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ABSTRACT

Estimates have been made of the chemical nature of the products of an
atomic bomb detonation occurring in air. A discussion of the relevant data
and necessary assumptions is included. Based largely on thermodynamic data,
the results indicate that these products should exist mainly as the oxides.
Thus, with problems such as those of contamination and decontamination in
which chemical properties are a factor, the behaviors of the various ele-
ments under a variety of conditions can be predicted.



UNCLASSIFIED

THE CHEMICAL SPECIES OF THE ELEMENTS RESULTING
FROM AN ATOMIC BOMB DETONATION IN AIR

L. R, Bunney and N. E, Ballou

INTRODUCTION

The chemical nature of a contaminant is of importance for studies of
its contamination and decontamination behavior. This report presents an
estimation of the main chemical species of the various elements to be ex-
pected from an air detonation of an atomic bomb, The reactions considered
are thus mainly dry, although the possible effects of atmospheric moisture
are discussed to some extent. (A similar study of the chemical nature of
the products of an underwater atomic bomb detonation has been started.)

A detailed and accurate analysis is impossible owing to the lack of
sufficient experimental data on the type of reactions involved, and also
because much information concerning the atomic cloud is lacking at present.
- This report presents a best estimate based on the available data and a
series of bold assumptions. The authors are at present planning experi-
mental tests of some of the hypotheses used in this report.

The elements under consideration are the bomb materials: iron (since
the composition of the steel was not accurately known, such things as small
percentages of nickel, manganese, etc., were estimated from the composition
of armor plate); uranium or plutonium; conventional explosive products:
carbon, nitrogen, hydrogen and oxygen; and the fission products from zinc,
atomic number 30, to gadolinium, atomic number 64.

The report is comprised of a discussion of the assumptions involved; a
table 1isting the elements and their estimated predominant chemical specles;
a section devoted to brief outlines showing how we arrived at the data
listed in the table, with reference notes; a short conclusion, in which the
possible effects of nmuclear reactions (not considered in the analysis) are

pointed out; and a bibliography.

DISCUSSION OF ASSUMPTIONS

Tt is necessary for even a rough type of calculation to assume that
certain relative percentages of construction material, such as iron, uranium
or plutonium, snd fission products are present after the detonation of an
atomic bomb. It is considered that even a ten-fold error in any of these
estimates would not seriously affect the conclusions in this report.



The analysis is limited to "high" air bursts, i.e.,, ones in which the
actual detonation occurs at or above 500 feet from ground level, which
results in no appreciaple vaporization of soil material or mixing of soil
with the ball of fire.~ Such altitudes prevent rapid cooling of thg ball
owing to the expenditure of energy in vaporization of soil material< and,
hence, equilibrium conditions are more closely approached in a given temper-
ature range.

The volume of the vaporized bomb materials and products is an important
consideration. This was estimated by a rough calculation from data on the
size of the ball of fire as a function of time after detonation.l At one
second after detonation its volume 1s approximately 1 x 1010 1iters.

The consideration of the amount of mixing of the surrounding atmos-
phere, in the first ten seconds, was of the utmost importance. The data in
(1) and a mathematical treatment by Taylor3 indicate that the degree of mix-
ing should be very large, even in the first two seconds following the deto-
nation. A rough calculation, from an application of Taylor'!s theory by
Cohen, Hirschfelder, et gl.,z showed that a most conservative estimate of
the amount of air mixed with the ball of fire in the first two seconds would
contain 103 times as much Op as would be necessary to react all bomb materi-
al to the highest oxidation state possible. The conclusion is that the
amount of air present is not a limiting factor in a reaction of the bomb
materials and products, and that, of the possible chemical specles of the
various elements present, the oxides and nitrides should be by far the most

important.

In some cases, the nitrides of the particular element were known to be
unstable. As pointed out by Kelley,5 ZrN is the most stable of the metallic
nitrides 6, Rough equilibrium calculations at 2500°K using the data of
Brewer7,é indicate no appreciable amount of ZrN in equilibrium with Zr0Oz at
atmospheric concentrations of Ny and 0Op. Similar caleulations for other
elements involved show similar nitride concentrations at equilibrium. Of
course, the equilibrium constants for the formation of oxides from nitrides
in air increase rapidly with decreasing temperature. The conclusion is that
the oxides are the most important chemical species present in most cases,
although trace concentrations é~2 percent or less) of nitrides are possible
in some cases. Hence, the estimates in Table 1 are not meant to preclude
the possibility or even the probability of the formation of some unmentioned
compounds to the extent of 2 or 3 percent. In some cases, compounds which
are thought to cccur only in such quantity are mentioned in the table be-
cause of our corvictions of their probable presence.

General equilibrium considerations9 show that in most cases appreciable
compound formation does not take place much above 5000%K, since above that
temperature most elements exist as gaseous atoms or ions. This temperature
is reached approximately one second after detonation of a nominal (20,000



ton TNT equivalent) atomic bomb.l Just below this temperature, most com-
pounds are thought to be only diatomic in nature (i.e., only compounds of
the type FeO, U0, Pu0, etc., are formed), but on cocling further oxidation
is achieved. In the cases of those elements for which oxides are predicted,
the particular oxides resulting should be those which are thermodynamically

most stable. However, it is known that in some cases the rate of reasction
is slow where frnnqi+innq occur between oxides of an element (e.g .g.
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the lowest temperature at which equilibrium is attained fairly rapidly.
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ments in reference works were interpreted in a rough quantitative vay. In a
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more possible specles; it 1s probable that the composition of the mixture
would be dependent on the cooling time in significant temperature ranges,
and such other factors as pressure of 02 and particle size.

The effects of the wltraviolet radiation resulting from the detonation
of an atomic bomb are considered. The available datal show that this type
of radiation is small when the ball of fire has a temperature of about
5000°K. Below 5000*5 the amount of ultraviolet radiation decreases very
rapidly, approaching zero at about 40009K., As has geen pointed out, very

little compound formation is possible above 5000°K.” Hence, the ulfraviolet
radiation is considered to have a negligible effect. '

It is thought that the radiation field of the fission products, which
is of longer duration than the ultraviolet radiation, would have a definite
effect. This is considered in the paragraph on silver. Other compounds
which undergo photoelectric decomposition would be similarly affected. How-
ever, no evidence has been found for this type of reaction in the other com-
pounds which are considered to be possible species.

No attempt has been made to evaluate the “valence inductivity" effect
reported by Selwoodl4 although it should be pointed out that this may be
exhibited to a large extent in the fission products owing to the small par-
ticle size and large proportion of iron expected to be present.

The effects of solid solutions were not evaluated because of the lack

of available data. The problem becomes quite complicated if all the possi-
ble constituents are considered. Each element has been treated individually

in this report. However, the possibility of formation of compounds between
basie and aeidie oxides shnu1d be considered. In many cases (selenites
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tellurites, germanates, stannates, arsenites, antimonites carbonates, ni-
trates. s8ilipates hhngn'hn'l'ng 1111 fites , s‘u_lfg_t,es mglvbdates s and in some
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The factors affecting the formation of such compounds are: concentra-
tion of the reactants; rate of cooling in the significant temperature range;
amount and type of surface available; adsorption of gaseous species by con-
densed species; rate of formation of the compounds; and in many cases the
presence or absence of appreciable amounts of water. Many of these factors
are either not knom at present or are not sufficiently well known to be
useful in predicting the results to any reasonable order of magnitude.

General statements as to the likelihood of the formation of certain
anions are included in the appropriate paragraphs in the body of this re-
port, but the discussion of the formation of specific compounds is limited
to the very few well known cases. These are to be found in the paragraph on
the element which forms the cation.

Lastly, an assumption is made of strongly oxidizing conditions in air
for the elements considered. In certain cases, it is thought that there is
the possibility of incomplete oxidation owing to entrapment of minor ele-
ments in larger particles of major constituents. This effect is considered
to be a minor on®. It has been necessary in many cases to extrapolate
thermodynamic data beyond the point where it is reasonably accurate, but the
trends shown are felt to be significant.
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TABLE 1

Atomic No. ement Estimated Predominant Species
parentheses)
1 Hydrogen Ho0
6 Carbon COo
7 Nitrogen Ny*
8 Oxygen Og¥#
14 Silicon Si02 or Silicates
15 Phosphorus P205 or Phosphates
16 Sulfur S02(S03) or Sulfites (Sulfates)
24 Chromium Cr203
25 Manganese Mn30,
26 Iron Fe30, (Fe203)
28 Nickel Ni0
29 Copper Cu0
30 Zinc Zn0
A Gallium Gap03
32 Germanium GeCy
33 Arsenie Asy04
34 Selenium Se0y
35 Bromine Br~ (IBr, Bry)
36 Krypton Kr
37 Rubidium RbO» (RbI, RbBr, RbOH, Rb2003)
38 Strontium Sr0 (sr(OH),, SrcOs)
* Note: Of importance to the optical properties of the ball of fire

is the formation of oxides of nitrogen to the extent of roughly 100 tons in

an air burst.

The equilibrium concentrations of nitric oxide and nitrogen

dioxide in the air are from one to five percent for temperatures between
2000°C and 50009C; the equilibrium concentrations are negligibli below
2000°C, and above 5000°C the oxides are dissociated into atoms.

*% Note:

Small amounts of ozone are probably formed to an unknown
extent in an air burst of an atomic bomb.
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Element

Yttrium
Zirconium
Niobium
Molybdenum
Technicium
Ruthenium
Rhodium
Palladium
Silver
Cadmium
Indium
Tin
Antimony

Tellurium
Iodine
ZXenon
Cesium
Barium
Lanthanum
Cerium

Praseodymium

Neodymium
Prometheum
Samarium
Europium
Gadolinium
Uranium
Neptunium

Plutonimm

Estimated Predominant Specieg

Bxpected lesser species in
parentheses)

!203

2r0;

Nb205

l003

Tc03

Ru0,

Rhy03 (Bh)

P30 (Pd)

Ag (AgBr, AgI, Ag,0)

Cdo

IDBOA_ (In203)

Sn0y

Sbp03 (Sba0,)

TeOg
I (1,, IBr)

Xe
Cs0, (CsI, CsBr, CsOH, Cs,00;)
Ba0 (Ba(OH),, BeCO;)
118.203
Ce0
PreOny
Fd205
Pma03
Smp03
Euj04
Gdy04
Og
POz
Pu0y
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DATA ARD REFERENCES

The thermodynamic data6,9 indicate that the only posaible species

The thermodynamic data6’8:9 indicate that COy is the only impor-
tant species. CO is thermally the most stable of the carbon compounds
and 1t is oxidized to COp at lower temperatures.?

Nitrogen and oxygen are considered in connection with each of the
other elements. Other than the compounds mentioned in the other para-
graphs, the oxides of nitrogen, nitrates and nitrites are considered
to be the only possible species. The data in "Effects of Atomic
Weapons®l indicate that there is a large quantity of NO, formed be-
tween 2000°K and 5000°K, but this amount would be rapid%y decomposed
as the temperature dropped below 2000°K,

The formation of most nitrates and nitrites is not thermodynami-
cally possible under the pertinent conditions until the temperature
drops below 1000°K. Since at this temperature the concentration of
NO, and NO are decreasing due to decomposition and diffusion and the
rate of reaction is probably quite slow, the probability of nitrates
and nitrites being present as significant resulting species is con-
sidered to be very small. Hence, the nitrogen and oxygen other than
that combined with the other elements is considered to be in the ele-
mental state when at the temperature of the atmosphere.

There are two known oxides of silicon, Si0 and $i0,.7,10,11,13
810 is only obtained by drastic reduction of S105.7,11 5105 is very
stable and is the usual oxidation product of the element./, 3

The cata of Brewer, Bromley, Gilles and Lofgren7s8 indicate that

~ the nitrice should not be present to an appreciable extent.

The thermodynamic data’;17,20,21 indicate that the bromides and
iodides should not occur to more than one percent* of the silicon.

There is a very good possibility of silicate formation, but the
extent is thought to be unpredictable.

* The phrase "should not occur to more than one percent" used here and

with slightly different wording subsequently only establishes an upper
limit. The species may not occur at all.
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The difference between actual silicate formation and solid solu-
tion of Si0Os with one or more basic oxides is difficult to define.
Suffice it to 3ay then that the final resulting species is considered
to be Si0y either in solid solution with other oxides or actually com-
bined with baslc oxides to form silicates.

Phosphorus has three known oxides, P;03, P20, and Pp05.10,11,13
In excess air, the lower oxides are oxidized to Pp0s.10,11313 Py0, is
only produced by heating P203 in a limited amount of air.11,13 Py04
is oxidized to P§05 in excess air even at 50-60°C,13 P20 is stable
even at 17OO°K,1 and, hence, is concluded to be the major resulting
species.

In general, the likelihood of the formation of various phosphates
is considered rather small unless one brings in the effects of mois-
ture. In that case, neutralization of the phosphoric acid formed from
the P205 would give phosphates. This neutralization might be limited
in extent, as far as materials resulting from the detonation are con-
cerned, by volatility of P205 (sublimes at 347°C19), which could bring
about a physical separation from many of the basic oxides. However,
phosphoric acid would be formed in the presence of moisture, and neu-
tralization by other basic compounds i1s possible.

The thermodynamic data®,12 indicate that the nitride, P3Ns,
should not be present to an appreciable extent.

The thermodynamic dat36,12,17:20’21 also indicate that the bro-
mides and iodides should not be present to an appreciable extent.

The only important oxides of sulfur are SO, SO and $03.6,10,11,13
The others need not be considered here since these are the only ones
which are obtained by oxidation in air.10,11,13 S0 is only obtained
at low pressure in air.13 It is thought to be a possible high temper-
ature species, but should be oxidized to SO3 on cooling to tempera-
tures of about 3000°-4000°C. SO, is the usual product of oxidation in
air,10,11,13 although SO3 is the thermodynamically more stable at room
temperature.6,3 However, at temperatures (below 1000°K) at which SO
is more stable than SO, the rate of oxidation is rather slow,10,11,l
The rate is speeded up by surface catalysts such as Fep03.10,11,13 It
is thought that a mixture of the two oxides would result in the case
under consideration with SO, predominating, but the composition would
be a function of the concentrations of the gases, amount of available
catalyst, and of the rate of cooling. The low concentration favors

802 formation.

S02 and S03 might very well react with some of the basic oxides
to give sulfites and sulfates, especially in the presence of water.
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In general, these reactions become thermodynamically possible at about
1000%K. The situation is similar to that with other acidic oxides in
that physical separation may occur to some extent and the rates of the
possible reactions are not well known.

Nitrogen sulfide, the most common of the nitrogen and sulfur com-
pounds, is endothermic and is thought to be metastable.l3

The thermodynamic data®,17,20,21 indicate that the bromides and
iodides should not be formed to an appreciable extent.

here are three well known oxides of chromium, Cr0, Crpy03 and
€r03.8,7,10,11,13 ¢r0 is easily oxidized to Crp03 in airl3 and may
only be a solid solution of metal and Crp03.7 Cr303 is %uite
stable,5,7 and is the usual oxidation product in air,10,I1,13 Cro4 is
decomposed at about 540°K,7 end about 700°K the decomposition product
is Cr203.7 The intermediate product may be a solid solution,

The nitride, CrN, decomposes at about 1770°K. The thermodynamic
datab,7,8 indicate that it should not be formed to an appreciable
extent.

The thermodynamic data®,7,17,20,21 indicate that the bromides and
iodides should not occur to an appreciable extent.

There are four known stable oxides of manganese, MnO, Mn30,,
Mn203 and Mn02.7,10,11,13 MnO can be readily oxidized to the other
oxides in various temperature ranges.”,10,11,13 At room temperature,
MnO goes to MnOp in air, if the oxide is finely divided,13 but no evi-
dence is available on similar reactions for the higher oxides. MnOp
decomposes_to Mnp03 at about 5350C.19 Mnp03 decomposes to Mn30y at
1080°C.15,19 Mn30; does not seem to oxidize further on cooling.
Hence, Mn304 is considered to be the probable resulting species,

 The thermodynamic datab,7,8 indicate that the nitrides should not
be present to an appreciable extent.

The bromides and iodides are indicated by the thermodynamic
datab,7,17,20,21 not to be present to more than one percent of the

manganese.

There are three known stable oxides of iron, FeO, Fe30, and
Fep03.7,10,11,13 The equilibria emong these is discussed by Darken
and Gurry.47,48 At 14009C there is a free energy of -54,500 cal for
the reacticn of 2Fe O4rF§02-—93F3203 as written.48 Fe0 is easily oxi-
dized7,10,11,13,47,48 gnd is not thought to be a possible species.
The thermodiynamic datab,7,47,48 indicate that Fep03 should be the
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major resulting specles if equilibrium is approached below 1500°K.
However, the composition is dependent on the partial pressure of oxy-
gen and the cooling time. Latimer and Hildebrand state that the rate
of oxidation of Fe30, to Fep03 is slow.ll

The nitrides of iron are metastable® and are not considered to be
possible species.

The bromides and iodides are not thought to be pregent to an
appreciable extent according to the thermodynamic data,6,7,17,20,21
but also are not possible to any appreciable extent because of the
relatively small amounts of the halides present with respect to the
amount of iron present,

The ccnclusion is that Fe30, should be the main species, but
smaller amcunts of Fey03 are possible.

The only oxide of nickel known as a single pure phase is Ni0.7
Others which vary in composition from NiO to NiO, are claimed,ll,13
but are usually prepared in solutionll or as surface films.l4
Ephraiml3 claims that Ni30, gives off oxygen to form NiQ at about
240°C., Only Ni0 is preparable from the elements.’,11,13

No stable nitride of nickel is known.® Therefore, it is not con-
sidered to be a possible species.

The thermodynamic datab,7,17,20,21 indicate that the bromides and
iodides should not be present to an appreciable extent.

Copper has two known stable oxides, Cu%O and 0u0.10,11,13 fhen
oxidized in air, the usual product is Cu0,10,11,13 which decomposes to
Cu20 and oxygen, on heating to about 10260C in air.15,19 However, on
cooling, Cup0 4is oxidized back to CuO.

The nitrides of copper are metastable®,8 and are not considered
to be possible specles.

The diiodide is not a possible species, since it is not stable.l”
The dibromide is indicated by the thermodynamic datab,7,17,20,21 to be
a possible species. The monobromide and monoiodide are, also, possi-
ble. Thermodynamic considerations®,7,17,20,21 ghow that altogether
they should not be present to more than one percent of the copper.

Zine is readily oxidized in air to ZnO, the only known oxide.10,11

Zinc nitride, Zn3Na, is metastable® and hence is not considered
to be a possible species.
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The data of Brewerl7,20 indicate that with concentration con-
siderations the bromides and iodides are not possible to more than one
percent of the total zinc present.

Gaz03 1s the most stable oxide and the oxidation product of the
metal in air.6,10,11 Gaio is known, but is unstable with respect to
Gaz03 and gallium metal.l

The thermodynamic data®58512 1ead to the conclusion that GaN
should not be present to a greater extent than one percent of the to-
tal amount of gallium,

The thermodynamic data®,17,20 indicate that it is not possible
for more than one percent of the total gallium present to occur as the
bromides or iodides.

GeO and Gegi are known; germanium and GeO are readily oxidized to
GeOy in air.10,11,13

The nitride, GesN,, is metastable and, hence, should not occur.

It is felt that, because of the considerations mentioned in the
Discussion, germanantes could not be a very important species for this
element, although it is a possible one 1ln a few cases.

Rough equilibria data®,17,20,22 indicate that the bromides or
iodides should not be present to a greater extent than one percent of
the germanium.

As203 and 48205 are the two known oxides of arsenic.10,11,13 Al-
though As2C5 is thermodynamically stible at room temperature, it
decomposes to Asp0y and Op at 588%K, 9 When the element is burnt in

air, fairly pure Asp03 results.l0,11

The nitride, AsN, hag a heat of formatign of between -+ 7 and 4+ 35
kilocalories per mole. ,18 Tt is not stable® and is not considered to

be a possible species.

As»0s is mot thermodynamically stable above 588°K; thus, combi-
nation with other oxides is probably slow owing to the low tempera-
tures required. As203 is quite volatile (sublimes at 193°C) and,
hence, might be physically separated from other oxides. Most arse-
nites (particularly those of iron) decompose at low temperatures.
Therefore, the probability of arsenite or arsenate formation is con-
sidered to be very small. The presence of appreciable amounts of
moisture would increase the probability of such reactions, but the
extent 18 difficult to predict. :
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The bromides and lodides should not be present to more than one
percent of the arsenic.6,17,20,21

Se0s is the only known oxide of se%enium which is thermodynami-
cally stable under ordinary conditions.®,10,11,

Selenium nitride, Se;N;, explodes at 200°C,15,19 and hence is not

thought to be a possible species.

Selenites of heavy metals decompose at rather low temperaturssl6
and, while those of the alkali and alkaline earth metals are possible,
it is felt that concentration considerations preclude the possibility
of their formation to an appreciable extent.

The thermodynamic data®,217,20 indicate that less than one percent

of the selenium present should occur as bromides and iodides.

The case of bromine is complicated somewhat by the fact that many
of the bromides of the elements involved in this discussion age not
stable at temperatures at which the corresponding oxides are. ,7,12,17
It is also felt that much of the bromide formation would be prevented
by the much larger concentration of O (and hence the oxide would be
formed in many cases in preference to the bromide). Furthermore, all
oxides of bromine are unstable at ordinary temperatures.6,10:11

It appears that the bromine will to some extent react with ele-
ments with which it can form bromides (e.g., Rb and Cs), with a distri-
bution among the elements which is very difficult to predict.

It also seems quite likely that a small portion will not react in
this manner and will cool out in the elementary state. In this con-
nection, it should be pointed out that IBr is thermodynamically more
stable than either Brz or 12.17 Therefore, since there is a similar
situation with iodine, some of the mixed halogen (IBr) should result.

In the special case of the reaction with silver, which is thermo-

dynamically possible because of the comparative instability of
Ag20,6,17 it is thought that mch of the halide formed would be decom-

posed by light and gamma radiation.

It is felt that addition compounds of the type MOBr (where M
stands for any divaelent metal) or any other oxyhalide are either too
unstable to be significant,l0 or the rate of formation is too slow to

form an aprreciable amount .3

Krypten, because of its lack of chemical reactivityl0,11,24 is
concluded to be in the elemental state.
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Rubidium presents one of the more complicated cases considered in
this discuseion thus far. There are four known oxides of rubidium,
Rby0, Rbgoi Rbo03, RbO2 (Rb20,), as well as possible subox-
1des.7,10,11,13" The suboxides are only prepared under conditions that
are not possible in the situation under consideration.ll Rby02 has
only been prepared by treating liquid ammonia solutions of the metal
with oxxgen.l Since Rb0, is the product obtained by ignition in
air,10,13 1t 1s felt that it would be the chief product in the case
under discussion. The alkali metals have a %reater tendency to form
higher oxides with increasing atomic number;I3 hence, in rubidium the
tendency is very great. In excess oxygen, it should readily oxidize
to Rb0,5.13

Rubidium nitride, RbsN, is decomposed above 688°K,8 and hence
should not be a possible species.

Rb0, decomposes at rather low temperatures,’ as do the other ox-
ides of rubidium,7,15,19,23 whereas the bromide and iodide are quite
stable at high temperatures<0 (above 30009K). This leads to the con-
clusion that the bromide and iodide should be important species in the
cage of rubidium. The iodide should be more important than the bro-
mide because iodine is present to about twice the extent of bromine in
the time available for reaction.?? Since there ig enough halogen to
react with only about one-half the alksli metals,?? the latter will
also form their oxides.

In the cases of Rb, Cs, Sr, and Ba, the possibility of formation
of hydroxide, bicarbonate, and carbonate should be considered.

Appreciable amounts of molisture and CO, are usually present in
the atmogphere. Water vapor usually comprises about one percent of
the air,19 while CO, makes up on the order of 0.03 - 0.05 percent.ll

These amounts are such that the formation of hydroxides and
carbonates are thermodynamically possible®;7,12,52 at temperatures of
the order of 1000°K and bicarbonates at about 400°K. However, it
should be pointed out that the rates of reaction to produce these com-
pounds are not well known. Also, high temperature forms of oxides
which are_ysry unreactive (e.g., "dead burnt" Ca0O and Mg0) are quite

numerous.

" For these reasons, the exact resultant species of these elements
are almost impossible of prediction, They may also vary with length
of time following the burst.

Strontium is known to have only two oxides in the dry state, SrO
and Sr05.10,11,13 Sr0, is only prepared under high O, pressure and

UNCLASSIFIED



]

I3

(o)
w0

pecies.

-de
UUDUNPUEUS 20 400

jus]
)
=}
Q
[ ]
-
[u s
<
(o9
w
o
Q
ck
[+
£
u
P
O
@
w@

Strontium nit gue SraK2, decomposes at temperatures at which Sr0
is stable in air.”, Consequently, it is thought that the nitride
would not be present to greater than one percent of the strontium.

The data of Brewer7,17,20,21 shows that the halides should not be
present to more than one percent of the strontium.

For discussion of the possible formation of hydroxides, carbon-
ates, and bicarbonates, see the paragraph on rubidium.

- ~

The only known oxide of yttrium is 1203.l0: s 37

Rough equilibrium calculations from the data of Brewer’,® indi-
cate that the nitride, YN, should not be present to the extent of one
percent of the yttrium if conditions approach equilibrium a tgmpera-
tures at which Y and 1902 are condensed phases (25009K).
addition, calculations show tBat the oxide is stable at temperatures
at which YN is dissociated. ’

imile ulations mides 1odides’,17,20,21 indi-
cate that they should not be possible to more than cne percent of the
+ m
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The possibility of ZrN formetion 1s covered in the preliminary
discusgion in this report. In addition, the thermodynamic
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no appreclable amount of ZrN is present.

The thermodynamic data’,17,20,21,23 indicate that, if eq
is approached at 2000°K, the bromides and iodides shoul t
to an appreciable extent.

Niobium has three stable oxides, NbO, NbOp and Nby0s.'s 7,10,24
Nbv203 is doubtful? and, if preparabie is reiativeiy unstable compared
to the other oxides. Ignition in air of the metal or of any of the
lower oxides gives NbyOs.?4 Brewer's data’ indicate that Nbp0
stable above 15000K. iobates are considered possible, but only to a

very minor extent,

. NBN, the nitride, should not be present to gpreCiabie extent
from the indications of the thermodynamic data.”
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The icdide is known to react with atmospheric oxygen to form
Nb205,24 ard hence is not a possible species. The bromide is also
thought to be unstable at high temperature in air with respect to
Nb05 and bromine.

MoOp end MoO, are the two known stable oxides of molybdenum.7,10
M0203 hags been ciaimed by two groups of investigators and later
denied by one of them. Another group failed to find evidence of
M0203.7 The thermodynamic data indicate that of the two, MoO3 is the
more stable up to a temperature of about 2000°K 6,7 MoOs is oxidized
to M003 b; the oxygen of the air at temperatures below about
15000K6,7,24 |

Molybdates are considered possible, but only to a very small ex-
tent.

The nitride, MogN, is not very stable and should decompose near
1000%K.° Hence, 1t is not thought to be a possible species.

The bromides and iodides of molybdenum are not stable above
1000°K .20 Hence, they are not thought to be possible species.

Technetium presents a rather unique problem inasmuch as its basie
chemistry has not been studied to an extent that would give much indi-
cation of 1ts most stable compounds. According to the early investi-
gators of the chemical properties of technetium, it resembles rhenium
much more than manganese in its chemical behavior.25,26,27,28

Reviews on rhenium?4,29 indicate that it has a very wide variety
of valence states, but the heptavalent state is the most stable.

Two groups of workers30,33,34 indicate the existence of TepSy as
a normal sulfide precipitate in acid solution. Inghram, Hess and
Hayden31 state that for some mass spectrometer work they received a
sample of NH;TcO; and obtained peaks corresponding to Tc0+, Tc0%+ ,
and Tc034'1n the work. Fried32 indicates the existence of NH;TcOy.
In later work34 it was shown that a hexavalent state of technetium
exists and that TcO,~ is not as easily reduced as MnO,”. In the
latter experiment, no compound analogous to MnO, was iscovered on
reduction. The indications of the work mentioned above are that the
oxides of technetium are possibly TcO, Tc30y, Tcp03, TeO2 and Teo0y
with TcO, TcO3 and Tc207 most probable. The latest work, that of
Fried and Hall, 49 shows that TcO3 is the volatile oxide which was pre-
viously thought to be Tc207 by most workers. Indications seem to
favor the formation of TcO, in the case under discussion, although
this needs verification. %echnetates may also be possible species.
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Ko work has been done with the nitrides, bromides or iodides, but
it is thought that, as with manganese, they would not be as stable as
the oxides under the considered conditions.

Ruthenium has three well-defined oxides, Ruj03. RuOp and
Ru0,,10;%4 Ru0 does not appear to existelosilézz Ru0, is obtained on
heating the finely divided metal in air.l0.11,24 Ru0, appears to de-
compose to RuOp at about 1000C,10,13,19 The conclusicn is that BuO,
is the most probable oxide and, since the metal is readily oxidized in
air, the most probable species. However, Ruy03 is also possible.

No nitride of ruthenium is known and hence is not considered to
be a possible species.S,13

The bromides and iodides are rather easily decomposed and, accord-
ing to Brewer's data,zof21 ghould not be present tc an appreciable
extent.

Five oxid
Rh0,.10:13,24 Ruo, and RhO, are readily decomposed by heat
and are not, though% to be possible species. Assuming reasonable
entropies, as in the method of Brewer,”,17,23 the thermodynamic
data®,12 indicate that Rh203 1s substantially more stable than Rh20
and RhO at almost all temperatures at which they exist. This is born
out by the dissociation temperatures under one atmosphere of 0, given
by Mellorl® for the three oxides, Rhy0 at 1127°C, RhO at 11216 and
Rh203 at 1113°C. Mellor also states that Rh303 is the product of oxi-
dation in air of the finely divided metal between 600°C and 1000°C.
It would appear that Rh303 should result almost entirely if the cool-
ing rate in the significent temperature range (i.e., the temperature
range at which reaction becomes possible for rhodium under conditions
found in ABD) is fairly slow. The element itself is also possible,
but in the finely divided state expected it should be oxidized.

es of rhodium are known, Rh20, RhO, Rhp03, RhO2 and
i compos 2 13,15,19,24

As in the case of ruthenium  the nitride is not known8,13 and is
not considered possible.

The bromides and iodides are rather easily decomposed1°;17:2°,21
and are not thought to be present to an appreciable extent.

The only stable oxides of palladium are PO and Pd0,.10,11,24
Pd0, is not very stable and decomposes to the monoxide on heating to
about 20003, PdO, has never been formed by heating the metal in
air.10 vVarious claims for the existence of Pd,0 have been disproven
by showing that the product was a mixture of PO and the metal.l0

UNCLASSIFIED
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The nitride is not known®s13 and is not considered to be a possi-
ble sgpecies-

The bromides and iodides are rather easily decomposed10,17,20:21
and are not thought to be present to an appreciable extent.

There is a very good possibility that the metal itself occurs
because of the relatively small thermodynamic stability of PdO.és12
However, in the very finely divided state expected, it is thought that
PdO would te the predominant species, although metallic palladium is
also expected to some extent. The composition of the mixture would
depend on the rate of cooling of the metal. If the cooling is fairly
rapid, palladium metal should be the predominant species.

Two oxides of silver are known, Ago0 and Ago0p. Ago02 is not
very stable and decomposes a little above 100°C.15,19 Ago0 is also
rather unstable and does not become thermodynamically feasibleb,12
until the temperature is about 200°C. It is the oxide which is formed
when the metal is heated to 200°C for a long time.l3

Silver nitride, AgNj, explodesl5 and is thought to be an azide
not preparsble from the elements and hence is not a possible species.
No stable nitride is known .8

The bromide and iodide of silver are stablel7,20,21 and are defi-
nitely posgible species, However, they are photosensitivelO,11,13 as
is Agy0. Tt is thought, therefore, that they would be considerably
decomposed by the sunlight and gamma-rays from the fission products.

The conclusion is that the main product should be metallic silver
with small amounts of the bromide, iodide and oxide.

Cd0 is the only known oxide of cadmium. It is readily obtained
by oxidizing the metal in air.11,13

As with zinc, cadmium nitride is metastable® and is not thought
to be a possible species.

The bromide, but not the iodide, is shown to be a possible
species by the data of Brewer,17,20,21 but not until low temperatures
are reached. There is a slightly greater possibility of the bromide
and iodide being formed by means of formation of the monovalent
halides at high temperatures with subsequent disproportionation to the
divalent halides and the metal. In any event, it is thought that they
will not be present to more than two or three percent of the cadmium

present.
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There are three knom oxides of indium, In0, In 03 an
In30;.10,17,24 In0 is readily oxidized to Ing0s in ain.l0,11 Ins0
1s the product in air oxidation at temperatures up to 850 °P 10,24 2+
temperatures above 850° the product is In304, which i analogous to
Fe‘lOl 10,11,24 No information on the rate of transformation from

In304 to In203 on cooling could be found.

J\o

The nitride, InN, is metastab198 and is not considered to be a
possible species.

Pl 31 csememdcrmnmd o Ao 7 20 2] s 38.cd. slod dla Tecemtdoo mmd

ALT  LVILBL UU..Y AU W L ’ LIIULCO VY LIl L VAT LIOILLUDS (V1
iodides should not be present to more than one percent of the indium.

Our conclusion is that a mixture of Inp03 and In30; should result
with In30; predominating.

-t
CD

Only two oxides of tin are known, Sn0_and Sn0s.*%» »11,13 Sn0, is
the usual product of the oxidation in air.10,11 1,13 SnO burns when

heated in air.10,11 sno, is stable below 1400°K.15,19

Stannates may be possible, but it is thought that they should not
be important.

No stable nitride of tin is known® and, hence, it is not con-
sidered to be a possible species.

The thermodynamic data®,17,20,21 indicate that the bromides and
iodides should not be present to an appreciable extent.

There_are three known stable oxides of antimony, Sbs03, Sbp0, and
$b205.10,11,13  S105 loses oxygen at about 400°C,15,19 to form Sb20,
which, in turn, loses gxygen at about 1000°C,15,19 to form Sby03,
which is very stable.3® Latimer and Hildebrandll state the ignition
products of the element in air to be Sbp03 with some Sb0,.

Antimonites and antimonates may also be possible, but, as in
other cases, the probability is thought to be rather small. Concen-
tration considerations in the few known cases, the lack of knowledge

concerning some possible compounds, and the ease of decomposition of
others lead to this conclusion.

tride of antimony is known. 8 Therefore, a nitride 1is

| e
not considered to be a possible species.

datab,12,17,20,21 jngicate that the bromides

ha nrecent +n an nn'm-nr-inh'le extent.
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The conclusion is that the resulting species will be a mixture of
Sby04 and & smaller amount of Sbo0y .

There are three known oxides of tellurium, TeO, TeOs and
Te03.10,11,24 Te and TeO are easily oxidized in air to Te0,,10,24
Te03 readily decomposes on heating to TeOp and oxygen.l10,13,24

The nitride, Te3N%, is probably endothermic, but in any case would
not be very stable.8” It is not considered to be a possible species.

Tellurites are even less stable than selenitesl6 and are not ex-
pected to an appreciable extent (cf. selenium).

The thermodynamic data®,17,20 indicate that the bromides and
iodides should not occur to an appreclable extent.

The considerations in the case of iodine are so similar to those
of bromine that only the differences will be mentioned here (ecf.
bromine). -

Iodine does have one thermodynamically stable oxide, I50s, which
is formed from the elements.20 However, it is unstable above 570°K
and is not considered to occur to more than one percent of the iodine
present.

The iodides are even less stable than the bromides®,12,20 and the
proportion expected to occur in elemental form would be larger than
with bromine.

Xenon, as with krypton, is concluded to be in the elemental state
because of its lack of chemical reactivity.l0,11,24

The considerations for cesium are almost identical with those of
rubidium (ecf. rubidium references). The conclusions are also the
same.

Two stable oxides of barium are known, BaO and Ba02.6,7;10,11,13
Bay0 is also known as 1s Ba05.13 Bag0 is doubtful and, if it exists,
is easily oxidized to_BaO or to Ba0s.13 BaO, decomposes at rather low
temperatures to B302.13 BaOp decomposes to BaO at about 700°C in
air.7,13 Ba0 is very stable 7 and is considered to be the most

probable species.

Bariun nitride, BasNp, decomposes at about 1270°K.® The thermo-
dynamic datad,7,8 indicate that it should not be present to an ap-

preclable extent.
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The thermodynamic data6,7,17,20,21 indicate that the bromide and
iodide would not be present to more than one percent of the barium.

For discussion of the possible formation of hydroxides, carbon-
ates, and bicarbonates, see the paragraph on rubidium.

La03 1s the gn%y known oxide of lanthamum,10,11,24,37 The
thermodynamic data 8,2 3 indicate that the nitride LaN, should not
be present to more than one percent of the 1anthanum

Similar calculations for the bromides and iodides6,7,17,20,21,23
indicate that they should not be present to more than one percent of
the lanthanum,

Cerium has two known oxides, 8034and CeOp .7510,24,37 Tne usual
ign ition roduct of cerium is Cebp.l 37 03203 is easily oxidized
to Ce0,.10,24,37 Hence, CeOy is considered to be the most probable

species,

The nitride, CeN, is indicated by the thermodynamic data®,7,8,23
not to be present to more than one percent of the cerium.

Similarly, the datab,7,17,20,21,23 indicate that the bromides and
iodides shculd not be present to more than one percent of the cerium.

Two well-defined oxldes of praseodymium are known, PrpO3 and
Pr0,.10,24,37 In addition to these, the most common groduct of oxi-
dation in eir is usually formulated as Pr6011 10,24,37 although this
is possibly a solid solution of Prp 0; 2. The decomposition of
Prg011 to Prp03 occurs above 1000°K.7,37, 38 The oxide takes up O, at
room temperature if oxidized slightly abova Pr203.51

No data are available on the nitride, although it is thought that

its stability should be s%ightlg less than that of the cerium nitride.
If that is true, the data®,/,8,23 indicate that the nitride should not

be present to more than one percent of the praseodymium.

- The thermodynamic data®,7,17,20,21 indicate that the bromides and
iodides should not be present to more than one percent of the praseo-
dymium. Asprey and Cunningham's data38 indicate Prg011 as the major

specles.
The only known oxide of neodymium is Ndp03.7,10,24,37

No data are available for the nitride, but an estimation similar
to that made for praseodymium indicates that the nitride would not be
present to more than one percent of the neodymium.
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The thermodynamic datab,7,17,20,21 indicate that the bromides and
iodides should not be present to more than one percent of the necdym-
um.

There 1s very little information available on prometheum. How-
ever, it is thought that the similarity of the rare earthsl3,24 gives
a good basis for estimating that the product would be PmpO3, since
the sesquioxide is the expected species for neodymium and samarium,
(ef. neodymium and samarium) the neighboring elements.

Smp03 is the only known oxide of samarium. The metal is easily
oxidized in air, as are the other rare earth elements.7,10,13,24,37

No data are availlable for the nitride, but an estimation, as with
prasecdymium and neodymium, indicates it to be present to no more than
one percent of the samarium.

The thermodynamic data7,17,20,21 indicate that the bromides and
iodides should not be present to more than one percent of the samarium.

The only known oxide of europium is Eup03.10,13,23,24

No data are available on the nitride, but estimations as with the
other rare earth elements indicate that it should not be present to
more than one percent of the europium.

The thermodynamic data?,17,20,21 indicate that the bromides and
iodides should not be present to more than one percent of the europium.

The only known oxide of gadolinium is Gdp03.10,13,23,24

No da%a are available on the nitride, but extrapolation of the
estimations mentioned in the previous members of the rare earth ele-
ments indicates that the nitride should not be present to more than
one percent of the gadolinium.

The thermodynamic data?,17,20,21 indicate that the bromides and
iodides should not be present to more than one percent of the gado-
linium,.

There_ are four known oxides of uranium, UO, UOz, U30g and
004.7,10,11,37,39 The usual product of ignition in air is
U388.10,37,39 U0 and U0y are easily oxidized in air,’,23,37,39,40
U308 decomposes to UO§ at about 20009K.<3,40 U053 decomposes to U30g be-
tween 8000 and 900°K.’? From these facts, U30g 1s considered to be

the most probable species.
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The nitrides are not thought to be present to more than one per-
cent of the uranium aecording to the thermodynamie data.6,7,8,13

The thermodynamic data6,7,20,21,23,39,50 indicate that the bro-
mides and lodides should not be present to an appreciable extent.

OQur conclusion is that the most important species for uranium
should be U30g with a much smaller amount of UO3 being possible.

Two oxides of neptunium are known, NpOp and Np30g,37,41,42,43
Np20s5 is also claimed.43 Oxides higher than NpOp are prepared with
difficulty.37,43 NpOs is the product of ignition in air of the ele-
ment under ordinary conditions.37,41,42,43

No data are available on the nitrides, but by analogy with
uranium?3,39 no nitride is thought to be present to more than one per-
cent of the neptunium.

The data of Brewer, Bromley, Gilles and Lofgren44 indicate that
the bromide and iodide should not be present to more than one percent
of the neptunium,

Plutonium has only one known stable oxide, Pu02.37,43,45,46
Pup03 has been prepared, but only with great difficulty.4d

Only one estimate of the thermodynamic data on the nitride is
available.45 This indicates that the nitride should not be an impor-

tant species.

The data available45,40 also indicate that the bromides and io-
dides should not be important species., Considerations of relative
concentrations indicate that they are not possible to any appreciable

extent.

CONCLUSION

The foregoing sstimates indicate that, under the temperature and con-

centration conditions resulting from an atomic bomb detonation in air, the
chemical states of the products are mainly the oxides, The rare gases are,
of course, uncombined, and nitrogen is largely left as Np; silver remains
predominantly as the metal, and the halogens exist mainly as the halides.

It should be pointed out that no consideration has been given in the

foregoing report to the muclear reactions which take place in the fission
products. No adequate data seem to be available at the present time on the
effects of such reactions on the chemical species of the radioactive

e e wee M mm wm wmm w@m owe T s e



UNCLASSIEFIED
nuclides, However, it seems very probable that the effect would be a very
important one.

To il%gstrate the point in question, let us consider the reaction
Rb890, —>5r8905. The daughter atoms are not produced in sufficient quanti-
ties at high temperatures to allow significant thermal decomposition of
sr8905. That is, the majority of Sr8Y atoms are produced by radicactive
decay from Rb89 and should occur as Sr8902, not as Sr890, as would be esti-
mated if the Sr®9 had been produced at high temperatures. However, this is
based on the supposition that the nuclear disintegration does not have a
large effect on the crystal structure in which the decaying atom exists.
This is not necessarily so, for it is quite probable that the disintegration
will have a marked effect on the structure. This problem has not yet been
investigated sufficiently for a definite predietion of the effeects.

Further complications are introduced when a_chain of radiocasctive decays
is followed, e.g., Rb7' — S:§7 —Y7 52097 5?7 5 M%7, Obviocusly, the
concentration of a final chemical species of 4097 (even without considering
the effects of the disintegrations) would be dependent on the chemical
species of the original and each subsequent nucleus, the possible reactions
involved and their rates of reaction, and the half-lives of the disinte-

grations.

Hence, it 1is not possible for us to say that all of an element will
occur in a predicted species or group of specles, since part of an element
present at any time may be the result of radiocactive decay of another or

several other elements.
Approved by: 142£JKZZAZ*VL/%/-UZZ/ZZZU’“ e
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