector, and vertical motions In
the atmosphere will alter the failing rates of the particles. Corrections for these effects can
be made when adequate meteorological data is available.

The local fallout, as defined here, will be down in 4.5 days or less, leaving aloft an aggre-
gate of particles ranging from about 25-micron diameter down to submicron size. For small
shots the majority of this will be in the trcpoaphere, bet for megaton-range yields a large pro-
portion will be deposited in the stratosphere. Hence, in discussing worldwide fallout, It is de-
sirable to consider it as subdivided into two classes identified as tropospheric (or Intermediate)
fallout and stratospheric (or delayed) fallout (Reference 24).

1
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The material left Ia the troposhere Is thotisgto remailn 2 .- v to 40 days ad to circle the
earth a few times before reaching ground level. It deposits -:%. elziwly narrow banAd, centered
on the detoatimo latitude, with Uittle evidence of diffusion across the stable air barrier located
in the tropospherm north of the equator. It Is probably brought down largely by the scavenging
effect ot rainfall or other precipitation (Reference 24).

Those particles which do not fall out within the first few weeks will remain suspended In the
atmosphere for a prolonged period, which Is frequently described by the term "half-residence
time. Th" s Is the time during which the amount of material so suspended will be depleted by
one-half. The bail-sidence times for the stratosphere vary from 6 months to 5 years depend-
jog on the latitude abd altitude of injection. Polar shots like those of the USSR in October 1958
gave about a 6-month half-residence time. The equatorial shots similar to those of Hardtack,
which stabilized in the lower stratosphere, have a half-residence tlime of about 1 year. Clouds
that stabilize in the higher stratosphere like those from Shot Bravo during Operation Castle and
Shot Orange during Operation Hardtack may have a half-residence time of up to 5 years. The par-
ticle size of the material In the stratosphere is extremely small, much of It being less than 0.1
micron (Reference 25). It Is distributed by the stratospheric winds in the est-west or west-east
direction, and there is also thought to be a slow circulation toward the poles. Movement Into
the troposphere can take place by slow settling or by seasonal changes tn the altitude of the
tropopause. The exchange may be most prevalent at the break in the tropopause near the middle
latitudes. Once trap2fer from the stratosphere is completed, the material will be deposited
relatively quickly in the aame manner as intermediate fallout (Reference 24).

1.2.4 Procedures for the Determination of Fallout Partition. The hazards of nuclear testing
are associated primarily with worldwide fallout, inasmuch as local fallout can be controlled by
"seleetlon of the test site and the proper winds aloft so that its area of deposition wiU be of minor
consequence to the population of the world. However, local fallout has regional ecological con-
sequences that are not negligible. It may spread over considerable areas of as much as a mil-
Uon square miles (Reference 26). Introduction of radionuclides, such as Sr " , into the human
environment via worldwide fallout has a potential effect on the whole population, and the signlf-
icance of such nuclides has been studied in great detail (Reference 27). These studies led to
the conclusion that certain radionuclide levels at the earth's surface can be tolerated and that
these levels can be maintained within acceptable limits by restrictions on the rate of nuclear
testing. This Is based on the concept that a condition of equilibrium Is reached in the strato-
sphere at which the rate of Injection of radioactive debris will be equal to the decay plus deposi-
tion rate.

The fraction of the device appearing in global fallout has usually been estimated Indirectly by
measuring the fallout in the local area and subtracting from unity. The methods used for the
determination of local fallout have involved measurement of gamma ray field contours or repre-
sentative sampling of the material arriving at the surface of the earth (References 28 and 29).
The total amount of radioactive debris In the fallout area may be calculated if the relation be-
tween dose rate and surface density of radioactive material is known. Similarly, samples rep-
resenting a known area of the fallout field may be analyzed for amount of weapon debris, and all
such areas summed to give the total local fallout. A combination of fallout sampling and analysis
plus gamma radiation measurements has also been used (Reference 29).

These procedures are subject to a number of difficulties and uncertainties, not only wtth
regard to making adequate sample collections and radiation field measurements but also in data
Interpretation. The establishment of -.ccurate gamma contours requires an extensive and costly
field program, because radiation Intensity measurements must be made over areas up to tens
"of thousands of square miles. When the fallout is deposited mainly over the surface of the
ocean, the original patterns are distorted continuously by settling of the particles and by ocean
currents. The collection of samples at the earth's surface, which are truly representative of
the area sampled and free from collector bias, presents problems that have not been fully
solved to date.
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fractionation in a way that is act rall u"ratcod. Come uncertainty will always be pr='out in
local fallout daterminatios by thls tn od when fractiocatlon exists to an unkaown dgree,
even thouo all the other quantities are known accurately.

Another procedure for the determinnt•on of fzlk;&t partition was originated by the University
of California Ru•tio Laboratory (UCRL) baed oan the suppositioa that certain d the nra-gs
fission products remain throughout their )Motimen as free atoms unattached to ourfaces (Refer-
ence 29). this Intrue, they will not be removed from•the cloud by the falling particI•eaand
may be considered as representative of the number of fissions remaining aloft for long periods.

In the application of this method, coincident samples of gas and particles are tzken by an
tsokinetic collector during the first few hours of existence of the clouds. The nuclear aerosol

* is sucked through a filter to remove the suspended material and the particle-frem gas is then
pumped Into a storage bottle. The number of fissions in the two samples La determined by
analyzing the gas for 2.8-hour Kru and the solid for a representative nuclide such as It"

The ratio of sample fissions calculated from a bound nuclide to those from an unattached
., rare-gas nuclide will give the fraction of the reference substance that Is in the tampled portion

of the cloud at the time of sampling. At a very early time, If no separation of gas and particles
d occurs, this ratio should be 1. Later it would be expected to decrease as the falling particles

remove the bound fission products. Hence, if the early ratio !s 1, the fraction of the material
in worldwide fallout may be determined if the time is known at which particles having a flalling
velocity of 3 in/sec leave the sampling region, or if the ratio a&"roaches a constant with time.

1.2.5 Prior Estimates of Local Fallout. Determinations of 4ocal fallout have been made at
* virtually all the nuclear tests conducted by the United States. Estimates of the fraction of the

"radioactivity deposited locally have been made for Operations Jangle (References 17, 24, 28,
30, and 31), Tumbler-Snapper (References 17 and 30), Upshot-Knothole (References 17 and 30),
Castle (References 32 through 36), WIgwa (Reference 37), Teapot (Reference 38), and Red-
wing (References 24 and 39). A summary of fraction of radioactivity deposited, computed from
gamma contours and/or area sampling, covered a range from 0.2 to 0.6 (References 28 and
29). Reexamination of the preliminary Redwing data (Reference 40) gave higher figures in the
range 0.65 to 0.70 for barge (water-surface) shots and up to 0.85 for land-surface shots.

Results by the UCRL cloud-sampling method are also available from Operation Redwing
(Reference 29) for the ground shots, Lacrosse, Mohawk, Zuni, and Tewa (part land, part
"water); for the water-surface shots, Huron and Navajo; and the high-altitude airburst, Shot
Cherokee. In the first three events the ratio of solid-to-gas fissions was as low as 0.04.
Values for Tewa were not much less than 1, but this was probably due to the low sampling
altitudes relative to cloud height. The ratios for the barge shots were greater than 0.6 in all
cases. For Shot Cherokee the only sample taken from the main body of the cloud gave a ratio
of 1. From the assumption that the ratio at early times In all cases is 1, Interpretation of
these figures in terms of fallout distribution indicates that 90 to 95 percent of the activity came
down locally for the land shots, 15 to 50 percent for the water shots, and essentially none for
the high-altitude airburst.

On 5 to 7 March 1957, a symposium was held at The RAND Corporation to summarize and
evaluate work done on fallout partition up to that time (Reference 29). The conferees concluded
that the best generalization that could be reached on the basis of the data presented was an
equal distribution of radioactivity between worldwide and local fallout for both land and water
detonations In the megaton range.

1.2.6 Worldwide Fallout. Worldwide fallout has been of great concern to persons respon-
sible for the conduct of nuclear tests because of the possible consequencrs attendant upon the

* global dispersal of radioactive substances (References 41 and 42). The dangers from external
irradiation are generally believed to be of a minor nature because of the low levels of activity
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tsglved, buttte tncorpor o CC nucl--- Into theo bUMn Cyst$= tbu the usual biological
cMeNWl introdae the posiblity d long-term effects whose seriousness Is not easlr

The local fallout from the tests at Eniwetok, as defined earlier, rill settle out in the Pacific
Ocean and hence wiU be of only indirect concern. However, the troposphric and strttopharic
tallout will come down over land areas. Careful consideration of the nuclides present In glol

flout has Indicated that Sro is the one to be most feared because of its poi05bis accumulation

In the human skeleton and subsequent long-term irradiation of the hemato•ostlc tissues (Refer-
ep ce 27). Coasequently, a major part of the work done on worldwide fallout has been directed
toward the eatimtion of Sr". Measurements have bee" made to determine the existing levels
,j, the earth's surface, the quantity stored in the stratosphere, and the deposition rate. Samples
ot fallout have been taken from the soil and vegetation, by gummed tape and pot-type collectors

.5 on the ground and by air-filter samplers at the surface and in the troposphere and stratosphere
M(eferences 8, 24, 25, and 43 through 56).

S |ed on this work, It was estimated that In the fall of 1956 the SrN levels were about 22
inc/mi2 in the midwestern section of the United States, 15 to 17 mc/mI2 for sLmllar latitudes
elsewhere, and perhaps 3 to 4 mc/mIe for the rest of the world (References 43 and 57). The
total amount In the stratospheric reservoir, If uniformly distributad over the area of the globe,

% would Increase these figures by about 12 mc/mi2 . The deposition rate of the stored material
was considered to be around 10 percent per annum. It was further estimated that, If these

levels were maintained for 15 years, the concentration In the human skeleton would be about

1 percent of the maximum permissible (Reference 27).
The quantity of radioactivity in the stratospheric reservoir was estimated by summation of

the contributions of all the bursts through Operation Redwing that have deposited debris In the
stratosphere. The available fraction of the device was determined by subtracting the local and
intermediate fallout from the total. The intermediate fallout t, thought to contain 1 to 5 percent

of the weapon for megaton-range detonations (References 17, 58, and 59). Determinations of
"this quantity by a worldwide network of stations for Shots Mike and King of Operation Ivy gave
a figure of 2 percent (Reference 59).

Much Information on SrM concentrations In the stratosphere has been obtained bythe extensive
high-altitude sampling program (HASP) of the Defense Atomic Support Agency. In addition,
other data was gathered from filter samples collected on high-altitude balloons. The latter

.- work was part of a continuing program for sampling the stratosphere along the 80th meridian
(References 50 through 54, and 60).

1.2.7 Fractionation Effects-Observations at Other Tests. The occurrence of fractionation
"is manifested by differences In radlochemical composition, decay rate, or energy spectra
among various samples of fallout taken at different times or locations In the contaminated re-

"* gion. Oboervations of some degree of fractionation have been made at many different detona-

tions. As expected, fission product nuclides such as Sr", Sr", Cs"t ', or Bat", which have
rare-gas ancestors with half-lives of a fraction of a minute or longer, are frequently found
among the products that are most severely fractionated with respect to the bulk matrix ma-
taeral (always a refractory substance). The location of the burst is also an important factor.

. Separation of the nuclides from one another appears to be most pronounced in underground or
surface shots (References 61 and 62), generally less for a water surface (Reference 63) and
still smaller for balloon, high tower, and air detonations (References 63 and 64). Relatively
little fractionation was found in water samples for one device detonated in deep water (Refer-

S.• ence 37).
"During Operation Greenhouse, it was noted that the en.onent of the beta decay curve In-

creased from 0.95 to 1.3 with median particle size for samples taken from the clouds of Shots
Dog, Easy, and Able. This indicated that the close-in particles were enriched in fast-decaying
components with respect to the more distant fallout (Reference 65).

For surface shots during Operation Jangle, pronounced depletion of chains 89, 115, 111,I and 140 referred to Mo99 was observed ln comparing long-range with local fallout samples.
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Chin 144 and 15 were not fractionatlz. 511more czU-. i nuelid oepat wu fo~m6
for the vaferground shot, with all the 9ftvo cL'Use avinj mplatlon In the crater area C(d-
*mece 65).

From aot I of Operation Tumbler-9=;par; the Crew decay exponent decreased steadily
with distance up to 70 miles from grouad zero (fference 65).

Radlochomical data from Shot Bravo of Opration Castle showed fractionation of Sr" and Bat

with respet to 1da, bat none for Cal" (flearmnce 65).
In the land shots? Zurl and Tewa, of Operation Redwing, depletion of Cs1, Sr", and Tel" was

found In tbh •olie-in fallout with maximum factors of 100, 13, and 7 (Reference 66). These de-
pletion factors becaLme smaller with Increasing distance from the shot point. Fractloution of
the fallout from the barge shots, Flathead and Navajo, was much leas, and variations In abun-
dance were not greater than a factor of 2 (Reference 68). Analytical data on cloud samples from
these four events corroborated the fallout results (References 62 and 63).

Some radiochemical analyres have been performed on particles of different sizes from
certain balloon shots (Reference 64). For Shot Boltzmana of Operation Plumbbob, both the
SrJI/Mo" and Sr"/Mo" ratios were a factor of 2 greater In 22-micron partidles than in 137-
micron particles. Enrichment of Sr'8 in smaller particles was also found in two other balloon
shots, Hood and WIlson.

1.2.8 Fractionation Effects- Relations among the R-Yalues for Several Radionuclides.

As noted above, some scattered observations on fractionation were reported from the earlier
tests, but it was not until Operation Redwing that enough data became available to investigate
the separation of various nuclides from one another in any detail. During Shot Tewa of Opera-
tion Redwing, six particle samples were collected from different locations In the cloud and
subsequently analyzed for about 00 nuclides. From this work, relations among the R-values
for the products became apparent, which seem to be of significance for understanding the fall-
out formation process (Reference 67). The R-values for the substances studied (normalized
to give unit intercept on the axis of ordinates) were plotted against the R-value for Eu'5 , and
a series of straight lines resulted with slopes ranging from positive to negative values. Poel-
tive slopes indicated a simultaneous enrichment of the cloud particles In europium and the prod-
uct nuclide, whereas negative slopes showed that as the particles became richer In europium

* they were more and more depleted In the product nuclide. Products having rare-gas and alkali
metal precursors had the steepest negative slopes, whereas U, Np and IPo had small negative
slopes. The more refractory oxide elements- neodymLum, beryllium, zirconium, and aLobium=-
had positive slopes, and those elements such as calcium, which showed no fractionation with
respected to europium, had infinite positive slopes. The results are consistent with the view" ~that those products having rare-gaus or alkali metal ancestors at the time of condensation will

concentrate in the smaller particles, which have a larger surface-to-volume ratio.
* Similar relationships have been found for several high-yield airburste, using Ba1t as the

secondary reference nuclide and MO'* as the primary reference nuclide (the primary reference
nuclide is the substance used as reference In calculating the R-values; the secondary reference
nuclide Is the substance used as abscissa In the R-value plots). In this reference system, Ag]'.
U231, Cdtt5 , Cs53, Np"', Y", and Sr" had approximately unit positive slopes, whereas ZrIT,

*Col", 1 Pu2 and the rare earths had average negative slopes of 1.5. For these shots, there
* was evidence that the nuclides in the larger particles (3 to 12 0) were fractionated, but those

In particles smaller than 1 A were not (Reference 68).
This method of data analysis has been shown to be valid regardless of the secondary refer-

ence nuclide, the primary reference nuclide, and the reference event (Reference 6).

1.3 EXPERIMENTAL PROGRAM

1.3.1 Outline of the Program. The foregoing discussion Indicates that further progress In
the development of a realistic fallout model will require an Improved knowledge of the struc-
ture of nuclear clouds with respect to the vertical and radial distribution of particle size and
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within the mashroom. Qunattative data an the activity sAMOdfjd with VUCtel
d1 gfjft s Si" ' trou is also needed for estimation of the putafti of the weapon be-

Stelena and worldwide fallout. Project 2.8 was established to t to obfin such

lformlaton from certain shots during Operation Hazdtak. It van planned to explore the
Mucture by mesas of i sampling rockets and to us both the rocle mpis and aircraft

sapaee collected from the cloud with the UCRL coincident sampler for determination of the
fallout pjdtio Other aircraft flying at 1,000 feet were scheduled to collect fallout samples
to bused for the determination of the effect of particle size on fractionation and for corrobora.
tion .tte radlosuclte composition of local fallout as determined from the rocket samples.
The Lflulece Of the environment on fallout partItion was to be Investlpted by participation in

vent, over land and water surfaces.
Te basic hypothesis on which the determination of fallout partition by the measurement of

relative enrichment is based Is that the Increase of a volatile material with respect to a rofrac-
tory material, e.g., Kr' with respect to Mon, occurs principally as a result of fallout of the
refractory m2terial, I.e., the only force producing separation is gravitation. f this hypothesis
is correct, then the Me" left in the cloud region sampled compared to the DrO may be Inter-
pret•d as the fraction of refractory debris that will be distributed in worldwide fallout. This
fraction, Wy is given by

[R"(88)]
[R"(88)] C i

where the subscripts E and C refer to the explosion and the cloud, respectively.
If, however, other forces operate on the particles (particularly centrifual forces that exi

drinWg the initial phase of cloud rise or turbulent forces that may exist for several hours as a re-
ault of temperature inequalities), the possibility exists that separation of poses or small parti-

cles from large particles may occur without requiring real fallout of refractory material. Ut is
also possible that separation of the more volatile products from the lees volatile may occur in
that gas phase as a function of altitude in the cloud without requiring separation of large particles
from small particles or particles from permanent gassa. If these processes occur, even a large
enrichment of volatile material near the top of the cloud would not necessarily be attributable
principally to fallout.

To help determine whether these alternative processes are important, It is considered nec-
essary to obtain very early data for R-values of relatively volatile fission products in the cloud.
If it can be established that the very early distribution is normal and then departs from the
normal pattern at a rate consistent with the fallout Interpretation, other separative forces
might be considered unimportant.

1.3.2 Rocket Sampling of Clouds. Experimental determination of the distribution of activity
within the cloud required the collection of a group of samples at different vertical distances
along paths nearly parallel to the axis and at various radial distances. The almost-vertical
flight path requirement necessitated the use of sample collectors that were propelled by rockets.

The rockets used by the project had a rather complex structure (Chapter 2), but from thestandpoint of particle collection their important features were the sampling head and the elec-

tronic programer. The sampling head was designed to separate the particles collected Into !
two group. having falling rates corresponding to local and worldwide fallout as already defined.
The separation was to be attained by the action of aerodynamic forces in the sampler similar
in effect to those experienced by particles falling through the atmosphere in the gravitational
field of the earth. The function of the electronic programer was to open the head at predeter-
mined positions In the flight path so that samples could be collected from different portions of
the cloud.

It was planned to fire 18 rockets on each shot at about H + 10 minutes from launching plat-
forms spaced at various distances from ground zero. Two rockets were to be fired along each
trajectory, one programmed to collect a sample from the base to the top of the debris and the
other to collect from the top half of the cloud only.
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1.J AtreAbmt liirld Clcud. A condition naco=o try uto 0 t\* go-pmele Um.
n ir ta i la device rar • is L tu the maPlo be czlom from

a regim that Is losing matarial by fllout- but not reciving particles from any other section of
the clond. The portions of the cloud th are i ulltble for thla type of sýmylng aue dopeadont
"ao the wind structure aioting at the time of buret. For one type of structure tA occurm fa•lr!y
frequently at CPO, the top and bottom parts of the cloud are blown off rapidly In different direc-
tions, leavtzg a layer approximately I mile thick that expericnces only lIgt and variable wiwds.
Hence ths stratum, which Is located between 50,000 and 60,COO fact, will soon be Isolated from
the ret of the cloud and may remain fairly stationary above ground zero for a day or more.
A it called the light god variable wind layer and is satisfactory for coincident sampling, be-
cause it can not receive fallout from higher cloud levels.

In cases where the stratum Is not well defined, sample collections can be made from the
top of the cloud (provided It can be reached and followed by the sampling aircraft) or from a
location selected to minimize the feed-In of fallout from higher altitudes.

The theory of thin technique has been discussed under Section 1.2.4, and the sampling equip-
ment is described In Chapter 2. The operation plan was to fly through the light and variable
layer at several Intervals between H + 2 and H + 24 hours with B-57D aircraft, equipped both
with the coincident samplers and with wing tank particle collectors. The coincident samples P
were to be analyzed for Kr" and Mo" to determine the fallout partition (Section 1.2.4), and the ' A

wveng tank samples for 10 radionuclides to Investigate fractionation with particle size.

1.3.4 Aircraft Sampling of Fallout. The fallout sampling part of the program was intended
to provide Information supplementary to that obtained from the rocket and aircraft cloud-
sampling experiments. W1-50 aircraft were scheduled to fly at an altitude of 1,000 feet ard
to collect fallout at various times between H+4 and H+24 hours along height lines that would
correspond to the cloud level (about 55,000 feet) sampled by the B-S.D's. Because the cloud
iL an extended source of fallout, the term "height-line sampling, " as used here, signifies the
sampling of a band of material centered on the geometrical height line and having a bandwidth
approximately equal to the dlnameter of the cloud.

The wind structure described In the preceding section on the formatIon of the light and varn-
able layer also leads to isolation of the 55,000-foot height line along the eastern periphery of
the fallout curtain. This situation Is advantageous for height-line sampling, because the air-
craft may proceed westward from a position east of the fallout area and collect the first fallout
encountered. The samples should contain 55,000-foot fUllout alone, uncontaminated by ma-i
terial from the rest of the cloud.

Other types of wind structure would probably not be as favorable for height-ine sampling, :"
and the fallout collected likely would contain particles originating from different levels in the .j
cloud.

Outward from ground zero along a height line, the particle size of the fallout decreases and
the time of arrival Increases. However, low-altitude sampling at a given location should pro-
vide a sample containing particles of relatively uniform size (used synonomously with falling
rat2). Hence, by making a series of collections along a height line at different distances from
the shot point, advantage can be taken of particle size separation by natural fallout processes.
The WB-50 operations were arranged to utilize this situation to obtain a set of samples suitable
for an investigation of size-dependent- prope rtiese. ,

1I was planned to use the radiochemical data from these samples to corroborate the composi-

tion of local fallout as determined from the rocket experiments, to investigate fractionation with
particle size, and to compare the composition of local fallout with worldwide fallout. The data
can also be used for determination of device partition if the fallout is shown to be highly depleted
in a particular fission product. The enrichment of the debris remaining aloft In this fission
product will then be related to the fraction of the debris that has fallen out, In much the same
way as has already been described for interpretation of the enrichment of a gaseous fission
product in the cloud with respect to particulate debris.
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13.5Sgelectics of RadiowUclIdes. The radloecl1dios c110M for ddtrMLnatl from the

pticle samples were tboge of gr concern in warldvide fallout, namely, Sri and CaOO,

plus a sUfficiet number of others to provide buic data for further Investigation 2f fraction-
tion. In the latter category were SO* , ]o", CsI, Cet, rug' and U4-. The menmers

of this group existed in a variety of forms, ranging from gaseous to relatively nonvolatile species,

during the period of condensat•on from the fireball. Ca'" was determined In conjunction with

elemental analyses for calcium and sodium to help in tracing the behavior of the environmental

material that forms the major part of the fallout particles.
Analyse for 1131, vhich were tentatively planned originally, were not carried out because

of the lildted analytical personnel available, the uncertainties of sample collection for this

nuclide, and the relatively lesser interest in Its ultimate fate.

A
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PROCEDURN

2.1 SHOT PARkTCIPAT!ON

The project Initially planned to participate in Shot Koa, a mepto-renp land-surface burst,
and Sot Walnut, a moaton-range water-surface burst. Because of ap -t contoamination
of the Kba cloud samples by debris from Shot Fir, particlpation was lar extended to include
Mint Oak, a high-yield water-land burst fired over the lagoon reef. Device Information is
given In Table 2.1.

The project rockets participated during Shots Koa and Walnut and ware also fired during
Cactus and YellowwoWd for system check ard nose cone recovery practice. Aircraft were
flown during Koa, Walnut, and Ok.

2.2 DhnTRUME1TATION

The Instrumentatlon for this project fell Into two general classes: rockstborno and aircraft-

borne cloud samplers. Two types of aircraft, B-57D's and WB-5O's, were used.

2.2.1 Rockethorne Cloud Sampler. The rocket, a 20-foot unit, consisted of an air-sampling
nose section, a two-stage propulsion unit and vartous Items of auxiliary equipment (Reference
69).

Figure 2.1 shown a complete rocket on a launcher. Part A is the primary motor, Part B
the sustainer motor, Part C the parachute compartment, Part D the electronics compartment,
and Part E the air-samplin nose section.

The air-sampling diffuser of the nose section was 36 Inches long, as measured from the
Intake orifice to the filter (Figure 2.2). An additional 32 Inches of length behind the filter was

occupied by exhaust ports and auxiliary equipment. The extreme forward part of the rocket
was a conical section 5 Inches long, which sealed the intake orifice prior to the time when .:.

sampling was begun. The orifice of the diffuser was 2 inches In diameter, and the filter was
8 •2/ inches in diameter. An expansion from 2 to 8 t/1 inches In diameter In a length of 30 inches
gave an expansion angle of 10', the maximum at which the flow would not separate from the
diffuser walls. The filter was an 8-inch circle of matted cellulose fiber coated with stearic -'

acid to help retain the particles. It was supported by a wire retaining screen. The inside wall
of the diffuser was in the form of a revolved segment of a circle 250 inches in radius and was
parallel to the axis of the rocket at the orifice.

Particles entering the sampUng section were decelerated from about twice the sonic velocity
to subsonic by passage through a shock front that formed near the throat of the diffuser. Fol-
lowing this, they were subjected to a force field that caused the smaller particles to be Impelled
toward peripheral areas of the collecting filter to a greater extent than the larser particles.
The diffuser was designed to effect a resolution of particles having averge settling rates
greater or less than 3 In/sec in the normal atmosphere (Reference 69). A light akin was *

wrapped around the outside of the diffuser to fair up the external shape of the nose cone.
The propulslon section contained primary and sustainer motors, both of which were solid-

fuel units about 6 Inches in diameter with burning times of 6 seconds. The sustalner motor was
ignited shortly before the start of sampling and provided sufficient thrust to maintain the rocket
speed at about Mach 2 during passage through the cloud.
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'00f system, a clsureEg=f myu b! the nos fetoa to -rvd viit uyny
iawne pla.stic inmrts were fitted 9- Q.1wns tost rvd dlla. uyny

The esplovo squle were used to remove the coical nose tip, thereby opening the sampling
oriie And to Jettison the propulsion unit. The electronic timing circuitry Inwtted the open-

6 of the orifice, disconnectd the propULSion unit, ejected the parachute, closed the sampling
ction and activated the radio beacon. The parachute system conlated of a pilot chute, a pilot -"

chute shroud cutter, and the main canopy. The pilot chute was withdrawm from Its compartment

when th'di puW~f section was Jettisoned but remained attached by shrouds to the nose section

Util the latter had slowed down to a speed that would not caus damage to the main caopy. At

this time, the pilot chute shrouds were cut free from the nose cone, and the main canopy was
withdrawn from the nose section by the pilot chute shrouds, which were still attached to a bag NPý
Containing the large parachute. The front closure of the sampling unit, made by a ball joint,
and the aft closure, cor.•i.ting of a cone and 0-ring seal, were closed after sampling. The
radio beacon was activated at launch time so that search craft equipped with radio direction
finders could locate the nose sections.

Figure 2.3 Is a view of a battery of six rockets assembled for fiLring.

2.2.2 Aircraflborne Samplers. Three different types of equipment were utilized to obtain

the samples discussed in Sections 1.3.3 and 1.3.4. Units of the kind Illustrated In Figure 2.4
were used for collection of the cloud particle samples needed for the radlochemical work.
These samplers were stainless steel shells of parabolic shape fitted with intake butterfly valves,
which were open only during the sampling runs. They were installed at the forward end of both
the right and left wing fuel tanks of the B-57D's. The particles were collected on a 24-Inch-
diameter filter paper, which was supported by a retaining screen located near the aft end of
the unit.

The coincident sampler was designed so that both the gas and particle samples would be
taken from the same volume of the cloud. Air was drawn through a desiccant section and a
filter section by a cirrulating pump and then forced under pressure Into a sample bottle. Fig-
ure 2.5 shows the intake and desiccant-filter sections, and Figure 2.6 Is a photograph of the
compressor pumps and gas bottles. These samplers were mounted on both sides of the B-$,-
fuselage toward the rear of the aircraft.

The WE-S0's used for the fallout sampling were equipped with Air Force Office of Atomic
Energy (AFOAT-1) standard E-1 filter assembly. Figure 2.7 Is a view of a WB-50 with the
filter foil installed on t~p, nearly over the rear scanner's position. Figure 2.8 shows the filter

screen removed from the foil with a filter paper in one side. The foil was sealed by sliding
doors in front and back of the filter screen except during the sampling periods.

2.2.3 -Possible Errors in Sampling. Polyd1sperse aerocols contain an aggregate of particles
whose sizes are arranged in accordance with a characteristic frequency distribution. When the
aerosol is sampled under ideal conditions, the ratios of the numbers of particles In the various
size ranges will be p~rierved unchanged In the collector. Elowever, a departure from the Initial
size distribution may bLý encountered If the collecting device has a dimensional bias (non-isoki-
netic condition) or if some of the particles are broken up during the sampling operation. "...j

Isokinetic sampling conditions will be achieved with a filtering device moving through the
aerosol at subsonic specis, if the air velocity into the intake of the filter is Identical with the
flow rate past the outiLde. As used in Project 2.8, both the wing tank and coincident samplers

were close to isokinetic, because the velocity ratios were respectively 0.8 (or greater) and
0.7 to 0.9. However, in a few cases, the calculated velocity ratios for the coincident units were
much less because of malfunction of the sampling equipment (Appendix B). The E-1 sampler
used on the WB-50's was poor lsokinetically, but this was considered to be immaterial for

height line samplib.g where the particles in a given region should be fairly uniform In size.
Samplers, such an the project rockets, which move at supersonic speed with respect to the
aerosol, are expected from aerodynamic theory to be unbiased.
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FI3 tbr3ih the shock frout In the dioser throc- A $=I" of th* exoriwtaft carried

out by the Naval Radiologcal Defense Laboratory (NRDL) In th* shock tub* at the University of

Callornta flfl7in*O g Mcperiment Station dicated that coral fallout grains were not fractured

by Ibch-2 shock waves (Reference 70). Impact with thi filter Is another poealble cauo of

particle breakup in all the sampling vietles, but little or nothlin Is known about this effect.

2.3 FIID OPERATXION

2.3.1 Meteorology. it was indoca in Section 1..3 tMat samples to be used for the deter-
ainstice Of fallout partitlon by the UCRL method should be collected from the light and variable

layer, if wail defined, or from higher locations In the cloud. The cloud heights and wind atrue-

ture in the upper atmosphere were therefore important characteristics to consider In devising

operational plane. It was known from previous work that the clouds rime to a maximum altitude

in the first few minutes and then settle back to a stabilized level. Based on height-y•eld curves

derived from photographic daft on earlier shots (Reference 22), it was estimated that the ata-bllized altitudaes would be around 72,000 feet for Shots Koa an~d Walnlut and 99,000 feet for Shot•,.'..*•

Oak (Reference 71). The altitudes observed by project aircraft were cousiderably lower (Ref-
erence 16). A radar recor r Sot Kot Indicated that the cloud rose to 72,000 feet at 5 min-

utes and then settled rapidly (Reference 72).
The light and variable layer existed for all the shots, being possibly best defined for Koa

where it circulated over the atoll for at least a day. For Koa and Walnut, the altitude of the

layer coincided quite closely with the top of the cloud, whereas for Oak it was some 20,000 feet

below the top, which was blovn off rapidly by the strong easterly winds. Because the B-57D

samples were taken from this stratum in each case, the criterion of sampling from a region

that would not be receiving fallout from any other source was easily satisfied.

Some altitude data taken in part from the wind and temperature tabLi in Appendix D is -

given in Table 2.2...+i,,,
The suitability of the wind structures for fallout sampling along height lines can be moat *, . ,'

readily visualized by reference to the plan view, wind velocity hodographs at shot time (Figures

2.9 through 2.11). The hodograph for Koa shows that the winds were Ideal for height line sam- .,

pling, because material falling from the light and variable layer would be clearly isolated from,".'.,

the rest of the fallout. For Walnut, an overlap of partlcles originating in the cloud at 40,000

feet and at higher levels would be anticipated. For Oak, the samples collected at 1,000 feet

would contain material that came from several different elevations in the cloud.

2.3.2 Shot Koa. No rocket samples were collected from Shot Koa. In preshot planning It

was intended that a salvo of 18 rockets would be fIred Into the cloud, 6 each from Sites Wilma,

Sally, and Mary. The firing line to Site Wilma failed on the day before the shot and could not.

be repaired before evacuation. Firing circuits to Sites Sally and Mary were intact at shot time,

and a firing signal was transmitted to these sites at H + 7 minutes, but no rockets fired. Eve-

dently, the heavy current drain by several launcher orienting motors caused the main.power

supply voltage to drop to a point where it was insufficient to operate critical relays In the local

launch-programing equipment. Thereafter, launching operations were programed so that only

a single launcher motor would be operating at one time.

Five samples were taken from the cloud by B-57D aircraft at 402, 61/2, 8, 11, and 29 hours

postebot time (Table B.1). A flight scheduled for 13 to 14 hours had to be canceled because of

rain and atmoshperlc turbulence. The first four samples were collected In about /I hour each, ..-

and the last sample required 2 V2 hours. The wing tank samplers functioned on each flight, but

there were no gas samples on the last three runs because of a failure of the compressor pumps ,

on the coincident sampling units. %

Samples of material falling from the 60,000-foot layer were collected at an altitude of 1,000 "

feet at 4, 6, 8,7106, and 12 hours after shot time by a WB-50 aircraft. The fallout was encoun-

tered onabearing of 50° to 600 at 28, 59, 88, 109, and 131 miles from ground zero. A second
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WB-50 colected ame 1,000-foot sample at N.6 hours on a baigof 200 at 42 miles fro
round zero. It is thwiqt that this mstrtal efrmnfrom sbou 45,000 feet. A third WD-S0

mission was flown at 0700 the next day to 300 miles on a bearing of 531 based on an extrapola-
tios ao the previous contacts. From there, the aircraft was directed to 225 mise, bearing 550,
then to 200 miles, bearing 400, and finally to 400,.ulles, bearing W1, but no fallout was eon-
countered. The aircraft war relessed after 8 hours for a weather mission. ."

Shot Fir ,war fired at Bikini on the day preceding Koa,
On the day followin

Koa, there was a deposition of fallout In the Eniwetok area, and in the idernoon the gamnma
radlatlo'ackground on Site Elmer rose to 25 to 30 mr/hr. The Fallout Prediction Unit (FOPU)
was not able to establish definitely the origin of this material but felt that there was some rea-
son to think that It had come f rom Shot Fir. After arrival of the Icon samples at Los Alamos
Scientific Laboratory (LASL, a dispatch was received in the field ludicating that the cloud,
and possibly the fallout samiles, were heavily contaminated with Fir debris. The mture of
the evidence was o known at the time-

Examination of the wind structures existing during the period of the Fir and
Koa detonations indicated a possibility of some contamination of Koa fallout by Fir debris, but
-o mechanism was apparent that could lead to heavy contamination. ,acldsmpe

When the radiochemical data became available, It war found that all the lca cloud samples
contained some material from Fir but not enough to appreciably alter the sagtflncance of the
results (Chapter 3).

2.3.3 Shot Walnut. It was planned to project a total of 10 rockets Into the cloud, four each
from Sites Mary and Sally and two from Site Wilma. The launchers on Mary were set for auto-
matic positioning by blue-box signal, whereas on Sally and Wilma the quadrant elevations and
azimuths were preset. After the shot, the firing circuits to Sally and Wilma were intact, but
the line to Mary was open. A firing signal was sent at H+ 10 minutes, and the rockets on Sally
and •llma were launched, but the obscuring cloud cover prevented observation of their trajec-
tories. The rockets on Mary did not launch, and later inspection showed that one launcher was
inoperative, one elevated without rotating, and two elevated and rotated. Two nose sections

from the Sally rockets were recovered by boat, but the others were lost. The closures on the
nose sections recovered were intact, but water had leaked In. There was a small amount of
activity In the water and on the filter, and the filter sample was returned to the NRDL for anal-
ysis. Ii was identified by the name Whiskey 6 (Table B.3).

Six samples were taken from the cloud at times between 1 1/1 and 28 hours postahot time
(Table B.3). Both the wing tank and the coincident samplers were operative on each flight.

In preparing the height line flight program for this shot, it was Intended that one WB-50
would collect 1,000-foot samples at 4, 6, 8, 10, and 12 hours with a second WB-50 standing by *

on the ground to take over the mission, If necessary. No sampling flight was scheduled for
D + 1 day. The first aircraft encountered fallout at H +4 hours on a bearing of 320" at a distance
of 42 miles from surface zero; and a sample was collected. Because of deposition of damp
fallout material on the nose of the aircraft, a dose of 1.5 r (read on an electronic Lntefrating
dosimeter) was accumulated at the bombardier's position during the sampling run. The dose
was continuing to rise at the rate of 50 mr/min, and the radiological adviser aboard decided
to dLcontinue the mission and return to base. The standby aArcraft took off and was flown to
a point on a bearing of 3300 at a distance of 120 miles from suriace zero. At H+8 hours, the 0; 1
aircraft searched on a course of 225", but no fallout was encountered. At H+ 10 hours, the "
active fallout area was reentered at bearing 28?", 140 mile* from surface zero, and a sample
taken. At H+13 hours, a third sample was collected at bearing 2780, 150 miles'from surface
zero.

2.3.4 Shot Oak. There was no rocket participation during Shot Oak. Circumstances leading
to the discontinuation of the rocket sampling portion of the project are outlined In Section 2.3.5
and Appendix A.
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7lve mnpleWs re takes from the clad by 9-57D aicraft between 2 and 5 to= b
time (Tagw B.5 and 3.6). DOh the wLng tank and coincident samplers were openav oa Ual

A WB-50 arcrdt collected samPleS from the MortbhAter edge of the fall pattern at 4,
6, 8, 10, and 111/2 bowrs after the detonation. The fallout we encountered on a bearing of
300 to 310- at 65, 93, 125, 160, and 187 mll. from surace zero. The operation progressed
witout ncident, maily becase of the experience gained by the rticileing Periounel on the
first two shots,

2.3.5 Rocket Development. The project cloud sampling rocket (Section 2.2.1) was a new
* one of complex design. The main motor had been used previously on the ASP (atmospheric

sounding projectile) and the sustainer motor on the RTV (reentry teat vehicle), but the no"e
section and associated equipment had not been used as a component of a rocket before. Devel-
opment work on a similar sampling device had been done during Operation Plumbbob, and at
the and of the operation a satisfactory unit for land recovery had evolved. After Plumtbbob,
Project 21.3 was set up for the purpose of developing a sea recovery version of the rocket for
"Operation Hardtack. When Project 2.8 was established, the existing rocket contracts were
extended to provide additional units for use on this program. Because of the experimental
nature of the rocket, the sponsors of this work, UCRPL, assessed the probability of obtaining
any rocket data as being of the order of 50 percent.

The developpment problems were the responsibility of Project 21.3, but a review of their
work at EPO Is of interest, because a large portion of Project 2.8 was directly dependent on
the arallability of a suitable rocketborne cloud sampler. This review will also serve to provide
"an explanation of the circumstances that led to the cancellation of the rocket experiment prior
to Shot Oak.

Notes on the developmental rocket firings and tests are outlined In Appendix A. Details-of
the firings on Koa and Walnut (Sections 2.3.2 and 2.3.3) are not repeated.

2.3.6 Aircraft Samples. The B-57D aircraft used for the cloud sampling work were under
S ,• the control of a LASL representative. The person responsible for these collections communi-

cated with the aircraft by normal voice radio from the Air Operation Center on Site Fred. The
"fallout samples were taken by WB-50 aircraft controlled by an NRDL representative. They
were directed from the Air Weather Central on Site Elmer using CW radio communication.
The transmitters used by the Air Weather Central operated on a long wavelength, thereby
making It possible to maintain radio contact with tho WB-50's at long ranges and low altitudes.

Estimated coordinates for each sampling position on the height line flights were furnished
by the FOPU. The Initial 4-hour position prediction was based solely on the wind data avail-
able at shot time, but contacts made by the sampling aircraft, plus additional wind data, assisted
in preparing the later estimates. Interchange of Information between FOPU and the Air Weather
Central was maintained throughout the sampling flights.

The FOPU predictions were generally quite accurate with respect to radial distance from
ground zero, but the wind Information was not always adequate to determine the angular position.
For example, on Koa the estimated height line bearing was 0*, but the sampling aircraft encoun-
tered fallout at a polar angle of 50". For Walnut the 4-hour sampling position given was quite
accurate, but the later curving of the height line toward the west could not be predicted. Sam-
pling position estimates were the best of all on Oak, and even the most distant points were pre-
dicted within 2' In bearing and 3 miles In distance.

"Tables B.1 through B.6 give a summary of all the samples collected by aircraft for the proj-
ect. It will be noted that In addition to the cloud samples taken from the light and variable
layer, there were several samples on each shot from lower altitudes. Analytical data for these
samples are Included, Inasmuch as it gives Information on the variation of cloud composition
with altitude (Appendix D).
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2.4 PARTS=L WORM

$ome lavestugatl of particle charncteristics ws. cnrted out for all the cloud and beloi
us* samples from Mat Koa that were larzge enough to work wvth. Approximptoly a quarter of
&aud filter paper from the cloud samples and one section from the E-1 sampler were shipp•d

to UCRL by the first flyaway following the shot. On each sample, the filter paper was removed
by burning off In a stream of atomic oxyge from a pa dincharCe ganerator. The maximum
tempertube reached during burnoff was around 200" C. Th welght of material recovered
vared from 50 mg to about 4.5 gin.

At UCRLt someat ths cloud samples were separatd Into coarse and fine fractions using a
fthco centrifuge, and fall rate distribution curves were determined for the two fractions with
the micromerograph. Fall rate data was also obtained for all the height line samples, and In
several cases the specific activity-fall rate curves were determined for cloud and fallout anm-
pies. In operating the micromerograph, the weight could either be recorded continuously or In
16 Increments by means of Individual pans on a rotating turntable.

Two of the height line samples and three cloud samples, separated Into coarse and fine frac-

ions with the Bahco, were transmitted from UCRL to NRDL for examination. The chemical
substances present In these samples were identified with the polarizing microscope and by X-
"ray diffraction, and the particle size distributions determined by microscopic observation. A
binocular microscope fitted with ocular micrometers containing a linear scale was used for the
particle work. Each scale division of the micrometer represented 15 microns for the magnifl-
cation used (100X). A portion of the sample was placed on a microscope slide and tapped gently
to disperse the particles. Traverses were made along the slide from one extreme edge of the
dispersion to the other and every particle within the micrometer scale was sized and typed.
Generally, several appropriately spaced traverses were taken. The particles were sized in
terms of maximum diameter and typed by the conventional classification of irregular, spherical,
"or aglomerated. Diameters were measured to the nearest half scale division, and particles
less than a half unit were Ignored. Particles adhering to each other were sized Individually,
If possible, or otherwise not taken Into account.

Particle characteristics and fall rate and size distribution curves are given In Appendix C.
S.o particle work was done on the samples from Oak and Walnut.

2.5 SAMPLE ANALYSIS AND RADIOCEEMICAL PROCEDURES

Rladlochemical analyses were carried out on the gross particulate cloud samples from the
wing tank collectors, on size-separated cloud samples, on gas-particulate samples from the
coincident units, and on fallout samples. The major part of the analytical work on the cloud
and fallout particle samples was done by NRDL (some by LASL), whereas the gas-particulate
samples for the determination of fission ratios (Section 1.2.4) were analyzed at UCRL.

The gross particulate and fallout samples were shipped to NRDL on filter papers as collected
In the field. The size-separated samples were prepared at UCRL by the oxygen burnoff and
centrifuge technique described In Section 2.4, and were then transmitted to NTIDL. Two particle
"groups were separated for the Kna and Oak samples and three for Walnut (Appendix B).

At NRDL the samples were prepared for analysis by wet ashing with fuming HNO3 and HC1O4
to destroy organic material, then fuming with HF to remove silica. The HF was expelled by
"again fuming with HC10 4, and the resulting solution was transferred to a volumetric flask and
"diluted to volume with 4NHCI. Allquots of the HCI solutions were taken for the analyses. A
total of 1,040 radionuclide determinations and 41 elemental analyses (Section 1.3.5) were per-
formed at XRDL using the following procedures:

1. Elemental sodium and calcium were determined with the flame photometer using a matrix
very similar to the constituents of coral.

2. Mo" was determined by either of two methods, depending on the age of the sample. A
carrier-free anion exchange method (Reference 73) wa used for fresh samples, whereas a
modified precipitation method (Reference 74) was used for older samples.
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3. m h' a, C61 wMr uam eeuzd-by a cation =&Up~ PrOcuOft RMi pUl~zomay
sqparatics of the rare-earth grou by precipitaticn r~nctios ltd Salnb C~haa,-n maonca 75).

4. CaO was separted by a procdurb using p "elplttlcs reactlow. Brt= and strontium
were removed by precipitation a the nitrates, wsing u=ing E2X under controlled conditions.

- The calcium was recovered from the antric acid solution by precipitatiou as the sulfats. The
sulate was then dsolvd, scavenged twice with zirconium, tellurtum, iron and lantbmanu
hydrxd", once wit basic molybdenum and cadmium sulfides and once with acidic molybdenum
and cadmium.elfldee1 Calcium was precipitated as the oxalate for mounting and counting.

5. 8r3 and SrM were orilgtialy separated by precipitation procedures (References 76 and
77). For the determination of Sr", the TO was allowed to grow Into equilibrium, the BrCO,
precipitate dissolved In NO,- containing Y carrier, Y (OH!s precipitated with ammonia gas,
and the 8r removed as the nitrate In fuming nitric acid. The Y wu precipitstod as the oxalt
from an acetic acid solution In the pH range 3 to 5 and Igunted to the oxide for mounting and

6. The cesium procedure used for the determination of Cam and Cog was a modification
by the original author of a precipitation and ton exchange procedure (Reference 78). The modl-
flcatton consisted mainly of a cesium tetraphenyl boron precipitation In the presence of EDTA,
the use of Dowex-50 In place of Duolite C-3 in the cation exchange step, and the addition of an

* ~~anion exchangestp
The radlochemical work reported as being done at LASL was performed In conjunction with

diagnostic measurements on the events. The methods used were those reported In the LASL
% compilation of radlochemical procedures (Reference 79).

The gas samples were analyzed 2or Kr", Kr", KriUm, and In some cues for Xem. The
rare-gas radionuclides were separated from the constituents of the atmosphere and then counted
In a gas counter. The separation procedure used was developed at UCRL, under the direction
of Dr. Floyd Momyer. Carrier amounts of Inactive krypton and xenon were added to the air
sample, and the mixture was pumped through a series of trape for purificatica purposes. Water
and carbon dioxide were condensed out in the first trap, which was filled with tort packing
and held at liquid nitrogen temperature. The krypton and xenon were absorbed on activated
charcoal In a second trap, also Immersed In liquid nitrogen, but the major part of the nitrogen
molecules, oxygen molecules and argon passed througli the trap and were removed. Residual
air was desorbed at - 80 C and the krypton desorbed by subsequent warming to 10 C. Further
purification was effected by two more abeorption-desorption cycles on charcoal. After deter-

mination of the pure krypton yield, It was transferred to the gas counter.
This wis the procedure used when krypton alone was the desired product; additional purifica-

tion stepe were necessary when xenon was also determined.

2.6 DATA REDUCTION

The analytical results were computed In the normal manner for the elemental analyses done
for the project. However, the first and more tlme-consu~arng phases of the data reduction were
carried out on the IBM 650 computer at UCRL. The radlochemical data was manually tran-

scribed to IBM cards In the proper form for use by the computer, which was coded to apply a
least-squares fit to the decay data and to make corrections for chemical yield, radioactive
decay, and the aliquot of the sample used. The output of the computer gave the counting rates
for the Individual radionuclides at zero time of the shots.

Further computation was performed by hand to obtain the number of fissions, product-to-
"Z? fission ratios, or R-values. Determination of the R-values, defined In Section 1.2.1, required

calibration values on fission products from the thermal neutron fission of URI. When these
were not available, or only recently obtained, comparison analyses between LASL and NRDL

provided the necessary factors.
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TABLE 2.1 DEVICE INFORMATION

Koa Walnut Oak

Total yield, Mt 1.31 • 0.08 9* 0.6
Fission yield, Mt
Location Site Gene Near Site Janet 4 miles south of Site

Alice
Shot time and 0630 M 0630 M 0730 M
date 13 May 1958 15 June 1958 29 June 1958

5' Shot type Land-surface Water-surface, fired Water-land surface,
from a barge in deep fired from an LCU
water anchored in 15 feet

of water over the
lagoon reef

TABLE 2.2 CLOUD ALTITUDE DATA

Approximate altitude in feet.

Koa Walnut Oak

Tropopause 57,000 -54,000 50,000
Light and variable layer 60,000+ 55,000 55,000
Cloud top, expected* 72,000 72,000 99.000

Cloud top, observed 65,000 61,000 70,000 to
75,000

Sampling flights 60,300 56,500 56,300

Reference 71.
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Chapo 3

INSUTS AND D=CU8IO1

3.1 DWCUSSJON AND INTERPENTATION OF THE DATA

A In noted that the achievement of Objectives 1, 2, and 3 dSpsndsd wboUy or in part on the
proper functioning of the rocket samplers. Because of their failure, there are no results to be
reported on the vertical and radial distribution of particles in the clouds, which was Objective
3. However, Objectivbs I and 2 were partially met, and 4 was fully met by the aircraft samples.

Referring to the nucldes lsted In gctlon 1.3.5, it is to be observed that number of them
were included for the purpose of developing a general background of information on nuclide %
fractionation. Although this material could serve as the basis for a separate report, It is not 4% fi

being considered here, because it was not a primary concern of Project 2.8. Only the data
that his a bearing on the distribution of Sr" and Can in the fallout will be covered in this
chapter. The radiochemical results for each of the different types of samples collected contri-
bute something to the overall evaluation.

3.1.1 Cloud Data. For the coincident samples from the light and variable wind layer, there - .
are two sets available for Shot Koa, five for Shot Walnut, and six for Shot Oak. The ratio of
total fissions, as calculated from the sample analytical data for Mol", Kr" and Kr" are given
in Table 3.1. Also Usted are the R-values for Sr" and Csa13 from the gross particulate sam-
plea collected from the cloud at the same time. The measured Srm and Cs"r R-values for the
devices are listed in Tables B.1, B.3, and B.S. Subject to the assumptions Inherent In the
method, which Include among others that the ratio of Mo" to Kru in the sampled portion is
representative of the entire cloud, the ratio of Mol" fissions to Kr" tis!ons gives directly that
fraction of the total Mo" formed in the explosion which was left in the cloud at the time of sam-
pling (Appendix E). Multiplication of these ratios by the cloud R-values and division by the de-
vice R-values convert them to the fractions of the nuclides remaining In the clouds, e.g.,

lR(Sra)ction of Src remaining in cloud.
)Cloud R(Sr") device fri or e ngn u

The last step is necessary to correct for the difference In fission yields between device neutrons ,•..
and thermal neutrons (Section 1.2.1). The assumption is made here that the ratios of Mo" to
Sr" and Csa'3 are constant throughout the cloud. The samples In the table are Identified by
aircraft numbers, as In Appendix B to which reference should be made for further details.

The calculated fractions of Mos, Sr", and Cs31T in the cloud, based on the Kr" fission prod-
uct ratios, are plotted as a function of time In Figures 3.1 through 3.3. Kr" was not determined
on the 27-hour samples from Walnut and Oak because of Its low counting rate at that time. The Eli
points on the curves for these shots at 27 hours are based on the fission ratios of Mo" to KrII,
corrected by the ratio of Kr" to Kr"I at 12 hours. On Koa the late-time fission ratio Is extrap-
olated, and the Sr" and Csa' T fractions are calculated from R-values averaged from the partic- 7.
ulate samples taken In the main cloud on the same aircraft as the gas samples. The fractions .
for Oak are also from averages, here In the light and variable stratum, whereas for Walnut
the stabilized condition shown In F•gure 3.1 is used. Sample 980 L for Oak is not included
because of the poor sampling -conditions.

The fractions of these nuclides remaining in the cloud after 1 day are given In Table 3.2.

0, 1



TMie ambers are to be interpreted an the qmt* of material that doos a* come dm in the
Ioa area. "The UlmUs saiped are derived from the variability in ta ftat.

CX the curme tor td fractio of IAb' lt In I the clads, the ow for tba wabr-auwfe beret
at WalMnd) shem to a considerable degres the behavior anta•elptd when the project was

planned. On the reef shot, the point2 appear to be fluctuating a~rcu~nd a fraction of 0.11, whereas4.
'for the land-surface detonation, there Is insuff icient dafta to do anything but extrapolate 'beyond
6.5 hours. Because It in likely that the fission ratios would be around 1 intially, the curves
shown for Oak aid Us may be only the relatively fist part, which appears for Walnut at a later
time. This seems t6 bp consistet with what Is surmised about the cloud particle size dlstr*b,-
tUs for land and water shots.

In additio to the samples from the light wd variable vind layer, there more also a nunber
of collections made on each shot at lower altitudes. Although not of direct application to the
project objectives, the radlochemlcal data for these samples to instructive, because It shown
how the nuclide composition of the particulate matter varied with altitude. Some of the samples
came from the bottom portions of the clouds, but thoe collected at the lowest altitudes may
have been below the base of the mushroom and would perhaps be considered as fallout. Table
3.3 gives a summary of the Sr" and Call' R-values for the three shots as related to altitude '_ _
and time of collection. The R-values for the samples marked with an asterisk were calculated
as groass fisures from the R-values for the size-separated fractions. For the land-surface shot,
the R-values showed a general Increase with altitude, attaining values at 60,000 feet which were V,

10 (Sr") to 40 (Cs '1t) times those expected forths detonation. The water-surface shot R-values
were relatively Insensitive to altitude, and the enrichment factor was not more than 2 for either
nuclide. Samples ocUected below 45,000 feet may be from the fallout.

On the reef shot, it appears that the sampling aircraft were just entering the base of the
cloud at the 55,000-foot level, because there was a sudden Jump In the R-values at this point.
The material collected at lower altitudes was depleted In both SrU and CsOT and was not greatly
different in composition from the fallout at 1,000 feet. It is also noted that the enrichment fac-
tore for both nuclides went through a maximum with time for the samples from the light and
variable stratum. Several conjectures might be offered In explanation of this unexpected be-
havior with time. One of these is that some sampling might have been done at the lower bound-.
ary of the light and variable stratum where some of the particles collected had fallen below the

stratum where the rare gases were present. Thin could also be offered as a possible explana-
tion for the late time rise in the ratio of molybdenum to krypton in Shot Oak.

Somewhat similar data for the ratios of Mo" to Krn and Kru to Krtl for the first 4 bours I

following detonation is given In Table 3.4. The ratios of Mo" to Kr" are also shown graphically

in Figure 3.4. At the lower altitudes, the MVA was enriched and the Kru depleted with respect
to Kr" 4'

3.1.2 Fallout Data. The radlochemical data on the fallout samples may be used to obtain
results for the distribution of Sr" and Cal, which are complementary to those found from the :iA" -

cloud analyses. The fraction of the total MeW formed In the explosion, which has left the .

cloud, is found by dIfference from the numbers given in Table 3.2. Multiplication of these fig- .. .
urea by the Srt and Cse31 R-values for the fallout and division by the device R-values convert
them to fractions of the two nuclides in the fallout. Table 3.5 lists results obtained in this way
based on the averaged composition for the fallout.

All the fallout samples from the land and reef shots show depletion of both Sro and Cstm1 as
compared to the detonation yields. This ti most pronounced in the earliest samples. Material
coming down at times later than 4 hours for the land shot and 6 hours for the reef shot is quite
uniform In composition and exhibits little evidence of fall rate-lependent fractionation. -''

The 4-hour fallout from the water-surface shot Is depleted In both Srm and Cs11t , but the /
10- and 13-hour samples show an enrichment. The two latter samples have nearly the same / %'* '
composition. The failure of the 6- and 8-hour flight missions makes the data rather scanty in
this case.

These effects are brought out clearly by the listings in Table 3.6.
..
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S.13 combLeed clewd ed fnllout Dou. Af.& aluVne Powm to faucu* anO M~H

mesauing the emint (; ftilomL D38=411 U Is jac odj* to t -um th heca
fssioa product Is fillxnt Is zero, the R-yalu. in fallout mma bemaue

[R"(Y)]C-(JR"(Y)JF * *.

This formula can be dorlvt%,L by .1gebralc operations from t~w d~it O th. R-vaiuso
(Appendl 9). Uf, 'Jeapitv the fact that it In incorrect, the R-value for y in fallout is assumed
to be zero, the tbove tquition r,.,cted~ to the ezp reaelon for a gafl, £fld 7 become. the upper
limiting value for the fraction of Von (or refractory 416bria) left In the region sample.'

Fission pout uiAsSr", Call', and to I somewhat lesser extent Sr* appear to babave
very much lke.r n -t Kol, Walnut, and Oak and may he used to egtimett fractions, ral.
out of refractory deh.-Is or upper 1iD'dta to the* fraction remalinin a"cf.

The disadva~ntage of using Sr" a sr Call' for this purpose Is that R-values must be mesue
Ir fallout and art nectassa.r'y constant. T7U chisf advantage 1s that the analyses may be ez-
tended to longer times, bacauso Lhe half-lives are long and a sufficient sample may he obflainod
by simply filterlag more tLr.

in 1luatint the values for fraction of Mo nthe loud, tho- data must be picked from
Tables 9.1 through BA6 with cars. Only cloud samples taken in tie ILOigi and variable layers ::-
are used, and twUse arv znatched on an Ladl'; Ju-LI I'uiz with height line samples taken at a Waer
time, wherever possible.

The halfl-ives of the tobl*-ps !Nlcww~rs of the nucliden used above are: CasUV 3.8 minutes;
Srs', 3.2 min %,as; Sr4, 33 aecone..; T' 10 aec~ods; Cel", -I second; Cal, none. The frec-
tion of Mol ýr'%talnlntg in the cloud VP ."Alc'zhted by each of these nuclides generally increiase
inversely as the h--'Y-l~le of thu nucI1de's iobLi-ps precursor. U It Isasusumed that the R-
values in the h'lqht IN,. sar~jin' .4re kprusentative o: the material that has fallen from the
light and varia~ie 'Ayer. L* :esul~ts cl thr: calculation of the fraction of Mon remaining in the
cloud may be P'terprfit. A I- mean that the origina R-values in the light and variable layer were
not representative of L,,,, e~ ice. This is due to the fact that If the original R-Yalues were
representa~ii and If tzo avoirago R-value is used for all the fallout, the fraction of Mon cacu

lated to remul,' In tne ck':d (y) abuuld be the same no matter which radionuclide Is used In the

calculation.
However, the same experiment-al data could have been obtained if the sampled region origin-

ally had representative RHiialues, provided the R-values from the height line samples were not -
representative of all the fallout frori tte light and variable layer. The assumption here is that
the unsampied portion of the faliuut, 1. e., the portion between 1,000 and 50,000 feet, had R-

might be that nuclides; that condense shortly after the explosion occur in larger part~cles than

nucl~des that condense later, e. g., those with noble-gas precursors. The larger particles fall
faster, are depleted in the cloud samples, and are enriched In the height line samples. The op-
posite situation would exist for small particles. The actual explanation of the variation In the
calculated fraction of Moll remaining In the cloud may well be a combination of the two given above. .. *.

Small variations, such as those due to experimenta. uncertahities In the H-values, have '

large effects on the calculation when the differencws between the device R-values and those
observed in the cloud and fallout are small. The Moll fractions calcilated from Cs 7 and Sr",
the two nuclides having the longest-lived noble-gas precursors and showing the greatest fr-ac-
tionation, are given In Table 3.8. They are compared to the Moll fractions calculated from
Kr"l.
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"no s us dthe am•iddis hfrct1 from tn elmd cad f r ti 1 eafti an•e, Iwf
vldd that the R-valaw used ai reroentative o the cla. "d Eftd as a whols. Th. owns
to be likely for the fallout where the R-values chfta only raIntivoly aslItly with U= but more
doubtful la the cloud as a result d the scatter of the analytical resulta. Table 3.9 gives a
compLslo between the deposited fractious (from Table 3.5) and airborne fractions (from
Tables 3.2 and 3.8). The agreement is generally as good as could be expected, considering
the nature of the data.

In Shot No, the g sample data to very meager. The gas and particulate samples are not
matched well In tma and altitude. It is believed that the MSo fractions, and consequently the
Sr" and COm fractions, as calculated from the Sr" and Cas t in the cloud and fallout are better
values than those calculated from Krn.

For Shot Walnut, the late fallout results are limited and not interpretable in obtaining the
fraction airborne; hence, only the gas sample data has been used. This fallout data also leads
"to unreasonably large fractions deposited.

In Shot Oak, both fallout and gas samples gave similar values for the fractions deposited and
airborne. The averages have been used.

3.2 DATA RELIABILITY

3.2.1 Crou-Contamtnation of Kon Samples. As discussed in Section 2.3.2, a preliminary
examination of the samples from Shot Koa, shortly after their receipt at LABL, Indicated that
they might be badly contaminated with debris from Shot Fir. If this were the case, the fission
ratios from the Koa cloud data could not be used for the determination of fallout partition, be-
cause they would not be representative of the detonation. To Investigate the extent of cross-

,N contamination, the Koa samples were analyzed
Table 3.10 gives a summary of the results of this work.

It Is evident
that the Koa samples contained at most a little over I percent of material from the Fir cloud,
and generally much loes. Hence, the quantities of molybdenum and krypton Introduced into the
Koa cloud from Fir were small enough so that they would have a negligible effect on the fission
ratios.

3.2.2 Accuracy of Radiochemistry. Radionuclide analyses on the particle samples were
accurate to 5 percent on a relative basis, and the pas counting had an accuracy better than

• "" I0 percent.

3.2.3 Reliability of Sampling. Certain points on the curves of Figure 3.1 are to be zttributed
somewhat lesa significance than the others because of uncertainties regarding the samples.
On Koa, the fission ratio for Sample 981 R may be off by a factor of 2 as a result of the small
sample size and high counter background from fallout, which would decrease the counting ac-
curacy. On Walnut, Sample 978 L (27.5 hour) the probe velocity was low, and Kr' oni.- was
"determined. (Probe velocity refers to the pumping speed In the gas particle coincident sam-
pier.) Sample 980 L for Oak has been disregarded because of the very low probe velocity,
"which would tend to make the 5o" to Kr" ratio too high.

3.2.4 Particle Fall Rates and Specific Activities. The particle size distributions (and hence
the specific activity as a function. of particle size) could have been altered In a number of ways
before the fall rate studies were made. Among these are breakup of particles by impaction on
"the filter, loss of fine particles In handling, spontaneous breakup of particles in the fallout proc-

Sness itself due to atmospheric moisture (see Appendix C regarding the behavior of particles in
Liquids), and several other possible means of alteration.

AI is possible to calculate what fall rate a particle would need to fall 59,000 feet in four hours,
"i.e., to be collected In Koa Massive Ll. This fall rate is 125 cm/sec. The diameter of a
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spherical Iartlc* vith a fall rite of 125 em/soc is about 120 microns. figre C.,sives team.-
tially no partcloes withfall rates as great an 125 em/ga c.r F~eC.0•/•C/o.However, Fligst C.10 gives about

l3 percent of the particles with diametersi greater than 120 microns. This d aremed Is
possibly due to the effect of the micromercgraph on weakly 0ostructed particlou, and the aeffct
may not be uniform on all typos of particles.

The above example Illustrates the Inconsistencies in the data and poits out the need for
caut'oa In makin Interpretations based on them.

3.3 COMPARISON WITH RESULTS OF PREVIOUS TESTS

Shots were fired during Operation Redwing under conditions similai to ttse of the Hardtack
series, and some results are available from published reports, which may be used for com-
"parison purposes. Results on the ratios of Mosl to Kri and on the SrM R-values as a function
of altitude In the cloud for the first 4 hours are reproduced In Table 3.11 from Reference 29.
It is noted that for the land and reef shots the Sr 5 R-values Increase and the Moil to Kris ratios
decrease In a manner generally comparable to the similar Hardtack events. On the water shots,
the Sr 5 R-values are nearly constant with altitude, as with Walnut, but the ratio@ of Mo"s to

" .. Kris are not comparable.
The fallout R-values for the Hardtack shots are generally not Inconsistent with those arrived

at for the Redwing shots by Project 2.63. The latter gave radionuclide compositions which
generated computed decay curves In good agreement with those actually measured on several
different types of Instruments. The R-values from Redwing are listed In Table 3.12. Fallout
"R -values for Sr" amd Cs"71 collected in different locations from Tewa and Zuni (land and reef
shot3) showed variations of up to an order of magnitude. The fallout collections from those
stations closest to the zero point were most depleted in these nuclides. Flathead and Navajo
(water surface shots) gave much less change In the R-values with distance from the zero point-
at most a factor of 2.

"3.4 EFFECTIVENESS OF INSTRUMENTATION

The aircraftborne sampling equipment performed In a generally satisfactory manner through-
out the entire operation with the exception of some malfunctioning of the gas compressor pumps
after the first shot. This was due primarily to the shortage of time for checkout prior to actual
operational use. As the participating personnel gained experience, communications improved
and the sampling flights progressed more smoothly. Each of the three types of aircraft sampling
equipment is considered to be well suited for its Intended use.

Difficulties experienced with the rocket samplers are fully described in Chapter 2 and
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TABLE 3.2 PERCENT OF ?tUCLMES LEFT
IN CLOUD AFTER IDAY

shot MON Sr" C3' 13

Koa 2.2 2 1A1A11 36 236

Walnut 20.%5 30 * 36 *9

Oak 11*&5 38 -x15 51 225

-4-



TABLI 3.6 S•MRCRIUZT FACTORS IN FALLOUT

S- .* Sampling
Number Time R as

hr

shot Koa:

Massive Li 4 0.6 0.34
Massive R2 6 0.73 0.60
Masave R3 $ 2.73 0.50
Massive R4 10 0.73 0.48
Massive R3 12 0.75 0.46
Wilson 8p. R a 0.74 0.45

Shot Walnut:

Massive I R1 4 0.70 0.58
Massive 2 RI 10 1.28 1.44
Massive 2 R2 13 1.16 1.44

Shot Oak:

Massive R1 4 0.76 0.19
Massive R2 6 0.64 0.23
Massive R3 8 0.82 0.56
Massi"e R4 10 0.82 0."
Masaive R5 12 0.78 0.55

R, [0(90)]FO: [RIG9 0 ) ]E

Ratio of Sr" to Moe observed in fallout

Ratio of Srm to Moa expected from the device

Ratio of CsUT to Moe observed in fallout

Ratio of Cam to Motm expected from the device

TABLE 3.7 Mlot FRACTIONS FROM COMBINED DATA

Time of Collection (Hours) Fraction of Mo" In Cloud Calculated From:
Cloud Fallout C8131 Sr

tm  
Srt" ye1  

Ce'4" COON

Koa 4.5 6 0.015 0.024 0.039 0.26 0.33 0.24
7.3 8 0.012 0.018 0.026 0.20 0.33 0.17
8 10 0.015 0.021 0.033 0.28 0.36 0.22

11 12 0.011 0.017 0.02". 0.22 0.55 0.19

Walnut 1.6 4 0.34 0.36 0.42 0.90 1.0 0.68
3.4 4 0.53 0.56 0.55 1.04 1.0 0.65

6.8 13 - - - 0.93 1.1 0.51

Oak 2.1 4 0.22 0.18 0.12 0.43 0.61 0.14
2.1 6 0.21 0.15 0.16 0.51 0.44 0.42
6 8 0.06 0.05 0.04 0.17 0.24 0.07
6 10 0.06 0.06 0.04 0.20 0.19 0.06
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TABLE 3.11 CLOUD DATA, OPERATION REDWING

•I+YThis information is taken from Reference 29.

MAlUbdo RM(90) MO:KZI

LaodW-frface Shot (ZunW):

41,000 0.51 50.0
51.000 0.64 L2
55.000 2.0 0.11IReef Shot (Tow&):

32.000 0.44 16.6
48.000 0.47 14.3
51,000 0.85 0.71
53,000 1.5 0.59

Water-Surface Shot (Navajo):

39,000 0.75 14.3
43,000 0.64 -1004
43,000 0.64 0.97t
44,000 0.68 -l100
50,000 - 0.54

Note similarity to ratios for Shots Koa and Oak at
lot altitude.

+Mo:Krrm.

TABLE 3.12 R-VALUES, OPERATION REDWING

R"(90) R"(137)
Shot Cloud Average Average

Fallout Fallout

Flathead -1.1 0.34 -2.3 0.32
Navajo - 0.8 - 0.7

Tewa -1.0 0.29 ' -1.5 0.14
Zunii -2.0 0.25 -2.8 0.08

I P
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Figure 3.2 Fraction of total Sr" formed that remains aloft at various times.
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cWatr 4

CONCLUMI AND RECOMMEDATIONS

4.1 CONCLUSMONS

The failure of the rocket sampling program made it necessary to rely almost excluaslvely
upon the techniques of relative enrichment of volatile material in an Isolated portion of the cloud
for the measurement of fallout partition. This technique is an unproved one that Includes some
rather bold assumptions and a number of experimental difficulties.

It was not possible to sample at altitudes as high as desirable, and differences in cloud height
with energy release and their subsequent effects upon fallor partition were not clearly defined.
However, with these reservations, It is concluded that the techniqud generated a reasonably
consistent body of data that was interpretable In the fashion expected.

The pattern of progressive enrichment of volatile material in an isolated portion of the cloud
was displayed in Shot Walnut on a rather long time scale. However, If progressive enrichment
occurred In Shots Kon and Oak, It was on a time scale short compared to 2 hours. Because the
program for early sampling by rockets was not successfu, no Loformatlon was obtained on a
time-dependent effect in the direction of enrichment.

1. The results suggest that, for a 1.31-Mt device (Koa) detonated on-& coral surface, about
one-fifth of the Sr" formed Is dispersed over distances greater than 4,000 miles. For a device

#etonated on a modified ocean surface (sand-flled barge), the
mvun increues to about one-third. A device with a 9-Mt yield (Oak) In shallow water over
a coral reef also disperees about one-third of the Sru produced at distances greater than 4,000
miles.

2. Fractions of Cs t corresponding to those given above for Srtm are about two-thirds
-"" dispersed for Koa, about one-third for Walnut, and about one-half for Oak.

Beside the obvious environmental differences in these detonations, the following are some
of the factors that may have an effect on the fractions of various radionuclides that are widely
dispersed: (a) An 8.9-Mt device produces a concentration of debris in the cloud volume lower
by about a factor of 2 than the smaller devices studied here. (b) The time It takes the fireball
to cool to 1,000" C was about three times as long for Oak as for Koa and Walnut. (c) The size
distributions of the fallout particles may well be different for devices of different yield even
though shot environment is similar. (d) The largest yield device had an appreciably larger
fraction of Its resulting cloud In the stratosphere where high-velocity winds could effect greater
dispersion. (e) The different chemical and physical nature of the fallout particles may make
for different distributions of various radionuclides between local and worldwide fallout.

3. Radionuclide fractionation Is pronounced In shots over a coral land surface. The local
fallout is depleted In both SrN and Cs 131 , while the upper portion of the clouds are enriched.
Fractionation is much less for water-surface shots.

4. Nuclear clouds are nonuniform in composition, and certain nuclide ratios vary by rather
large amounts from top to bottom. Again, this is much larger for detonations on land than on
water surfaces.

5. The radiochemical studies of fine and coarse particles indicate that the fission products
with rare-gas precursors--Sr", Sr", Ylt, and Csaulare In general more concentrated In the
fine particles In the land and reef shots. In the water-surface shot, they appear to be more
evenly distributed among the particle groups.

6. Sr" and Csa3 distributions computed from cloud and fallout data are roughly in agree-
ment with one another.
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42 RECOMMENDATIONS

The ratio of local to worldwide fallout is sntilly governed by the distribution of particles
with respect to 3L:o and altitude In the cloud at stnbliization, I.e., at an early time before ap-

preciable fallout has occurred, and by the specific activity of radionuclides of Intereat as a

function of particle size. The latter function may vary with altitude In the cloud at stabilization.

The basic types of Information necessary to calculate the fractions of a given radionuclide in

local and worldwide fallout from particulate samples are: (1) the particle size at which division

Into local and worldwide fallout occurs for each sample, (2) the fraction of the volume of the

cloud swept out in obtaining each sample, (3) the mass of each of the two groups of particles

In each sample, and (4) the R-valuee of the radionuclide of interest In each of the two groups

of particles in each sample.
The first of these can be calculated In advance from the criteria for worldwide sallout from

the altitude of tample collection. The second can be calculated from the area of f sampling

system by obtaining the total volume of the cloud and the cloud dimensions at various altitude*

from cloud photography. The third can be obtained by separating the particles Into the neces-

sary two fractions during sampling and subeequently weighing each group. The fourth can be

obtained by radiochemical analyses of each of the two particle groups.

I is recommendcd that such a program be carried-out If the opportunity is presented by

future nuclear tests.

rA
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• i~Appendix A

ROCKET DEVELOPMENT

A,. UARDTACK PERFORMANCE

A.1.1 6 May Test. Four rockets were set up on Site Yvonne for testing during Shot
Cactus, an 18-kt detonation; two were located at 3,200 feet from ground zero, and two
were placed at a position some 5,000 feet farther down-island. It was pned to fire both
of the down-island rockets and one of those situated at 3,200 feet to check out the perform-.
ace of the array prior to operational use on Shot Koa. Ths remaining rocket was to be
left unfired on its launcher so that the results of exposure to the detonation could be oh-
served.

The launching Oquipment for the close-in rocket that was to have been fired was ren-
dered inoperative by the blast, but neither of the rockets at the close-in site were dam-
aged. Both of the down-island rockets fired, and one penetrated the cloud and was recover-
ed from the lagoon. However, it collected no activity, because the cloud height was less
than predicted and the sampler head was programed to open at an altitude higher than the
resultant cloud top. The second rocket flew in an erratic manner, missed the c.oud and
sank. Its nose section was recovered from the bottom of the lagoon, and a poest-mortem
examination indicated that the rocket had probably been damaged by a flying object prior
to launching.

A.1.2 9 May Test. Two rockets were fired from Site Wilma for system check and nose

section recovery practice, but both nose sections were leaky and sank soon after striking
the water. The cause of the leakage was not known, but it was thought that a contributing
factor might have been the existence of a partial vacuum inside the sampling heads, be-
cause they were sealed at an altitude of about 80,000 feet where the ambient pressure is
much below that at sea level. To correct this situation, small holes of about 0.040-inch
diameter were drilled in the nose sections and coated with a hydrophobic grease, thereby
allowing air pressure equalization without permitting the entry of water. Static tests
showed that no water entered the sampler heads by this route.

A.1.3 13 May Test. Eighteen rockets were set up for firing at the Koa cloud, but, as,
described previously, none was launched (Section 2.3.2).

A.1.4 26 May Test. After modification and testing of the launching equipment subse-
quent to Shot Koa, it was believed that the system was fully operational. It was desired '
at this time to test the complete array with a full complement of rockets. Four rockets
were set up on Site Mary, eight on Site Sally, and six on Site Wilma for firing at the
Yellowwood cloud. The cloud from Shot Yellowwood did not develop to the extent predict-

/ ed, and launching signals were sent only to the launchers on Mary and Sally at H + 131%4
/' minutes. All rockets launched successfully. The rockets on Wilma were intentionally

not launched, because it was apparent that their trajectories would not Intersect the cloud.
Even of those fired, four were seen to have missed the cloud.
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Three now eio re recovered. The clp on the first no motion MW CtM a , -

probbly s aresult 9f a short in the circuit that fired the noce asp removal aquib; tbzn-
fore, no sample war collected. The second noes section vu from a rocket prqpramd to C
open at 30,000 feet. When recovered, the nose section contained about 60 ml of wgtar. At
H + 9 hours the filter of this noe section read about 1 mr/hr at the surface. The third

no"e section was from a rocket programed to open at 55,000 feet. About 100 ml of waterIhad leaked into it, and the surface reading of its filter w&3 25 mr/hr at H + 9% hours.
After this shot, an intensive effort was made to determins the cause of leakage of water

into the nose secions. It was found that the ball Joint sealing the forward end of the nose
section after sampling could bounce back a small amount after closure, thereby permitting
water to enter. A latching mechanism was designed to lock the ball Joint In Its totally
closed position. This modification was then applied to all nose sections.

A.1.5 1 June Test. Three rockets wero fired from Site Wlh=a to test the modified ball-
joint closure mechanism. The sustainer motor on the first rocket did not ignite, causing
the nose section to remain attached to this unit, which fell Into the lagoon and sank. The
second rocket was damaged by impact with a coral head. The third nose section was re-
covered intact and was dry inside. This represented a completely successful performance
of the system. It appeared that the problem of water leakage Into the nose section had
been solved.

A.1.6 15 June Test. Ten rockets were set up for firing at the Walnut cloud. Of these,
six were successfully launched (Section 2.3.3).

A1.7 20 June Test. Because of the presence of water in the nose sections after Shot
Walnut, two rockets were fired from Wilma to further Investigate the cause of leakage.
The nose section of the first rocket failed to separate from the sustainer motor and was
destroyed when it hit the reef. The second nose section was recovered in the lagoon, and
50 ml of water was found to have leaked Into it. It was conjectured at this time that the
low ambient temperature (-1000 F) encountered by the rocket at altitude might be freez-
ing mid causing distortion of the O-ring seals.

A.1.8 23 June Test. A nose section with parachute was dropped from a helicopter at an
altitude of about 1,500 feet. It was recovered within 2% minutes after striking the lagoon,
and again, 50 ml of water was found inside. The possibility that the impact with the water
caused the lare rear conical seal to open momentarily was suspected. This was suggest-
ed by the rather large volume of water that had entered in a relatively short time.

A.1.9 24 June Test. Two nose sections with parachutes were dropped from an altitude •-:
of 1,500 feet in an effort to determine the exact point of water leakage. In the first nose
section, the filter was replaced by a rubber membrane; and both the fore and aft spaces '..
of the nose section were stuffed with absorbent paper tissue, so any water leaking in
would be retained near the point of entry. After recovery, it was found that no water had H .
leaked into this unit. The second nose section, which was the same one used in the 23
June test, was also stuffed with tissue. However, a normal filter unit was used to sepa-
rite the sections rather than a rubber membrane. When recovered, this nose section
was found to be dry inside. There was no difference between recovery conditions on the
23 and 24 June tests, except that the lagoon surface was rough 23 June and calm 24 June.
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AA LAT E R AZARCH

I is seen In Figures A-1 sad A.2, Illustretbg tba programing of toe rocket and of the
nose section, that fte system Is a complex ces.

In fte early stages of work 3n the rocket, prior to the field operation, It had been rec-

oprzed that the cbwsno of having a completely operational system ready for sampling theIHardtac clouds was small, becas of the short length of time available lor development
and test flnring. Nevertheless, It smiaed possible that the remaining defects of a minor
nature could be rectified In the field. The operational fllhtea and teats already described
show that ignlflcant progress was made toward this objective.

However, after the tests of 24 June, it became apparent that the cause of no" section
leakage and other malfunctions could not be determined and corrected with facilities
available at EPG. Further work, utilizing range and test installations in the United
States, was essential to the attainment of a completely successful sampling system. Ac-
cordingly, the rocket portion of Project 2.8 was terminated 27 June with the concurrence
of the Chief, AFSWP, and the Division of Military Application, AEC. All unfired rounds .. *.

were shipped to California.
From July to December 1958, the Cooper Development Corp. tested the rockets from .-.

the EPG to investigate possible modes of entry of water into the sampling heads (Refer-
ence 69).

Three nose sections Identical to those flown In the final EPG rounds were subjected to
environmental tests at North American Aviation Co. during July. The tests included low-
temperature cycle, vibration, and acceleration.

For the low-temperature tests, the forward and aft seals were closed, and the pro-
gramer and its container were removed. Thermocouples were placed on the 0-rings of
the forward and aft seals. The assembly was brought to room temperature (75" F), and
the cold chamber was stabilized at -65' F. The nose section was placed in the cold
chamber and allowed to stand for 5 minutes. At the end of that time, the forward seal
0-ring temperature was -10" F. The nose section was removed from the cold chamber
and allowed to remain at room temperature for 4 minutes, then completely submerged
in water for 1 minute and allowed to float at its normal level for 4 minutes. When the
section was removed from the water and disassembled, It was found that no leakage had
occurred.

The nose section used for the vibration test was a complete flight-ready assembly
except that the skin around the diffuser had been removed. The acceleration load was
maintained at 5 g's while the vibration frequency was varied from 3 to 2,000 cps. The
dwell time at each resonant frequency was 1 minute. The vibration was applied first in
the plane parallel to the longitudinal centerl!ne of the assembly, then in the plane per-
pendicular to the centerline. No failures occurred. C

For the acceleration tests, a flight-ready nose section assembly was separated into
two sections at the filter Joint. Both sections were placed on a spin table in the decelera-
tion plane, and the load was raised to 50 g's and held there for 1 minute. No failures
occurred. The sections were then placed in the acceleration plane, and the load was
again increased to 50 g's and maintained at that level for 1 minute. The programer
started its functions at approximately 15 g's, continued to operate properly, and no fail-
ures occurred. The test was then repeated using the nose section that had been vibration
tested, and the results were the same. The four tests showed that the sampling cone de-
sign was entirely compatible with the anticipated environmental conditions.

Beginning 17 July, further testing of possible sources of leakage in the nose sections V.XI
was conducted at the Morris Darn Small Caliber Range, Azusa, California, which is a
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facility of the U.S. Naval Ordnance Tast Staton, Fasadana, California. 7%m assomblies
were dropped Into the watr at various =Sles and with var.ous modtfltocs. Tba first
eight teats were oarried out by dropping the asmblies from a heih of aoroximatly
32 fset at angles of 75' and 90" with the breathe hole left open. Other tests Included drops A

of nos sections attached to parachutes from 100 feet, free-fall dropis with the braathe
hole closed, and parachute drops with a neoprene boot on the for-ward seal of the nose sec-
tions. Tba last six tests used sections In which a vzcuum (23 inches of mercury), similar
to the near-vacuum of the upper atmosphere, had boon induced. Examination o, the.e &a-
semblies after recbve showed tha. the vacuum remained when the breathe hole was
sealed. I,.

Twenty-seven tests using ten nopi section assemblief were conducted over a 5-day,
period. This work, plus further tiating.at the Cooper Development Corporation plant,indicated that certain points around the forward ball-seal Joint and the operating mecha-

nism were susceptible to small leaks when the pressure difference between the interior -.5
and exterior of the diffuser-filter section increased. The neoprene boot, which covered
the operating mechanism, had proved to be particularly vulnerable during the EPG firings
and later tests. The reliability of the seal was increased a great deal by redesign of the 'N
boot, and only infrequent minute leaks were observed after installation of the improved tI,
boots. These leaks were repaired as they occurred, until the seal was tight enoutgh to
hold a pressure difference of 23 inches of mercury for 10 minutes.

Following the successful drop tests, two flight test rcunds were fired at the Naval
Missile Center (NMC), Point Mugu, California, 24 July. The nose sections for these
rounds were modified to incorporate the improvements which had been made during the
tests at Morris Dam. All programer function times were as planned, and both rounds
were judged to be successful. Their trajectories were followed throughout the flights by
range radar, enabling the impact points to be quickly located by radars on the search air-
craft. The nose sections were then recovered by a rescue craft. One of them was co.m-
pletely dry, and the second contained only a few milliliters of water. When the sections
were disassembled, it was observed that the dry one had maintained a partial vacuum,
while the other had apparently leaked air to equalize the pressure.

In spite of the success of the flight tests, it was felt that still further improvements 7

could be made in sealing the diffuser-filter assembly. A conference was held in August
between Cooper and UCRL personnel to investigate new approaches to the problem. After "
study of the design, it was concluded that moving the (orward ball-seal O-ring from the
forward to aft side of the ball would eliminate several possible sources of leakage, al-
though there would be some sacrifice of performance. Slight leakage had been observed -, *

during some of the tests at the rubber boot on the push-pull rod, around we nose cap
cable entries, and at the forward nose cap blowoff joint. Relocation of the O-ring to a
position aft of these areas was expected to prevent any water that might enter from reach-
ing the filter. All changes in design that had been made at the EPG and laler, including
the relocation of the O-ring, were incorporated in a new set of drawings, and two new
nose sections were manufactured to the revised drawings.

A new antenna system, consisting of two bent dipoles located on opposite sides of the
nose section and positioned as far forward as possible so that they would be above the
surface of the water, was devised for the recovery transmitter. This system was tested
at Puddingstone Dam near Pomona, California, 20 November. The antenna was first
submerged, then the nose section was allowed to float during the test. Readable signals
were received as far as 5 miles away with both ground and aircraft receivers. The sig-
nal was both stronger and steadier than that produced by the antennas used on the EPG
rounds.
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Drop teats using the two redasiwd num seUOetG wers comdUctd it M~orris D=i,
22 November. TU assemblies wvmr dropped five times each from a hzlot of 35 font.
No parachutes were used, and the wile of Impect was not controlled. Both assemblies
renmaind completely dry on the Inside throughout the tests. One section was slightly
damaged when It came to the surfsce under a steel barge, but this was quickly repaired.

The two new nose sections were assembled into flight rounds for tests at NMC, 2
December. Both rounds were launched at an elevation of 75" and awimuth of 217. The eec-
ond stage of the first round either failed to ignite or ignited only partially, as evldon,.ed
by the lack of a contrail and the lorizontal range of only 14,200 yards. Nose section
separation and parachute deployment were achieved satisfactorily. The nose section was
located after impact by a very strong, steady, directional signal from the recovery trans-
mitter aid.by sighting the dye marker. The nose section was completely dry inside, and
a vacuum seal had been maintained for 2'/ hours. On the next rou:d, second-stage igni-
tion was observed, and the range radar showed nose section separation at approximately
105,000 feet. The payload descended very rapidly and could not be located by the search
craft. The radar plots gave no indication as to the nature of the malfunction that evidently
occurred. It is possible that the main parachute failed to deploy or that the pilot chute21 wan fouled by the motor.

These were the final tests carried out in the development of an ocean recovery version
of the cloud sampling rocket. The results indicated that the improvements in design made
subsequent to the field operation resulted in a more practical system than the one available
in April 1958. However, further flight testing would be desirable if the rocket is to be
used in a future cloud sampling program.
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Awsndx B

RADIOCHEbICAL DATA TABLES

Tables B.1 through B.6 contain a compilation of radliochemical data for all the samples
collected by project aircraft. The samplers Are Identified by the aircraft number. The
letters R or L placed next to the aircraft number Indicate thpi sampling units toward the
rgh or left side of the aircraft were used. The single rocket sample obtained is also
included. The analytical results are tabulated separately for the gas and particulate
samples from the three shots. Data on the particulate material is divided Into three
groups, namely, gross cloud samples, size-separated cloud samples, and fallout sam-
pies. In each table. the results are arranged in the order of increasing time of collection.

The following general remarks will serve to clarify certain entries in the tables:
1. All fission values based on Mot in the particulate sample tabulations have been

normalized to a LASL K-factor of 2.50 x 10S. This factor gave approximately the correct
number of fissions in samples from all three shots and facilitated comparison of the re-
stlts from different laboratories.

6. All Sr" and Srm R-values have been normalized to the LASL values by means of
the Koa samples analyzed at both LASL and NRDL.

7. All Y61 R-values have been normalized to the NRDL values by means of the Koa
samples analyzed at both LASL and NRDL.

"S. The term "probe velocity" refers to the pumping speed in the ga3-particle coin-
cident sampler. Simples collected at a low probe velocity are very likely nonrepresenta-
tive of the cloud.

9. On Koa, the massive samples were collected on the 60,000-foot height line; the
Wilson special sample was from the general fallout.

10. The fine and coarse fractions for the Koa and Oak size-separated samples were
separated at a nominal fall rate of 1 cm/sec. Nominal fall rates for the Walnut fractions
were: fine fraction, less than 0.1 cm/sec; medium fraction, 0.1 to 1.0 cm/sec; and
coarse fraction, greater than 1 cm/sec.

11. The sampling altitudes given for Aircraft 978 on Walnut and 981 on Oak are thought
to be too high, but more reliable figures are not available.
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PARTICLE DATA AND CHARACTERISTICS, SHOT KOA

C.1 SIZE DISTRIBUTION, FALL RATE, AND SPECIFIC ACTIVITY DATA

Fail rate distribution data, particle size data, and specific-activity fall-rate data are
"presented in graphical form In Figures C.1 through C.13, for the cloud =nd fallout sam-
pies listed in Table C.1. Samples, 500, 502, and 977 from the cloud were separated into
coarse and fine fractions with the Bahco cantri before determination of the ditr•ib•-
tion curves. The boundary between the centrifuge fractions Is as given In Appendix B.
No fall rate work was done on samples taken from the cloud at times later than 4 hours
becasme of the small quantity of material collected. These results aw being reported
primarily for record purpoces.

C.2 PARTICLE CHARACTERISTICS

"Most of the particles were translucent white and had an irregular shape. Some flaky
aggregates-small spheres apparently formed by condensation-and clusters of varying
sizes were also present. Many of the larger particles were discolored with a reddish-
brown stain, presumably due to iron oxide.

The main constituents were Identified as Ca(OH) and CaCO3 (both calcite and aragonite)
by examination with polarized light and by X-ray diffraction. Small quantities of ocean
water salts were observed in all the samples.

The particles disintegrated spontaneously into many small fragments when brought into
contact with liquids. The disintegration was most rapid with water but also occurred at a
slower rate with hydrocarbons and other fluids. Because of this effect, their density could
not be determined by the bromobenzene-bromoform method.

Size measurement and type classification were described In Section 2.4; this investiga-
tion is summarized in Table C.2.
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TA31Z CQ LIST 0F SAMIPLE MEASI2 ED, SHOT KOA

Flu~ RAWe Particl ie IMSpectfic
Distributio Distibuiti• Ac.tvity

Massive Li Madsive Li Massive Is
Massive L Massive U- Wilson S ecial
Massive U 502 Ccoars 502 Coarse
Massive L4 502 Fine 502 Fine
Massive 5 500 Coarse 50M Coarse
Wilson special 500 rim 500 rim
502 Coarse 9"7 Coarse 977 Carse
502 Tine 977 F~ne 971 FIne
500 Coarse
S00 Fine
"I7 Coarse
977 Fine

TABLE C.2 PARTICLE CLASSIFICATION AND SIZE MEASUREMENTS,
SHOT KOA

Number of mea rtle Type
Sample Particles Size Irregluar Agregates Speres

microns pet pet pet

Massive Li 115 155 67.3 1W$ 14.1
Massive ,4 216 64 51.4 16.2 32.4
502 Coarse 255 44 82.0 11.0 7.0
502 Fine 287 19 9&7 3.5 2.8
500 Coarse 331 44 63.7 2.3 29.0
500 Fine 619 24 94.0 3.1 2.9
977 Coarse 264 47 76.1 9.5 14.4
"977 Fine 299 21 94.6 2.3 3l
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Appendix D

METEOROLOGICAL DATA TABLES

Meteorological data for the shot days of Koa, Walnut, and oak are presented. Tables

D.1 through D.3 give winds aloft. whereas Tables DA4 through D.6 give atmospheric

temperature data.
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Apendix E

DERIVATION OF FORMULA FOR PERCENT MOLYBDENUM LEFT IN CLOUD

The formula given in Chapter 3 for the percent Mo" left In the cloud is based on a mate-

rial balance for some nuclide, Y. It can be derived am follows:

Let YE = atoms Y formed In the explosion

-= atoms Y left in cloud

YFO a atoms Y in fallout

MOE - atoms Mom formed in the explosion

MOC - atoms Mom left in the cloud

MoFO - atoms Mo" In the fallout
y - fraction of Mo" atoms left in cloud

k = the ratio atoms Y: atoms Mo" formed in thermal
neutron fission, a constant

(R"~tY)IE = R-value for nuclide Y in explosion

(R"(Y)]C = R-value for nuclide Y in cloud

[R"(Y)IFO = R-value for nuclide Y in fallout

SYE - YC + YFO (E.1)

= MOE YE/MOE

= MOE k IR¶(Y)IE

S|since [R(Y)]E [YE/MOEI/k

YC = MoC Yc/MOc

= Mo~krRTvn,~o k [R" (Y)]C ,

since [R"El =Yc/MocJAc

-//• 3YFO = MOFO YFO/MOFO

= MoFOk [R"IFO

//3
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uIOMe [ Y, 0 /MolVI/k

Fram Equation E.1 aisie M - MOEY snd May0o K O(Y)

MO~E k [Rr(Y)IE -MoEy k [Rm(Y)C + MdoE(1 --y) k lle(y)Iy0  (E.2)

dividin Equation E.2 by HOE k =nd roaranlng

(ROOI)E - tR!$(Y)1y 0

- R3 '(Y)IC - l()F
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