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HENRY'S LAW CONSTANTS FOR DISSOIXJTION OF FISSION
PRODUCTS IN A SILICATE FALLOUT PARTICLE MATRIX
by
J. H. Norman

General Atomic Report GA-7058

SUMMARY

activated elements are estimated for the system: dilute element, 1 atm

Henry's Law constants for fission product elements and important

oxygen pressure, and liquid silicate solvent. A lower oxygen pressure
limit for use of these values is also presented. These constants may

be used to calculate solubility of fission products in fallout as a function
of temperature. In conjuncticn with diffusivities, half-lives, yields,
and detonation parameters, tnese constants can be used to calculate
fractionation effects in fallout. A simple estimating scheme is given for

describing fission-product distribution and fractionation in fallout. L \ N
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INTRODUC TION

In order to descrihbe fractionation of fission products in fallout,
Mlller“) presented a phenomenological model dencribing the high tempera-
ture processes occuring during fallout formation. His model is based on
the dissolution of gascous fission-praduct oxides in the fallout particle
matrix, Dissolution of volatile fission products from the gas phase into
fallout particles is not generally as efficient a process as dissolution of
a lass volatile fission product. The efficiency difference is bolieved to
be the cauge of fractionation of fission products in fallout. Miller has
employed ideal sclution behavior for estimating the efficiency of dissolution
(solubility) of gaseous fission products in fallout at a given temperature.

He states, however, that employing Henry's Law conatants (s thermo-
dynamic reprosentation of non-ideal solution behnvio'r) would be preferable
to using ideal solution behavior. His cholce of ideal solution behavior
was based on lack of information concerning non-ideal solution behavior,
 Studies performed at General Atormnic have been concetued with
measuring the non-ideality of solutions of fisslon product oxides in a
sillcate matrix. Although these studies ure not extensive enough at this
1in @ so that a complete experimental description of non.ideal behavior
can be prosentecd, enough has buen learned so that a valuable Interim
ostimation can be made. While this ostimation, generally, can be con.
sidored only an order of magnitude-type description of solubility, it is
belicved that such a presentation represcnts a significant contribution to
the deacription of the formation of silicate-type fallout. For these \
roasonsd, the thormodynamic tables representing the dissolution of fission

products (and activated products) in a silicate .type matrix are presonted.
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BASIS FOR_THE THERMODYNAMIC TABLES

The thermodynamic tables developcd in this study to apply to fallout
formation are derived from selected oxide vaporization thermodynarmics
and General Atomic's experimental CaO-Al,03-510, fission-product
absorption data. (2,3) Where oxide vaporization data were used, they
were corrected for silicate interaction and oxide fusion, using data when
they were available or by estimating necessary values. These two correc-
tion terms represent the philosophy adopted in attempting to estimute
solution non-ideality in silicate systemas.

In these tables the simplicity of the equations represunting the
Henry's Law constants is apparent, This simplicity is not only possible
but would seem to be mandeiary.  Where uncertainties exist as great ae
must occur when applying oxide thermodynamice to silicate noluti'onn.
using reasonable correction terms, there is no necessity to present more
complex equations. In fact, use of a heat capacity correction to these
data generally is ignored in this presentation,

The ground rules employed for determining the values in these
tables are listed as followl: ,

1. The system, condensed stato=—near atmospheric pressure
oxygen=very dilute gasveous fission product (oxide), was chosen. The
fission product was assumed to be so dilute that only one flssion-product
atom per guseous molecule (or per dissolved ion) was considared possible.
This assumption might be in error for Tc, As, and Sb, which form pelymeric
gaseous specien very readily, but otherwise should be adequate.

2, Where appropriate, the dissolution process was considered to be
pure liquid fisslon-product silicate in the molten silicate fallout particles.
This solution process was considered to be ideal. In cases where liquid
fissionproduct silicate was believed to be unstable, pure liquid fission.
product oxide or liquid fission product was aswsumed to form an ideal

solution with the silicate,
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3. The valence of the condensed fission product, except in a few
instances, was considered to be the same as for the oxide, which exists
at 1500°C and 1 atm oxygen., Some problems were encountered, particu-
larly in cases where oxides were unsatable under this condition, i.e., Ag(l),
Pd(1), and I(g). Exceptions were handled as indicated in the description

of the behavior of individual fission products,

4, Often, no sil.cate thermodynamic data were availabe for the
fission product clements. In this cuse, thermodynamics had to be ¢sti-
5 mated for silicate formation, which was done by using calculated general
values for the reaction O™(0) + SiO3(f) - Si03(t). Silicate formation was
then considered to occur by reacting oxide ions from the molten fission
X product oxido with 810,(¢).

Modification of the simple behavior was believed necessary, in many
canes, in order to describe the different degrees of availability of the oxide
ions in fispion product oxide melts. Modification used in this report took
soveral forme: some of the molten oxides were assumed to completely
loniue and thus agree with the simple thermodynamic model; others were
assumed to only partially ionize, freeing only a fraction of their oxides |
for reaction; others wereo assumed to have appreciable energy of assoc.a- '
tion of tho oxide ions with the metal ions that had to be overcome; and

others wore assumed not to dissociate.

85, Hydroxides and other apecies not classified as oxides, which ,
may be important vapor species during fallout formation, have been
ignored, An oxtension of Table 1 might include some of these specins.
Indced, tho problem of other specios may be very severe for many clemonta
and may groatly alter the behavior of these elements in fallout formation,

as suggosted by this study.
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6. Elements conaidered included
nuclear vielda and subsanuent decay
according to Crocker, (4) more than 1 atom per 10,000 fisslons. Also
included in these tables are thermodynamic representations of somne

arbitrarily selected activation products.

7. Results have been presented i1 terms of atmospheres of flasion
product per gram fission product per gram silicate. This form rather than
& mole fraction form is used for simplicity and generally will result in a
. bias of no more than a factor of 2 in the vapor pressurs-~-well within the
uncertaintiel of the data. in these tables.

8. The sources of the thermodynamic data used in preparing these
tables were data from this la.bo_ntory(z' 3) and comparison of Millexz's(!)
Raoults Law constants with the Bedford and Jackson!®) volatilities of
fission product oxides. Where appropriate, other sources were also
employed. Sources used for a particular fission product are llsted in the
description of that flasion product.

The following sections describe the determination of the reportod
thermodynamics for gerie ral and wpecific systems for calculating the values

in these tables.

Developmaent of the Silicate Correction Term

As previously mentioned, the non-ideuality correction used in this
report for the dissolutior of oxides into silicutes was bused on the assump-
tion that dissolution of molten silicate (whore it is readily formed) into
the fullout particle matrix iw considered an ideal process (AF « RT In C).
Data describing formation of liquid silicates are meagoer; therefore, it
was necessary to construct a general situation and the following reactions

were considored;
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Reaction AF Ref.
CaO(s) + SiOz(s) o CaSiOa(s) -19,900 . 0.8 T 6)

GaO(s) = CaO(l) 12,200 - 4,1°T (7,8
$10,(s) * 810,(1) 2,000 - 1,1 T  (9)
CaSi0,(s) = CaSiO (1) 13,400 - 7.5 T (6,8)

CaO(1) + Sioz(l) - CaSiO3(l) -20,700 - 3.1 T
or S=(1) + SiOz(l)-'f SiO;(l),
since liquid oxides and silicatea would appear to behave principally in an
lonic fashion,
In this report the above correction is written in tarms of & logarith.
mic equation;
C

siey -
10'0 c3 W45:0 +°|68|
o* ~si0,

Roplacing CaO with either Al30; or Bao(®) appears to give valuea similar
to CuO per oxide ion, sincoe the heats of formation of ‘tha barium and .
aluminum silicates from the oxides are similar to caleium silicate from
the oxide. The oxides Na,0 and MgO, (8:7) provide some deviation from
the above model; however, this formula will be used in this report. (The
eloments for which this correction is used in this presentution are in
general more similar to the Ca, Ba, or Al than Na or Mg,) However,
thuro doos woom to be a tandency toward less energetic silicate formation
as the alectropusitive character of a flesion product decreases, wo two
mothoda of dacreasing this silicate correction were appliad: (1) certain
polyvalent metals were aAllowed to form silicates with only a portion of
their oxide ions and (2) the silicate correction, where employed, wan
halved for motalas with filled or almost filled outer d electron shells. The
actual milicate correction is discussed for each element.

This approach is arbitrary, but it appearsto be inthe rightdirection

and because of lack of dalais nocessary inestimating the fallout behavior.
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Liquid Correction Tarm

Since, in the temperature range of interest, roughly 2500° to 1000°K,
most oxide thermodynamicsa are presented for a crystalline condensed state
and since the philosophy accepted here is that a liguid silicate (or oxide)
will dissolve ideally in the fallout particle matrix, it is necessary to con-
sider the thermodynamics of fusion. In the previous section, an outline
for correction due to liquid silicate formation from liquid oxides ia pre-
sented. To be consistent with this correction, it is necessary to use vapor-
ination thermodynamic values of the liquid oxidos; these are normally
svailable by converting sublimation the rmodynamics to vaporization thera.
modynamics, using the thermodynamics of fusion.

The thermodynamic'l of fusion of some fission.product oxides, how.
ever, have not been measured. To estimate fusion thermodynamic values,
Brewer(10) suggests using an entropy of fusion of 2.5 to 3.5 e.u, per ien
formed during melting. Selecting entropies of fusion from Wicka,”)
Kubaschewski, (1) and Kolley,(a) whera ths three compllations are in
reasonsble agreement and whare the oxides would be expected to be ionic,
one findas an entropy of melting of 2.5 +0.7 e.u./gram atom for fourteen
nelected oxides. Twenty.two oxides, both of ionic and non-ionic nature,
gave 2.2 #0,9 e.u./gram atom. This value of 2.5 e, u. per ion for highly
lonlc oxides and 2,2 e.u./gram atomn for other types was employed. The
scatter and small quantity of data on non-ionic types seemed to bo good
justification for not employing the non-ionic average separatoly. Values
so estimated were used only where there are insufficiont data.

Using measured or estimated fusion temperatures (occasionally, it
was necessary to estimate a fusion temperature for an oxide), enthalples
of fusion can be calculated from entropies of f: sion. The entropy and
enthalpy of fusion were then combined giviag the fusion correction in
Table 2. This fusion correction generally has a relatively small but

non-negligible influence onthe reported pressuro data,
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TABLE DESCRIPTION (TABLES 1 AND 2)

In Tanla 1, vannrization tharmodvnamica are reported for fission
products listed according to atomic number. The equation governing the
thermodynamicsa is presented in equilibrium constant form. For example,

1/2
1 P
°8 l:'C}oO O2 R
the silicate solution by decomposition to GeO(g), 1/2 O;, and O (£), the

/CGeO-' suggests that germanate ions are evaporated from

activity of O being set by the silicate system. The numerical equilibrium
constant expression (logarithm of the Henry's Law constant) follows thia
tarm. The next column gives the oxygen prossure below which another
known gusoous species of the finsion product in question is of similar

pressure to the sapecies dewcribed in the table when the pure oxide pressure

is 10'4 atm. If this does not occur between 1000° and 2000°K. then the 4o

value is calculated at the appropriate tamperature limit of these two tempera. .

tures. For a land surfuce detonation it would not appear that oxide species
other than thoae listed in the table are imposrtant.

The following three columns describe, respactively, the source of
the data used for the melting correction, the basis for the silicate cor.
rection, and the referencer usod in the vapor pressure estimation. The
silicate corroction basis ir given us, for inctance, full (2r0*2). This ,

means that dissolution of ZrOz(1) was taken as equivalent to diusolution |

of one O%(1) from CaQ(l). This was done assuming that ZrC>+z could be
considered the solute ion in the silicate,

Table 2 describes melting therriodynarics of the appropriate fission
product oxides. In succeeding columus, the oxide, its rnelting point, heat
of fusion, entropy of fusion, and a thermodynamic equation representing
the melting of one gram atom of the fiamion product element in oxide form
are given. The last column indicates rofarences for the data. Values in

parentheses have been estimated.

The data of Table | are presented graphically in Fig. 1 at 1 atm o,
pressure in order that a comparison of fission product volatilities might

readily be made,
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THERMODYNAMIC BEHAVIOR OF FISSION PRODUCT ELEMENTS

Gallium

accepted, but it seems apparent that Ga vaporization from Gaz03(s) must
be considerad as well, Coughlin's{!3) data on Gaz04(s) formation and
Hultgren'l“") Ga vaporization data were used for the gallium pressure
equation. Glawsner's(!5) melting thermodynamics and one-half the normaul
silicate correction were applied to these data to describe the behavior of

this clement in fallout formation.
Germanium

Bedord'a(5) representation of GeO vapor pressures over GeO;
and Glumer'n“s) GeO, melting_ thertﬁbdymmicl were used. These data
give n little lower vapor pressure than Miller's(l) representation. No
silicate correction was made as it is expected that silicates and germanates
will have about the same formation thermodynamics. Tle specizn GeO,(g)
may predominate ovar GoO(g) in one atmosphere of oxygen, This predomi.
nation factor, howuver, is likely tobe small, and without further data it
seems reasonable to consider GeO(g) us the only gaseous germaniur,

spocies important in fallout formation.
Arsenic

The Dedord(?) presentation was used to represent the vaporization
of AsO from AnyO4. Melting data on AsyO4(n) was taken from Glassner. (15)
The condonased species As3O4(s) was chosen as a compromise between
A3205 and Anp03,

An additional equation is also presented in which the disnociation
enorgy of AsO,(g) was taken as equal to twice the D AsO (actually
D,PO; « 2.2l D,PO, D, SO, = 2.20 D,8O, D,8e0, = 2,45 D,SeO, and
D, TeQ, v 2,75 DoTeO).“b) A standard entropy of the roaction
MO(g) +1/20, - MO,(g), according to Searcy(”) (-17.1 e.n.), wan accepted,
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Selenium

°]

Coughlin(u) gives the sublimation point of Se0O2 as 595 K and the heat

af sublimation at

-

his tawm
of melting of SeO,(s) is not available, it haa been arsumed to be equal to
the entropy of melting of TeO,, according to Glassner.(13) Kubaschewskifll)
suggests a melting temperature of 613°K.

At 2000°K and 1 atm O,, SeO and Se will be almost as important
gaseous species as SeO,, and at 1500°K and 1 atm 0,, 5e0, is 1000 times
more important than SeQ, according to Bedford.(s) Incorporation of Se inte
fallout particles should occur at very low temperatures, where 500,

strongly predominates. Thus, the data on SeO; alone would scem to

suffice for fallout formation calculations.
Lromine

An appropriate reaction to describe either bromine or iodine behavior
in fallout is not readily apparent. Certainly both of these elements form
volatile salts, and Miller(1) has chosen the volatility of the sodium halides
to deacribe these syatems. It is bolieved now, however, that diuplacement
of the uatomic halogen by oxygen would give a better description of the
volatilities, The suggested fallout reactiou is

1/2 810,(1) + X™ + 1/4 O, = 1/2 s-m';m + X(g)

Although X~ might be bound to silica, it will be assumed that this inter.
action j» negligible. In any case, data for evaluating this interaction are
meager.

Available thermodynamics for this reaction would, indeed, indicate
that both bromine and lodine behuve as extremely volatile elemeonts during
fallout formation, The oxidation of CaBrZ(l) to CaO(l) was taken to repre.
sent this systern, Wicks'(7) values for the hoats of formation of CaO and

CaBry wero used with CaBry(c) funion data. (18, 11) 7y silicate correction
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described earlier and the bromine dissociaton data from Stull and Sinke(le)

were usod.

Kruntan
L Typton

The boiling peint and the heat of vaporization of krypton were taken
from Stull and S.nke.(18) Volatility is obviously high in fallout formation
using the equation in Table 1, but the main question would be whether the
volatility is underesatimated wi*h these data. Thias question, however,
does not appear to be very important, since this element will be only

slightly condensed at wnorking temperatures.
Rubidium

The recommended equation for rubidium i3 a central value of our
experimentally measured rubidiumabsorption in CaQ. Al)-.S5i0 vamples. (3)
This value is several orders of magnitude below the expected Rb(g) pres-
sures over rubidium oxide. The variation may be attributed to non-ideality
of the silicate solution, and, since it is highly questionable whether Rb(g)
is the volatile species in our experiments, the rubidium oxide-silicate

system solutions may be more non-.ideal than these data would indicate.
Strontium

Tho basis for this estimation is the strontium oxide vaporization
studies made under an OCD contract. (2} The vapor pressures of strontium
oxide presunted in thisruport are in reasonable agreement with Bedford(?)
but are somowhat different from those presented by Miller. (1) A full
silicatn correction for OF from strontium oxide going to SlO§ was made,
um outlinod enrlior. Melting thermodynamics as given by Kubaschewski(l1)
waro used. His heat of fusion of 16.7 kcal/mole, however, seerns somo-
what high when compared with 12,2 and 13,8 kcal/mole, respectively, for
CaO and BaO, Kubaschowaki gives 19,0 keal/mole for the hoat of fusion
of CaO, inntond of thy 12,2 kcal/mole used in this report. If AHp of CaQ

T Y A T e A -
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is 19.0 kcal/mole, then 16.7 kcal/mole is reasonable for AH¢ of SrO.

This problem, however, cannot be considered a major difficulty.

Yetrinm

Bedford(®) and Millar(l) present data on YO vapor pressure which do ‘-
not differe appreciably; Miller's value is about an order of magnitude
higher than Bedford's value at 1800°K. Ackermann, Rauh, and Thorn(19)
give values which when extrapolated to 2000°K are about an order of mag-
nitude lower than Bedford's values. The values given by Ackermann have
been accepted here, and the values given by Wicks(?) for the melting tem-
perature and heat of fusion ot YZO3 have been uscd, although Schneider(20)

would indicate a higher melting temperature.
Zirconium

Zirconium dioxide vapor pressures given by Bedord(5) and Miller(1)
are close, but differ by about an order of magnitude. Although for zircon-
lum it probably makes little difference io fallout formation, Bedord's values
were used. In addition, Ackermann and Thorn(21) give values about an
order of magnitude higher than Bedford's and two orders of magnitude

higher than Miller's. Melting data used for ZrO;(s8) were those reported

by Kelley. (8) Since ZrO*t ions are kne vooone Jelt that it would be
reasoaable to consider the silicate co- . - .\ -~ ‘he basis of

ZrOz + SiOz -~ AT 5i03 .
Niobium

Experimental data for this element are essentially negligible. Vapor
pressures presented by Miller(!) and Beford(®) differ by quite a few orders
of magnitude. Using the estimations of NbO,(g) formation values given by
Brewer and Rosenblatt,(az) Nb;Og(c) data from Wicks {7) O data from Stull
and Sinke, (18) and Nb(g) data from Hultgren.(M) thermodynamic values for

the reaction
1/2 NbZOs(s):f NbOZ(g) +1/4 O2
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are very close to the values presented by Bedord;(S'\ therefore, his values
are accepted in lieu of experimental data. Melting data for Nb205(c) were
presented by Coughlin(”) and Wicks.(?) The silicate carraction wan apnliad

for the formation of an NbO*3 ion.

Molybdenum

Work performed at General Atomic has led to an estimation of the
volatility of molybdenum from silicate matrices.(®) The estimate for
Ca0-Al303-5i03 vutectic would appear to be somewhat high for fallout con-
siderations because calculations show that polymeric gaseous molybdenum
oxides were present in the experimental study. We have corrected the
data for polymers according to data given by Norman(23) and Burns. (24)
The resulting data for MoO3(g) vaporizing from the silicate are presented
in Tahle 1.

Technetium

The reported technetium oxide species probably will have little to
do with the history of this element in fallout {formation, It would seem more
reasonable to consider a Tc03(g) specivy as the dominant oxide species in
fallout formation situations. For this report, this was done by using
Bedord‘s(s) presentation on Te(g), TcO(g), TcO,(g), Tay04(g), and appro-
priate vapor pressures over TcO,(s) in an oxygen atmosphere. From
Bedord's presentation, bond energies at 1500°K for Tc¢-O bonds in TcO and
TcO, were calculated as 129 keal/mole, Fozx Tc,0,, the bond energy is
121 kcal/mole, if TcyOn has eight Tc-O bonds (10 TcO bonds are probable).

However, it seems reasonable to use 129 kcal/mole for the third T 9 bond

in TcO3(g), according to an additivity rule. The entropy differer. » i: tween
the formation of MoO,(g) and M(>O3(g)(5) was used as the entropv 1ff ‘vence
betwecn the formation of TcO,(g) and TcO3(g). These calculationr .« .yest
that TcO3(g) ie important and lead to the formula used to descrin: tcckacitum

absorption in Table 1, using the melting correction of Glassnc:. (15) 1he

species Tc0-(g) has been discounted here because ofits polymeric nature.
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Ruthenium

Ruthenium vaporization from silicates has been measured in a
cursory manaar. {2} These measurements would indicate a somewhat
higher volatility than would be estimated by Bell's(25) data on RuOy4 and
RuO4 vaporization. The silicate measurements, in addition to not being
very accurate, were made at only one temperature. For this reason, an
equation was derived from Bell's data and the experimental silicate data,
by altering Rell's pressure data at 1400°C so that the higher experimen-
tal pressure was obtained half through enthalpy changes and half through

entropy changes.

Rhodium

There has been quite a bit of confusion about the oxides of this
elament in both the gas and condensed phases. We areaccepting Bell's(26)
statement that Rhy~ is the only stable, condensed, high-temperature
oxide of rhodium. Norman(27) has observed the gaseous oxides RhO and
RhQ, but does not give comnplete thermodynamic data. Alcock(28) does
give values for the thermodynamics of formation of RhOy(g). These latter
data are the basis for the description of rhodiur in this report. The
melting temperature of RhyO3 was taken as 1500°K and the entropy of
fusion as 11 &.u. (Eed.“ord(s) reported Rh203(l) at 1500°K without further

discussion. This temperature hua not been properly evairated, but will

be used here in lisu of better infermatiim. )
Palladium

Palladium vapor preussuros as given hy Norman(29) and PdO(s) for-
mation data as given by Coughlin(”) have heen used. At temperatures of
interest, gaseous palladium oxide is almost as volatile as palladium metal
in an atmosphere of oxygen; at lower oxygen pressures PdO(g) becomes
loss important, as shown by Norman, and it is believed that PdO(g) need

not be considered. The fusion thermodyanmics for PdO were only assumed.
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Silver

The behavior of gilver in fallout formation is basedon the fact that
(1) silveor has been found in silicates only in ionic form 2¢) and (2) that
gaseous silver oxides have not heen observed. Therefore, Coughlin's“”

(14) gi1ver vapor pressares have be=en used in

Ag,Q(s) data and Hultgren's
eetimating the silver values in this report. The Cu,0O melting datu given
by Wicks") wereused for Ag,0 and one-half the normal silicate correction

term was used,

» g_g_rjn)ium

Cadmium oxide is assumed to behave sirnilar to silver. Coughlin(l3)

gives sufficient data to estimate cadrnium pressures above CdO(s).
Bedford's(5) pressure ‘valueu for CdO are quite afna.ll; so, this spucies can
be neglected. Melting data are unavailable. The melting point was
assumed to be 1700°K and the entropy of melting to be 5.0 e.u. In addition
to the melting correction, onc-half the nornial silicate correction was
applied. Zinc silicate has a low heat of formation{®!) from the oxides,
suggesting that the use of a reduced silicate correction term (one-half

normal), as used for CdO, is reasonable.

Indium

Calcuiations of the vapor pressure of InO over In;O3(s) were made
according to Bedord, (5) Hultgren, (14) 4nq Coughlin.(13) These data were
corrected for melting at 2000°K according to Glassner, (15) (Millex(1)
claims 1500°K and Schneider(20) gives 2183°K). and one-half the normal
silicate correction was applied. The InO data are uncertain as it is apparent
that Burns'(32)dissociation energy of InO(g), on which one of the equations

developed here is based, is somewhat doubtful.
Tin

Johnston(”) indicates Snt4 to be the imrportant valence state in

certain glasses in a highly oxidizing atmospheres. Colin(34) has presented

Y]
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a new value for the dissociation energy of SnO(g) and Koenig(35)

gives a
value similar to Colin's D,. From Colin's vapor pressure data for SnO(g)
over SnO,(c), the melting data of Coughlin,(n) and one.half the silicate

o**, the formula reported here is obtained. These data,

correction for Sn
although somewhat different from those of either Miller(!) or Bedford, (%)
do not result in very different vapor pressure values. In the case of this

element, there is a question as to whether SnO;(g) might be important.

,Antimonz

Both experimental silicate datal?) and oxide information are available

to formulate a description of this element in fallout formation. The experi-
mental information is really very meager as it conaists of data at only a

single temperature and is questionable because of antimony absorption by

Fatt o ey R e e K

platinum.(z) In addition, it seems probable that the principul gaseous
species present when these data weire measured was SbyOg(g). If thin is
) the case, these data (pressure over concentration) would be too high, by
three orders of magnitude, for use in fallout calculation; in this report,
o it is assumed that this is the case. Antimony behavior in fallout formation
! ,%{ will be used as described by Bedford's(®) Sh(g) and SbO(g) pressurus over
75 szoa(l) with no corrections. J‘ohnnton(33) points out that Sb*3 and sp*E

each have a range of importance in glasses. One further question would

T

be the possible importance of SbOp(g). If tiiis species has a dissociation
energy >150 kcal/mole, its role in fallout formation should become domi-

nant. This question is not resolved at present.
Tellurium

An apparently reliable experimental pressure for tellurium has been
reported;(z) however, no temperature dependence associated with this
value was given. It seems certain that TeO,(g) is the species that shounld
be considered here. Bedford's(5)data on TeO,(s) vaporization to TeO3(g),
corrected to the experimental Te pressure from the silicatec by making

half the total adjustment in the entropy term, have been used to describe
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tellurium behavior in fallout formation. It should be noted that Bedford's
data give a vapor presaure only one order of magnitude smaller than the
experimental silicate numbers. A melting correction for TeO,(s) was

made from Glassner’s(ls) data.
lodine

Calculations assuming I” as the dissolved species and I as the gaseous
species were made in a similar manner to those for bromine. Using
Wicks‘”) formation thermodynamics for GnIz(a) and CaO(s) and also his
melting thermodynamics and Stull's(18) values for I(g), an estimating
formula was derived. This formula was corrected for silicate formation
of the Ca0, but Cal; was assumed not to interact. A rough experimental
point has also been obtained at 1470°K. This point indicates that the esti.
mating formula for pressures is too low by about three orders of magnitude.
The tormula, however, does seem to be giving pressures high enough so
that any higher value will not appreciahly change the calculated behavior

of I in fallout formation.
Xenon

Stull's(18) values for the thermodynamics of vaporization of Xe wera i
used to represent the Henry's Law constants from a molten silicate, It .
is probable that Xe volatility ia underestimated by this equation, but this
probably is not a severe problem to fallout simulation calculations. The
belief that underestimation exists stems from the feeling that activity
coefficien sof Xe (or Kr) in these solutions would be expscted to be higher
than idial. That is, one should not be surprised il the lonic silicate matrix
stro.gly '"salted out' non-polar atoms, as it seems to do for metal atoms

such an silver. (30)

Cesium

Cesium behavior is reported according to the averaged experimen-

tal results of Nosman. (23 These data. give considerably smaller vapor

Y,
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pressures for cesium at temperatures of interest in fallout formation than
Miller(!) or Bedford(s) would suggest, using the normal silicatecorrec.on

term.
Barium

Norman.(2> Bedford,(s) and Miller(!) are all in reasonable agreement
on the vapor pressure of BaO over BaO(g). Norman's data were used
together with melting data by Kubaschewskill!) and Wicks.(?) The normal

silicate formation correction term was applied.
L.anthanum

The data on free energy of formation of gaseous LaO by Ackermann
and Thorn(21) were used with Coughlin's“” data on LazO3(s). These data
are comparable to those given by both Bedford(5) and Miller. (1) Melting

(15)

data on La203(s) reported by Glassner were used, together with the

full silicate correction.
Cerium

Recently, Whlte(36) has observed CeO,(g) over CeO;(s), but he
has only temiquantitative data on the dissociation energy of CeOz(g). He
has suggested(w} that this energy might be considered as 180% of the
dissociation energy of CeO(g) and gives the dissociation energy of CeO(g)
as 140 kcal/mole. Pressures of CeQ(g) and CeOz(g) can be compared by
using the above dissociation energies, the dissociation energy of oxygen,
and Searcy's average entropy(”) for the reaction MO(g) + 1/2 021’- MOz(g)
of -17.1 e.u. Heat capacity data for the above reaction for Zr were
assumed to apply to Ce in order to developthe equilibrium constant equation.
These data were upplied to Bedford's(3) CeCi(g) vapor pressures over
CeO,(s). The obtained CeO, pressures were corrected for CeO, molting,

according to Glaazmer,(ls) and silicate formation to CeO™?,

———— - ——— —— o ae e RS - St . e e el




27

Praseodymium

Similar to the case of Ce, Whita(36) has observed the gaseous species
PrO,(g). Using ihe same esiimaiing sysiem ior FrO, pressures (Dy FrO, =
1.80 D, PrO) and Bedford's{3®) Pro pressures over Pr,0,(8), pressures
of PrOz(g) over Pr203(s) can be calculrted., These data were corrected

(13)

for Pr,04 melting, according toGlasaner, and for silicate formation.

Ne odzmium

Pressures of this element over Nd,0,(s) were taken from Bedford's(?)
representation. The Nd;04(s) melting data by Glassner(!5) and the full

silicate correction ware used.

Promethium

Bedford's(5) data on the volatility of Pm;03(s) served as a basis for
the estimation. Glauner'l(ls) presentation of Nd;O3 and Sm3;0, melting
data'were averaged to obtainmelting thormodynamics. The resulting melt.
ing point is in good agreement with Miller's{!) value. A full silicate cor-

rection was applied to this system.

Samarium

!
Bedford's(s) representation was used for Sm. Although Schneider(ao) '

would indicate higher maelting temperature, correction for melting of

(18)

Sm,0,(c) was made according to Glassner, and a full silicate correction

273
was employed,

THERMODYNAMIC BEHAVIOR OF IMPORTANT ACTIVATED
ELEMENTS

In estimating the total activities associated with a nuclear event,
activation of cortain elements which may be associnatud with the dovice or
its surrounding should bo considerod. The histories of thewe nctivatad

elements should be traced in a manner consistent with their formation,

L
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Elements that are associated closely with the nuclear device are probably
best handled by considering them in a manner similar to fission products.
There is, however, some question of how to handle activated elements
from the detonation site. It has been s 'mested(a’ 3 that condensed.-state
diffusion limitation of fission-product absorption by fallout should be
important. Accordingly, evaporation of activated products from sol) par.
ticles, which do not experience very high temperatures, should be rate
controlling, and even with highly volatile activation products there may

be considerably less fractionation of volatile activation products, formed
in the fallout particle matrix, than uf volatile fission products. Also, an
activated product may be more than a trace cloment; therefore interaction
may occur in the gas state leading to polymerisation. With these points in
irind, only important activated products that might reasonably be associated
with the nuclear device need be considered here, The list developed with
the aid of P, LaRiviere!*®) includes Mn, Fe, Co, Ta, W, Po, U, and Np.
The thermorvnamic behavior of the Na is listed, but It is suggested that
the data may not be applicable in the same manner as the rest of the data
since {t should be present mainly from the activation of fallout particle
matrix or saltwater,

Manganese

Johnuton

(33)

temperature glass ut 1 atm Oy pressure. wicks (") values for MnO(¢)

ouggosts that Mn*2 proedominates over Mn*? in a high.

formation, 8“\11'1“6) O values, and Broww'u“6> estimate of MnO bond
energy, together with Sourgvult?) ontropy for M(e) + 1/2 0y & MO(y) wnre

used to doncribe Mn behavior, Olnunor“!)

givoms the melting data for
MnO(c), which was used, One-half the normal silivate correction for Ma*t

formation was used.

ron

Trivalont {ron prodominatens in u woda-silica glase at 1 atm air up to

about 250001\'.‘“) For thin reason dissolution of Fe,04 in glase wan used




| and Wicks!(? TaaOg(c) valuew were used in conjunction with Soarcy's
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to describe iron behavior. Data for Fe;03(c) were token from Wicka'

(39)

report”) and data for FeO(g) were taken from Washburn's paper, using

Brewer's“b) aatimata of the disssciation ener
Hultgren'l(M) compilation was used for iron vapor preasure and Stull‘-(la)
thermodynamic values for O dimerization were used. Fea,04 was assumed
to melt at 2000°K and have an entropy of melting of 12,5 e.u. The melting
correction was made according to these estimates and the silicate cor-
rection was made on the basis of one-half the normal correction for Fet>

formation.

Coba_l_t_

Johnlton(n) indicates that Cot%is the stahle cobalt valance in a

high-temperature glass at } atm oxygen. Estimates made from Brew«r'o(w)

(40)

on noble matal oxides suggest that CoO(g) will not be important, There.

ganeous monoxide dissociation anergy estimates and Norman's studies

[P T

fore Wicks'! T data on CoO(c) formation and Hultgren'n“") cobalt vapor

(18)

presaure data were used. Classner's melting data were used for

CoO(c): One«half the normal silicate correction was used.

Tantalum

(

FO S O P S

+) description of TaOz(g) and TaO(g) thermodynamics .
(17) !

Krikorian's

average entropy of formation of MOz(g) molaculen to describe Ta behavior
in fallout formation. The ACp for the formation reaction of TaO,(g) was
assumoed to be wero. Ol}unnr'l“s) maeiting data for Ta;04 wore used

and & silicats corr ction for the formation of a Ta0*3 ton was applied.

LTunyston
Ackavmann and Rauh

(42)

vapurination of tungoten oxides. The formation thermodynamicsused here

(23)

presonted some rather detailed data on the

for WO ,(c) and W30()(u) have boen sxtracted from thelvarticle, Norman

hun prosented trimerivration thermodynamicws for WO4(g). Thene data,
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together with Glassner'n melting thermodynamics data.“S) ware used to

calculate the values of Table !, No silicate corroction was used,
Lead

Wicks'(") representa ion of the formation of solid oxides of lead is such
ap to suggest that PbO is the stable oxide at tamperatures above 1000°C
and at 1 atm oxygen pressure. The JANAF(‘” tables give thermodynamics

(

for yellow lead oxide. Also, Drowart 43) has presented the thermodynamics
of aublimation of PhO(g) and ganeoua polyiners of PhO. The polymer data
are unimportant in this presontation. Melting data wore takon from the
JANAF((” tablos and one-half the normal silicate correction was made.
This correction assumes an activity coefficient PbO of ~0.01] at 1200°K.
An activity coefficiont of ~0.1 at this temperature in acidic sillcaton i

reported by Richardson. (44)

Uranium

Stevels(43) digcunses U*b as eithor a neatwork former or a network
modifier in glasses, In ucidic glunses it should be a network modifier, and
it s su treated here, Tho thermodynamics of UOs(c) as described byWickum
and the thﬂli:ﬂg;dynlmicl of gauseous species U(D;5 (and UOZ) described by

Uos(c) was estimated to be 1500°K, and the entropy of fusion was estimated

Ackermann are considered to govern this aystem, The melting point of

as 8,8 e,u, The nilicate correc n was macde as though UO“.:,* was the impor -

tant {on in solution, although 004 might bo aw good a cholue, The thermo-

dynamice used are closor to Bcdl‘urt.l'u“n astimatos than to Millev's, (h

Noptunlum
(47)

lesw stable than the equivalent uranium oxtdes| no much so that tho atability

According to Kats and Seaborg. condensed noptunium oxlcdon are
of NpO, Is compared with that of U30g. Although Np'(’ compoutds ure
known, it will bo assumed that hexavalent noptunium {s not stable enough
to bo conmlderad the oxinilng apocion in gluaa undor fallout conditions,

Pentavalont neptunium might be consldered {f proper data were availuble,
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Ackermann's“a) paper describing the p.. 'tial pressures of NpO and NpO,
over NpOa(c) was used in describing this element. Glassner's(l5) NpO,

fusion thermodynamics were used with a full silicate correction for NpOt+,
Sodium

Studieu“q) of the gasecus molecules Cr;0, Rb,0, and Na,0 have
led to the fact that there is nof much difference in the bond energion of

any of these metals with oxygen in theae spoecies, Other atudicn(z‘ 3)

suggoat
that Ca and Rb are evaporating frem silicates as snme molecular specien.
Thermodynamic data on this procaess with sodium are nonexistont. For these

reasons, the Henry's Law constant formulation for Rb was used for Na,

GENERALIZED BEHAVIOR OF FISSION PRODUCT CHAINS DURING
FALLOUT FORMATION |

Fallout formation is sonsiderad to be governed basicully by a two.
step proceast (1) absorption of flwsion product oxlde from the gas phase
into tho surface layers of a fallout partiele and (2) diffusion o thiz
fisulon product into the bulk of the fallout particle. (2,3) Ueing diffusivities
that we have measuraed for fission products in u CaO«Al;04.810, glaue

(2:3) und the thearmodynamica reported heve, the behavior of

matrix
partioular nuolido during fallout can be caloulated, A cursory eutimate

can bo made of the nature of the absorption process, 8Suah ah estimation
has boen made in Tubles 3 and 4 for a megaton .yiele detonation, ::\:’ut as
7 haw

amiployad, and 100y particles, The description in thene tablea depends to

many moles of condensad soll an gas in the fireball as Miller

only a slight degrew on thase parameters (the parameter to which fallout
absorption ts the moat seneitive {s particle sine), Table 3 suggents which
elomants will govern sach nuclide chain behnvior, Table d dencribes the
charactar of the absorbing nucliden, The charnoter of any parvtiewlar flanion-
product chain in collectad fallout can be astimated by using Table § to decide
which slomonts govern the fate of the tlestonsproduct chain, and ueing Table §

to suggant the Lype of absorption expected for the determining elemoenta,

. e Y . b  m - T - © - ¢
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T°K

2000
1800

1000
500
200

Element Denilnation
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Table 4

GENERAL BEHAVIOR OF ELEMENT
IN FALLOUT FORMATION

Ga
Ge
An

L

Se ..
Br .

Kr
Rb
Sr
Y

Zr
Nb

Mo,

Tea
Ru
Rh
Pd

B/C

<10-3 Q (gradient)

>103 V (vapor)

+

- - - - - - - - -

T0uzcocccz<n<oza

Designation

<10*3 U (uniform loading)
<103 M (mixed behavior)

Element Designation

Ag. .. .G
Cd... M
In .,..,.U
Sn ... . M
Sh, .. . M
Te....S
I.....V
Xe.,.. .V
Cs . .. M
Ba....U
C‘.‘l.U
Pr....U
Nd....U
Pm ...U
Sm.,.. .U

Explanation

Little gradient
Appreciable gradient,

some bulk loading
Well-established gradient
<10°3 8 (surface concentrated) Near surface gradient
Little penetration

v
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This estimation of the type of fission=product distribution in fallout
can be used for simulation purposes, That is, fallout simulants for fission-
product chains, whose behavior-determining elements are listed as M, G,
and S in Table 4, should be prepared by some incomplete diffusion process,
For systems deacribed by U, preparing a uniform distribution would be
better but for V a surface-deposited element would be preferred, Mixtures
should be considered where these tables suggest this to be proper, This
method of using the data in this report certainly is not intended to be the
primary purpose, but may represent an additivnal value,

With this report and a planned similar report presenting diffusion
constants and a method for using these values, the calculation of distribution

of fission products in a silicate-type fallout should he greatly improved.
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