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ABSTRACT 

EstMtes have been made of the cheaical nature of the products of an 
atomic bomb detonation occurring in air. A discussion of the relevant data 
and necessary asstunptions is included. Based largely on thermodynamic data, 
the rmults ind:icate that these products should exist mainly as the oxides. 
Thus, with problems such as those of co&&nation and decontamination in 
which chemical ,properties aze a factor, the behaviors of the various ele- 
ments under a variety of conditions can be predicted. 
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THECHEMICAL SPECIES OF 
FROM All ATOMIC BOMB 

SIFIED ------ 

THE ELEMENTS RESULTING 
DETOMATIOH IN AIR 

L. R. Bunney and B. E. Bsllou 

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 lrnrch inf'ormation 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 
peraentages 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 listing the elements and their estimated vedominant chemical species; 
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 nuclear reactions (not considered in the analysis) are 
pointed out; and a bibliography. 

DISCUSSIOlV OF ASSlJlWTIOl'?S 

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

UNCLASSIFIED -----_-_---- 



, 

7. 

UX?CLASSIFIED (_~~~_____ --- 

The analysis is limited to Ahigha air bursts, i.e., ones in which the 
actual detonation occurs at or above 500 feet from ground level, which 
results in no apprecia le vaporization of soil material or mixing of soil 
with the ball of fire. P Such altitudes prevent rapid cooling of th3 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 ll~t~ estimated by a rough calculation from data on the 
size of the ball of fire as a function of time after detonation.1 At one 
second after detonation its volume is approximately 1 x lOlO liters, 

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 b 
Cohen, Hirschfelder, et.,4 showed that a most conservative estimate of 
the amount of air zdxed with the ball of fire in the first two seconds would 
contain 103 times as much 02 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 species of the 
various elements present, the oxides end nitrides should be by far the most 
important. 

In some cases, the nitrides of the particular element were knowu to be 
pointed out b Kelley, 5 ZrK is the most stable of the metallic 
Rungh equilibrium calculations at 2500°K using the data of 

no appreciable amount of ZrK in equilibrium with KroZ at 
atmospheric concentration3 of N2 and 02. Similar calculations for other 
elements involved show similar nitride concentrations at equilibriums. 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 traae concentration3 62 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 cmur only in such quantity are mentioned in the table be- 
cause of our convicti6ns of their probable presenae. 

General eqrtilib~ium considerations9 show that in most cases appreciable 
compound formation does not take place much above 5O@K, she above that 
temperature most elements exist as zaseous atoms or ions. This temperature 
is reached approximately one second-after detonation of a nominal (20,000 
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ton TDT equivalent) atomic bomb.1 Just below this temperature, most com- 
pounds are thought to be only diatomic in nature (i.e., only compounds of 
the type FeO,UC, F'uO, etc., are formed), but on cooling further oxidation 
is achieved. 
the particular 

In the cases of those elements for which oxides are predicted, 
oxides resulting should be those which are thermodynamically 

most stable. However, it is known that in some cases the rate of reaction 
is slow where.transitions occur between oxides of an element (e.g., 
FegO4+Fe203);11 hence, the oxide of the element which predominantly results 
at,room temperature should be the one which is thermodynamically stable at 
the lowest temperature at which equilibrium is attained fairly rapidly. 
FPhere information was lacking on such transformations, qualitative state- 
ments in reference works were interpreted in a rough quantitative way. In a 
few cases, the best interpretation is the existence of a mixture of two or 
more possible species; it is 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 ultraviolet radiation resulting from the detonation 
of an atomic bomb are considered. The available data1 show that this type 
of radiation is :small when the ball of fire has a temperature of about 
50000g. Below 5000°K, the amount of ultraviolet radiation decreases very 
rapidly, approaching zero at about 400009. As has 

B" 
en pointed out, very 

little compound formation is possible above 5OOOoK. Hence, the ultraviolet 
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- 
pouuds which are considered to be possible species. 

No attempt has been made to evaluate the %alence inductivity" effect 
reported w Selwpodl4 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 
basic and acidic oxides should be considered. In many cases (selenites, 
tellurites, gerzanates, stannates, arsenites, antimonites, carbonates, ni- 

trates, silicates, phosphates, sulfites, sulfates, molybdates, and in some 
cases even ferrates and uranates) the formation of such compounds is thermo- 
dynamically possible. 

QJCLASSIFIED ----_-_--- 
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The factors affecting the formal&m 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 formatfon of the compounds; and in many cases the 
presence or absence of appreciable amounts of water. Many of these factors 
are either not known at present or are not sufficiently well known to be 
useM. in predfcting 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 cases9 it is thought that there is 
the posaibility of incomplete oxidation owing to entrapment of minor ele- 
ments in larger :pticles of major constituents. This effect is considered 
to be a minor on3. 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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Atomic No. 

1 Hydrogen 

6 Carbon 

7 Nitrogen 

8 Oxrgen 
l-4 silicon 

15 Phosphorus 
16 sulfur 

24 Chromium 

25 Manganese 

26 II-on 

28 Nickel 

29 Copper 
30 zinc 
31 Gallium 

32 Germanium 

33 Arsenic 

34 Selenium 

35 Bromine 

36 Krypton 

37 Rubidium 

38 Strontium 

UNCLASSIFIED ------- ----- 

TABLE1 

Estimated Predominant Suecies 
(Expected lesser species In 

parentheses) 

Hz0 

CO2 

N2" 
02# 
ST02 or Silicates 

P2O5 or Phosphates 
SO2(SO3) or Sulfites (Sulfates) 

cr203 

rn304 
Fe304 (Fe2031 
NiO 

CllO 
ZnO 

Ga203 
Ge02 

As203 
Se02 

&c (I&, b2) 
Kr 
Rb02 (RbI, RbBr, RbOH, Rb2CO3) 

SrO (Sr(OH)2, SrCO3) 

* 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 5000c'C; the equilibrium concentrations are negligibly 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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DATAAlVDIBFF3ENCES 

The thermodynamic data699 indicate that the only possible species 
is H20. 

The thermodynamic data6s8,9 
tant species. 

indicate that CO2 is the only impor- 
CO is thermally the most stable of the carbon compounds 

and it i8 oxidiaed to CO2 at lower temperatures.9 

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 %ffects of Atomic 
Weapon& indicate that there is a large quantiy of HO formed be- 
tween 2000% and 5000°iS, but this amount would be rapi dYI y decomposed 
as the temperature dropped below 2000°K. 

The f,ormation 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 
I!0 

P 
and 80 are decreasing dru, to decomposition and diffusion and the 

ra e of reaction is probably quite slow, the probability of nitrates 
and nitrite8 being present a8 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 ailiccn, SiO 8nd Si02.7*10911 913 
SiO is only obrtained w drastic reduction of Si02.7911 SiO is very 
stable and is the usual oxidation product of the element. 721 Y 3 

The data of Brewer, Bromley, Gillea and Lofgren7r8 indicate that 
the nitride should no$ be present to an aweciable extent, 

Th8 th8rIBodynamiC data7,17,20,21 indicate that the bromide8 and 
iodide8 should not ocuur to more than one percent* of the silicon. 

There is a very good possibility 
extent is thought to be unpredictable. 

of silicate formation, but the 

* The phrase "should not occur to more than one percent” used here and 
with slightly different wording snb8equently 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 SiO2 with one or more basic oxides is difficult to deftie. 
Suffice it to isay then that the final resulting species is considered 
to be SiO2 either in solid solution with otner oxides or actually com- 
bined with bas:ic oxides to form silicates. 

P Phosphorus has three known oxides, P2O3, P2O4 and P 05.10911913 
In excess air, the lower oxides are oxidized to P2O5. 10,21,13 
only produced 'by heating P2O3 in a limited amount of air.11913 

P2O4 is 
P2O3 

is oxidized to P 05 in excess air even at 5O-60OC.13 P2O5 is stable 
even at 17OOoK, 13 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 P2O5 would give phosphates. This neutralization might be limited 
in extent, as far as materials resulting from the detonation are con- 
cerned, by volatility of P2Og (sublimes at 347oCl9), which could bring 
about a physical separation from many of the basic oxides. However, 
phosphoric aci.d would be formed in the presence of moisture, and neu- 
tralization lq other basic compounds is possible. 

The thermodynamic data 6312 indicate that the nitride, P3N5, 
should not be present to an appreciable extent. 

The thermodynamic data6,12,17,20,21 also iudicate that the bro- 
mides and iodide8 should not be present to an appreciable extent. 

s The only important oxides of sulfur are SO, SO2 and SO3.6,10,11,13 
The others need not be considered here since these are the only ones 
which are obtained w oxidation in air.10,11913 SO 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 SO2 on cooling to tempera- 
tures of about 3OOOo-40000C. 
air,lO,ll,l3 alth 

SO2 is the usual product of oxidation in 
ough SO3 is the thermodynamically more stable at room 

temperature. 6,36 However, at temperatures (below 1000°K) at which SO 
is more stable than SOS, the rate of oxidation is rather slow.10~11~1 3 

The rate is speeded up by surface catalysts such as Fq03.10,11,13 It 
is thought that a mixture of the two oxides would result in the case 
under consideration with SO2 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 
SO2 formation. 

SO2 and SO3 might very well react with some of the basic oxides 
to give sulfites and sulfates, especially in the presence of water. 

UNCLASSIFIED ____________ 
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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.13 

The thermodynamic data6,17,20,21 indicate that the bromides and 
iodides should not be formed to an appreciable extent. 

Cr 
CrO3. ;T here are three well known oxides of chromium, CrO, Cr203 and 

97910J1913 CrO i s easily oxidized to Cr203 in air13 and may 
only be a solid solution of metal and Cr203.7 Cr203 is uite 
stable,697 and is the usual oxidation product in air. 
decomposed at about 5400K,7 

10,~1,13 CrO3 is 

is Cr*03.7 
and about 70009 the decomposition product 

The intermediate product may be a solid solution. 

The nitride, CrN, decomposes at about 177OOK. The thermodynamic 
data69798 indicate that it should not be formed to an appreciable 
extent. 

The thermodynamic data 6 7 17,*0,*1 9 9 indicate that the bromides and 
iodides should not occur to an appreciable extent. 

!D There are four known stable oxides of manganese, bh0, Mn304, 
Mn2O3 and MnO2. 7,10,11,13 &lo can be readily oxidized to the other 
oxides in various temperature ranges. 7,10,11,13 At room temperature, 
MnO goes to blnO2 in air, if the oxide is finely divided,13 but no evi- 
dence is available on similar reactions for the higher oxides. MnO2 
decomposes ,to k2O3 at about 5350C.19 Mn2O3 decomposes to Mn304 at 
108ooc.15,1'3 Mn304 does not seem to oxidize further on cooling. 
Hence, Mn30.4 is considered to be the probable resulting species. 

The thermodynamic data 6,7,S indicate that the nitrides should not 
be present to an appreciable extent. 

The bromides and iodides are indicated by the thermodynamic 
data6,7,17,*0,*1 not to be present to more than one percent of the 
manganese. 

Fe There are three known stable oxides of iron, FeO, Fe304 and 
Fe203.7,10,11,13 Th e equilibria among these is discussed by Darken 
and Gu,rry.4,7,48 At 14OOOC there is a free energy of -54,500 Cd for 
the reaction of 2Fe 04:+@2+3Fe203 as written.I$ Fe0 fS easily OXi- 
dized7,10,1.1,13,47,28 and i s not thought to be a possible species, 
The thermodynamic data6,7,47# indicate that Fe203 should be the 

UNCLASSIFIED -----W---B-- 



EECLASSIFI ED ---__-__ -- 

major resulting species ff equilibrium is approached 
However, the composition is dependent on the partial 

15. 

below 15oooK. 
pressure of oxy- 

gen and the cooling time. Latimer and Hildebrand state that the rate 
of oxidation of Fe304 to -Fe203 is slow.ll 

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

The bromides and iodides are not thought to be present to an 
appreciable extent according to the thermodynamic data,6,7,17,20,21 
but also me 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 Fe304 should be the main species, but 
smaller amounts of Fe203 are possible. 

U The only oxide of nickel known as a single pure phase is Ni0.7 
Others which vary in composition from NiO to H202 are claimed,ll&3 
but are usually prepared in solution11 or as surface films.14 
Ephrai& claims that NJ1304 gives off oxygen to form NiO at about 
24oOc’ 0 0nl.y Ii0 is preparable from the elements.7,11&3 

No stable nitride of nickel is kn0wx-1.~ Therefore, it is not con- 
sidered to be a possible species. 

The thermodynamic data 6 7 17,20,21 9 9 indicate that the bromides and 
iodides should not be present to an appreciable extent. 

cu Copper has two known stable oxides, Cu 0 and Cu0.10~11~13 When 
oxidized in air, the usual product is CuO,l a ,11,13 which decomposes to 
Cu20 and oxygen, on heating to about 1026% in air.l5&9 However 9 on 
cooling, C1120 is oxidized back to CuO. 

The nitrides of copper are metastableb$ and are not considered 
to be possible species. 

The diiodide is not a possible species, since it is not stable.17 
The dibromide is indicated by the thermodynamic data6,7,17,20,21 to be 
a possible species. The monobromide and monoiodide are, ibo, poSSi- 

ble. Thermodynamic considerations6,7,17,20?1 show that altogether 
they should not be present to more than one percent of the copper. 

zn Zfnc is readily oxidized in air to ZnO, the only known oxide.lo,u 

Zinc nitride, Zn3N2, is metastableS and hence is not considered 
to be a possible species. 

UNCLASSIFIED ---------.--- 
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The data of BrewerlT$O indicate that with concentration con- 
siderations the bromides and iodide8 are not possible to more than one 
peroent of ihe total ainc present. 

metal 
Ga203 is the most stable oxide and the oxidation aroduot of the 

in air. 6,10&l GaoO is known. but is unstable ;ith respect to 
Ga2O3 and gallium metal.11 

I 

The thermodynamic data6p8,12 lead to 
should not 1~ present to a greater extent 
tal amount of gallium. 

the conclusion that GaB 
than one percent of the to- 

The thermodynamic data 6917920 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 Ge are known; germanium and GeO are readily oxidized to 
Ge$ in air.l0,3&3 

The nitride, Ge3R4, is metastable and, hence, should not occur. 

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

Rough equilibria data 6 17,20,22 9 indicate that the bromides or 
iodide8 should not be present to a greater extent than one percent of 
the germsninm. 

As203 and As205 are the two known oxides of arsenic.1°,11,13 Al- 
though As205 is thermodynamically st ble at room temperature, it 
decomposes to As203 and @ at 588Sr. f 9 Ehen the element is burnt in 
air, fairly pure As203 results .l”P 

The nitride, Ad!, has a heat of formati n of between + 7 and + 35 
kiloealoriets per mole. 6918 It is not stable 8 and is not considered to 
be a possible species. 

As20 is not thermodynamically stable above 588og; thus, combi- 
nation ui h other oxides is probably slow owing to the low tempera- 2 
tures required. As203 is quite volatile (sublimes at 193OC) and, 
hence, might be physically separated from other oxides. lost arse- 
nites (particularly those of iron) decompose at low temperatures. 
Therefore, the probability of srsenite 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 is difficult to predict. 

UECLASSIFIED --11------1- 
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The bromides and iodides should 
percent Of the arS8niC.6,17,20,21 
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not b8 pr8S8nt to more than one 

se Se02 iz3 the only known oxide of se enium which is thermodynami- 
cally stable under ordinary conditions. B ~1~911913 

Selenium nitride, SeAlVA, explodes at 200o~,1549 and hence is not 
thought to be a possible species. 

g818nites of heavy metals decompose at rather low t8mp8ratur8S16 
and, While 'those of th8 alkali and alkaline earth metals are possible, 
it is felt that concentration considerations preclude the possibility 
of their formation to an appreciable extent. 

The th8rmodynamic data 6 17~~~ 9 indicate that less than one percent 
of the sela1ium 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 

2 
e not 

stable at temperatures at which the corresponding oxidies are. ,7,*?7 
It is also felt that much of the bromide formation would be prevented 
by the Etch larger concentration of 02 (and h8nC8 the oxide would b8 
formed in many cases in preference to the bromide). F'urthermore, all 
oxides of bromine are unstable at ordinary temperatures.6~10~ll 

It appaars 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 quit8 likely that a small portion will not react in 
this manner and ati1 cool out Fn the elementary state. In this con- 
nection, it should be pointed out that IBr is thermodynamically more 
stable than either m or 12. I7 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 
gg20,6,17 it is thought that much of the halide formed would be decom- 
posed by light and gamma radiation. 

. It is felt that addition compounds of the typ8 MOBr (where M 
stands for any divalent metal) or any other oxybtiide are either too 
unstable to: b8 significant, lo or the rate of formation iS too Slow t0 
form an anreciable amount.35 

Krypton, because of its lack of chemical reactivityl0&1,24 is 
concluded to b8 in the element& State. 

UNCLASSIFIED _-_--------- 
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Rubidium vesents one of the more complicated cases considered in 
this discussion thus far. 
Rb20,R 0 

b8 ff 

There are four known oxides of rubidium, 

ides.T,l , 
Rb203, Rb02 (Rb204), as well as possible subox- 

.$3 The suboxides are only prepared under conditions that 
are not pose.ible in the situation under consideration.11 RI@& has 

by treating liquid ammonia solutions of the metal 
Since RbO2 is the product obtained by ignition in 
felt that it would be the chief product in the case 

The alkali metals have a 
F 
eater 

higher oxides with increasing atomic number; 
tendency to form 

3 hence, in rubidium the 
~~&de~~;s very great. In excess oxygen, it should readily oxidize 

. 

Rb 

Rubidium nitride, Rb3N, is decomposed.above 68WK,S and hence 
should not be a possible species. 

RbO2 decomposes at rather low temperatures,7 as do the other ox- 
ides of rubidium,7,15,19$3 w ereas h 
stable at high temperatures 

the bromide and iodide are quite 
2o (above 3000°K)c This leads to the con- 

clusion that the bromide and iodide should be important species in the 
case 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.22 Since there is enough halogen to 
react with only about one-half the alkali metals,22 the latter will 
also form their oxides. 

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

and CO2 are usually present in 
comprises about one percent of 
order of O-03 - 0.05 percent.11 

These amounts are such that the formation of hydroxides and 
carbonates are thermodynamically possible 6:7,12,52 at temperatures of 
the order of 1000°K and bicarbonates at about 4OOoK. However, it 
should be pointed out that the rates of reaction to produce these COD- 
pounds are not well known. Also, high temperature forms of oxides 
which are very unreactive (e.g., 
numerous.13 

"dead burnt" CaO and MgO) are quite 

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. 

Sr Strontium is known to have only two oxides in the 
and Sro;!.l",ll&3 Sr02 is only prepared under high 02 
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decomposes at ~$88~ to s&7 Hence, it is not a possible species. 

x 

Strontium nitr de, 
is stable t.a air.79 8 

SrgN2, decomposes at temperatures at which SrO 
Consequently, it is thought that the nitride 

would not be present to greater than one percent of the strontium. 

The data of Brewer7,17,2°,21 h s ows 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 Y203.1°~u,37 

Rough equilibrium calculations from the data of Brewer798 indi- 
cate that the nitride, YN, should not be present to the extent of one 
percent of the yttrium, if conditions approach equilibrium a t mpera- 
tures at which Y and Y2O3 are condensed phases (2500°E). 18 $1 $3 9 9 9 In 
addition, calculations show t at the oxide is stable at temperatures 

78 at which YN is dissociated. I 

Similar calculations for the bromides and iodides7,17,20,21 indi- 
cate that they should not be possible to more than one percent of the I 

yttrium. 

zz ZrO2 is the only known 

The possibility of &IV 

oxide of airconium.7,10,13 

discussion in this report. 
formation is covered in the preliminary 
In addition, the thermodynamic 

data7,S921,123 indicate that, if equilibrium is approached at 25OOoK, 
no appreciable amount of ZrE is present. 

The thermodynamic data 7 17,2°,21,23 indicate that, if equilibrium 9 
is approached at 2OOOOg, the bromides and iodides should not be present 
to an appreciable extent., 

Niobium has three stable oxides, NbO, NbO2 and Nb20 .7,1°,a 
Nb203 is doubtful7 and, if preparable, is relatively uns z able compared 
to the other oxides. Ignition in air of the metal or of any of the 
lower oxides gives Nb20 

4 
.24 Brewer's data7 indicate that Nb20 is 

stable above 15OOoP. ri? N abates are considered possible, but o y to a 
very minor extent. 

NbN, the nitride, should not be present to extent 
kom the indications of the thermodynamic data. 

7q sypreciable 
Y Y 

UNCLASSIFIED W-W- ________ 
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The iodide is known to react with atmospheric oxygen to form 
Nb205,24 and hence is not a possible species. The bromide is also 
thought to be unstable at high temperature in air with respect to 
I%205 and bromine. 

luI0 Moo2 end MOO 
P 
are the two known stable oxides of molybdenum.7,10 

Mc203 has been c aimed by two groups of investigators and later 
denied by one of them. 
!~!02O3.~ 

Another group failed to find evidence of 
The thermodynamic data indicate that of the two, Moo3 is the 

more stable up to a temperature of about 20000K.6,7 Moo2 is oxidized 
to MO03 

b4 
the oxygen of the air at temperatures below about 

15000K.6~ :124 

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

Th 
8 
niitride, Mo2N,, is not very stable and should decompose near 

1000og. Hence, it 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. 

ZG Technetium presents a rather unique problem inasmuch as its basic 
chemistry has not been studied to an extent that would give much indi- 
cation of its 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 behavfor.25?26,27,28 

Reviews on rhenium24929 indicate that it has a very wide variety 
of valence states, but the heptavalent state is the most stable. 

Wo groups of workers30933p34 indicate the existence of Tc2S7 as 
a normal sulfide precipitate in acid solution. Inghram,Hess and 
Hayden31 state that for some mass spectrometer work they received a 
sample of KH4TcO4 and obtained peaks corresponding to TcO+, TcO 

8 
+, 

and Tc03+in the work, Fried32 indicates the existence of m4Tc 4. 
In later work34 it was shown that a hexavalent state of technetium 
exists and that Tc04' is not as easily reduced as MnO -. 

$ 
In the 

latter experiment, no compound analogous to MnO2 was iscovered on 
reduction. The indications of the work mentioned above are that the 
oxides of technetium are possibly TcO, Tc304, Tc203, TcO2 and Tc207 
with TcO, TcO3 and Tc207 most probable. The latest work, that of 
Fried and Eal1,49 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 
this needs verification. P 

in the case under discussion, although 
echnetates may also be possible species. 

UNCLASSIFIED ------------ 
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it is 
Bo work has been done with the nitrides, bromides or iodides, but 
thought that, as with manganese, they would not be as stable as 

the oxides under the considered conditions. 

Bh 

Ruthenium has three well-defined oxides Ru 03. RuO2 and 
RuO~.~O,~~ RuO d 068 not appear to exist. 
heating the finely divided metal in 

lO.il 2% hO2 is obtained on 
air. 

compose to RuO2 at about lOOaC, I",13,19 
10$1$4 Ru04 appears to de- 

is the most probable oxide and, 
The conclusion is that Ru02 

since the metal is readily oxidized in 
air, the most probable species. However, Ru2O3 is also possible.13 

Bo nitride of ruthenium is known and hence is not considered to 
be a possible species.8913 

The bromides and iodide8 are rather 
ing to Brewer98 data,20:21 should not be 
extent. 

easily decomposed and, accord- 
present to an appreciable 

des of rhodium are known, Rh20, Rho, Rh203, Rho and 
and Rho2 are readily decomposed by heat1 8 ,15,19,24 
to be possible species. Assuming reasonable 

entr pies, 
8 

as in the method of Brewer,7917923 the thermodynamic 
data 912 indicate that Rh2O3 is 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 Mello&) for the three oxides, 
Rh2O3 at Xtl3OC. 

Rh20 at ll27OC, Rho at 1121'8 and 
Mellor also atatea that Rh2O3 is the product of oxi- 

dation in air of the finely divided metal between 600°C and 1000°C. 
It would appear that Rh2O3 should result almost entirely if the cool- 
ing rate in the signiPicant temperature range (i.elp 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 ffnely divided state expected it should be oxidized. 

As in the case of ruthenium, 
considered possible. 

the nitride is not known8,13 and is 
not 

The bromides and iodide8 are rather easily decomposed10r17,20,21 
and are not thought to be present to an appreciable extent. 

The only stable oxides of palladium are PdO and Pd02.1°~11~24 
PdO2 is not very stable and decomposes to the monoxide on heating to 
about 200s~. PdO2 has never been formed by heating the metal in 
air.l" Various claims for the existence of Pd20 have been disproven 
by showing that the product was a mixture of PdO and the metal.lO 

PA 
cu 
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The nitride is not known8913 and is not considered to be a possi- 
species- 

and 
The bromides and iodides are rather easily decomposed1°~17,20?l 
are not thought to be present to an appreciable extent. 

There is a very good possibility that the metal itself occur_s, 
because of the relatively small thermodynamic stability of PdO.c&2 
However, in the very finely divided state expected, it is thought that 
PdO would be 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. 

&i Two oxides of silver are known, Ag20 and Ag 02. 
very stable and decomposes a little above 100°C. z 5,19 

Ag202 is not 
Ag20 is also 

rather unstable and does not become thermodynamically feasible6112 
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.13 

Silver nitride, AgN3, explodes 15 and is thought to be an aaide 
not preparable from the elements and hence is not a possible species. 
No stable nitride is kn0wn.S 

The bromide and iodide of silver are stable17,*0,21 and are defi- 
nitely possible species? However, they are photosensitivelO,ll,13 as 
is Ag20. It 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. 

Cd Cd0 is the only known oxide of cadmium, It is readily obtained 
by oxidizing the metal in airc11t13 

As with zinc, cadmium nitride is metastableS 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& 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. 

UNCLASSIFIED ____________ 
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In There are three known oxides of indium, InO, In203 and 
In304.1°,17& In0 is readily oxidized to In203 in air.lo&l In20 
is the product in air oxidation at temperatures up to 850°C.10,24 lt 
temperaturcts above 850° the product is In3O4, which is analogous to 
Fe304.10&s24 No inf ormation on the rate of transformation from 
In304 to In203 on cooling could be found. 

The nitride, InN, is metastable8 
possible species. 

and is not considered to be a 

The thermodynamic data6t17,20,21 indicate that the bromides and 
iodide8 should not be present to more than one percent of the indium. 

Our conclusion is that a mixture 
with In304 predominating. 

of In203 and In304 should result 

2?4 Only two oxides of tin are known, SnO and SnO;!.10,11,13 SnO2 is 
the usual product of the oxidation in air.l0,11,13 SnO bnrns when 
heated in air. lO9l-l SnO2 is stable below 1400°K.15,19 

Stannrstes may be possible, but it is thought that 
be important. 

Bo stable nitride of tin is known8 and, hence, it 
sidered to be a possible species. 

they should not 

is not con- 

The thermodynamic data 6 17,20,21 9 indicate that the bromides and 
iodides should not be present to'an appreciable extent. 

sb There ar three known stable oxides of antimo 
Sb20$",11,13 S&O5 loses oxygen at about 4OOoC 1 "v 

SbO3, Sb204 and 
i19 to form S&O4 

which in turn loses 
which'is very &able.3 

xygen at about 1000°C,l~~l~ to form Sb203, 
8 Latimer and Hildebrandll state the ignition 

products of the element in air to be Sk03 with some Sb204. 

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. 

No stable nitride of antimony is known. 8 Therefore, a nitride is 
not consid.ered to be a possible species. 

The thermodynamic data6,12,17,20,21 indicate that the bromides 
and iodides should not be present to an appreciable extent. 

UNCLASSIFIED __-_----__-- 
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The conclusion is that the resulting species will be a mixture of 
3903 and a smaller amount of Sb204* 

There are three known oxides of tellurium, TeO, TeO2 and 
TeOg.lO,ll& Te and TeO are easily oxidized in air to Te02.1C9% 
Te03 readil:? decomposes on heating to TeO2 and oxygen.10,13,% 

The nitride, Tegl 
8 &i 

is probably endothermic, but in any case would 
not be very stable. s not considered to be a possible species. 

Tellmites are even less stable than selenite& and are not ex- 
pected to an appreciable extent (cf. selenium). 

The thermodynamic data 6 17~~~ 9 indicate that the bromides and 
iodides should not occur to an appreciable extent. 

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

Iodine does have one thermodynamically stable oxide, 1205, 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 bromides6,12,20 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.1°,11,24 

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

Two stable oxides of barium are known, BaO and Ba02.6~7~10~11~13 
Ba20 is also known as is BaO2.13 Ba20 is doubtful and, if it exists, 
is easily oxidized to BaO or to BaO2.13 Ba04 decomposes at rather low 
temperatures to Ba02. 13 BaO 

8 
decomposes to BaO at about 700°c in 

air.7913 &LO is very stable 9 7 and is considered to be the most 
probable species. 

Bari=\ nitride, Ba3N2, decomposes at about l27OoX.8 
dynamic data 6 7 8 9 1 indicate that it should not be present 
preciable extent. 

The thermo- 
to an ap- 

QNCLASSIFIED ---------- 



UN __ 

The thermodynamic 

25. 

CLASSIFIED --- ----- _- 

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

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

La203 is the nl knowu oxide of lanthanum.l0,11,24,37 ‘The 
thermodynamic datag,?8,23 indicate that the nitride, LaN, should not 
be present to more than one percent of the lanthanum. 

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, Ce 0 
ignition 

8 
roduct of cerium is CeOZ.1 sJ4 

and Ce%.7,10,24,37 The usual 
, ,37 

to CeO2.1 924937 
Ce203 is easily oxidized 

Hence, CeO2 is considered to be the most probable 
species. 

The nitride, CeN, is indicated by the thermodynamic data6,7@p23 
not to be present to more than one percent of the cerium. 

Similarly, the data 9 9 6 7 17920921923 indicate that the bromides and 
iodides should not be present to more than one percent of the cerium. 

Two well-defined oxides of praseodymium are known, R2O3 and 
RO;!.lO,%,,37 In addition to these, the most common oduct of oxi- 
dation in a;ir is usually formulated as R&l, 10,%,3+%lthough this 
is possibly a solid solution of R20 

4 
and RO2. The decomposition of 

R6Ol-l to R2O3 occurs above 1OOOoK. ,37,3S The oxide takes up 02 at 
room temperature if oxidized slightly above R2O3.fl 

No data are available on the nitride, although it is thought that 
its stability should be s i htl less than that of the cerium nitride. 

0 1 If that is true, the data , 4, 3 indicate that the nitride should not 
be present to more than one percent of the praseodyminm. 

. The thermodynamic data 6 7 17,20,21 9 9 indicate that the bromides and 
iodidea should not be present to more than one percent of the Waseo- 
dymium. Asprey and Cunningham's data38 indicate RgOll as the major 
species. 

The only known oxide of neodymium is Nd203.7,1°,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. 

UNCLASSIFIED ------------ 
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aat&97917,20921 indicate that the bromides and 
iodides should not be present to more than one percent of the neodym- 
ium. 

, 

pm There is very little information available on prometheum. How- 
ever9 it is thought that the similarity of the rare earths13924 gives 
a good basis for estimating that the product would be Pm2O3, since 
the sesquioxide is the expected species for neodymium and samarium, 
(cf. neodymium and samarium) the neighboring elements, 

&!! Sm203 is the only known oxide of samarium. The metal is easily 
oxidized in air, as are the other rare earth elements.7,10,13,%,37 

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

The thermodynamic data 7 17920921 9 indicate that the bromides and 
iodides should not be present to more than one percent of the samarium. 

Bz The only known oxide of europium is Et~O3.~~9~39~39~4 

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 7 17,2C921 9 indicate that the bromides and 
iodides should not be present to more than one percent of the europinm. 

Gd The only known oxide of gadolinium is Gd203.1°913923924 

No data are available on the nitride9 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 7 17920921 9 indicate that the bromides and 
iodides should not be present to more than one percent of the gado- 
1initZIl. 

1 There are four known oxides of uranium, UO, UOz9 U3C8 and 
uo .7,10911937939 
& 

Th 8 usual product of ignition in air is 

U3 .10,37,39 UO and UO2 are easily oxidized in air,7923937939940 
U308 decomposes to UO 
tween 8000 and 90009. 3 9 

at about 2000°K.23940 U03 decomposes to u308 be- 
From these facts, U308 is considered to b 

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 according to the thermodynamic data.6,7,8,13 

The thernlodynamic data 6,7$&,23,39,5° indicate that the bro- 
mides and iodides should not be present to an appreciable extent. 

Our conclnsion is that the most important species for uranium 
should be U3C8 with a much smaller amount of UO3 being possible. 

&2 Two oxides of neptunium are known, MpO2 and Mp305.37&~@,43 
Mp205 is also claimed.43 Oxides higher than MpO2 are prepared with 
difficulty.37&3 MpoZ is the product of ignition in air of the ele- 
ment under ordinary co.nditions.37,~,~,43 

MO data are available on the nitrides, but by analogy writh 
urani&3939 no nitride is thought to be present to more than one per- 
cent of the neptunium. 

The data of Brewer, Bromley, Gilles and Lofgrenu indicate that 
the bromide and fodide should not be present to more than one percent 
of the neptunknn. 

pn Plutonium has only one known stable oxide, P'~O2.3~94394594~ 
Pu2O3 has been prepared, but only with great diffic6Lty.a s 

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

The data availableA5& also indicate that the bromides and io- 
dides should not be important species, Considerations of relative 
concentzations indicate that they are not possible to any appreciable 
extent, 

CONCLUSION 

The foregoing estimates 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 N2; silver remains 
predominantly as the metal, and the halogens exist mainly as the halides. 

It should be pofited out that no consideration has been given in the 
foregoing report to the nuclear 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 
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nuclides. However, it seems very probable 
important one. 

IED B-W 

that the effect would be a very 

To ill strate the point in question, let us consider the reaction 
Rb890+S 02,) $9 The daughter atoms are not produced in sufficient quanti- 
ties at high temperatures to allow 
s&02. 

si nificant thermal decomposition of 
That is, the majority of S# 4 atoms are produced by radioactive 

decay from Rbs9 and should occur as Sr@O2, not as Sr890, as would be esti- 
mated if the S@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 probabie that the disintegration 
will have a marked effect on the structure. This problem has not yet been 
fnvestigated sufficiently for a definite prediction of the effects. 

Further complications a e introduced when a chain of radioactive decays 
is followed, e.g,, Rb97,Sr~7~JP7~2r97,Nb97~Mo97. Obviously the 
concentration of a final chemical species of Boo97 (even without consdering 
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 is not possible for us to say that all of an element will 
occur in a predicted species or group of species, since part of an element 
present at any time may be the result of radioactive decay of another or 
several other elements. 

Approved by: dJfJQ+& 
Scientific Director 
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