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ABSTRACT

Wixtures of cesium iodide or silver iodide vapors in steam and hydrogen

at 1170K were passed over stainless steel in a radiation field produced

by a 6O o source. Cesium iodide and silver iodide were observed toC

dissociate. The iodine passed through the system. Census was found '<>

have bound to oxide layers on the stainless steel. Dissociat t or. of

iodide vapors and cesium reaction were not observed in similar

experiments done without a radiation field.

ofThermochemical analyses of the Co-I-0-It system in the presence

ionizing radiation are presented and used to explain the reactions of

cesium iodide.

INTRODUCTION.

During severe reactor accidents, radionuclides released from degrading reactor

fuel must pass through the reactor coolant system before they can contribute to*

the threat to public safety. The ability of vaporised radionuclidea to
negotiate passage through the reactor coolant system is strongly derenJent on

the chemical interactions of the radionuclides with materials present along the

flow pathway. The chemien! environment encountered by the radionuclides in the

reactor coolant system during a severe accident is far more hostile than that

commonly encountered in laboratory chemistry studies. This environment may

involve high pressures (over 100 atmospheres) and strongly cuidising or strorgly ,

reducita conditions. Always high temperatures and intense radiation fields

would be expected.

For several years, the U. S. Nuclear Hegulatory Commission has sponsored at

Bandia National Laboratories a program to investigate the chemistry that might

affect transport of radionuclides during severe reactor accidents (1).

Experisontal studies of the rates of deposition of Cs0ll (2), Col (3), and Te (4)
on stainless steel have been conducted as part of this research e(fort. These

emperimental studies have involved attempts to produce prototypic thermal and
.
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* shemical coviromeetto. I:tesso radiction fields that would also be cupseted in
,

,

the coolmat erstee of a reactor during an accidee a mere not included in these

studies..

Recently, a series of esperiments to ennaine cesium iodide transport une done in

a radiation field (6). In this paper, the results of these emperiments and some

discueston of their toplications for the chemistry of iodine during severe

reactor accidents are presented.

LWERl_WENTAl, APPARATUS AND PROCEDL'RES

The esperimental procedures and apparatus were similar to those employed in

previous studies without a radiation field (2,3). The apparatus was the Fission

Product Reaction Facility ahich is sheen schematically in Figure I and has been

described elseebere (2). The apparatus was located for these experiments in
Sandia's Gnama irradiation Facility (CIF) which uses a 130000 curi, 60 o sourceC

SO o ganna rays are peaked at energiesto produce an intense radiation fltid. C

of 1,173 and 1.332 Wev. In typical emperiments, a flow of steam at a pressure

somewhat above nabient is introduced at the rate of 0.04 moles / sin to the super.

heater. Reactions of the steam with Inconel or stainless steel liners in the
apparatus creater a hydrogen partial pressure, or hydrogen say be introduced to*

the flo*,

Cesium iodide or silver iodide vapore are introduced in a helium carrier gas to

the flow as it emerges from the super heater. The vapor mixture then passes

through an isothermal (1 6K) test section about 1/2 meter lors. The inside

dinneter of the piping system through the apparatus is 2.6 cm,

.

Within the test section, the vapor mixture passes over type 304 stainless steel

coupons. These coupons are variously treatede

(1) se received (c)
(2) cold worked by glass bead peening (P)

(3) pre-emidised at 1270K for I hour (0 )3

(4) pre-emidised at it?OK for 2 hours (D )2
(6) pre omidised at it?OK for 4 hours (Dal

,
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, , - Also, far come of the c:perinesto in tha radiction field oilwor-plated cepper'

,

coupons (s) were located in the test section. Reference coupons are located )
.

*

i

fupstrema of the point iodide vapors are introduced.
(

,

IThe flow emerges from the test section into a condenser. An automatic sampler

allows sequential sosples of the condensate to be taken for subsequent analyses.

A mass spectrometer is used to determine the hydrogen, helium and arson (a

buffer and calibrating gas for hydrogen) gases in the flow.

Teste 40, 41, and 42 were done in the radiation field. The conditions of these

tests are shown in Table 1. Results of these experiments will be compared to

results of tests la and 35 which are also described in Table 1 and were done
without a radiation field being present. Test 40 involved Cs1 vapers in steam

and hydrogen passing over stainless steel and silver plated copper coupons.
Test 41 was similar except silver iodide vapore were involved. Test 42 was

similar to test 40 and used Cs1 vapors, but no silver coupons were present.

Radiation intensities were measured using thermoluminescent dosiseters arrayed

as shown in Figure 2. The peak radiation intensity was found to be 1010*

rads / sin. The radiation intensity fell by about 400 rads / min across the
,

apparatus width. Microprobe analyses that are reported are for as-received

coupons exposed to a field of 1430 to 1020 rads / minute.

REST'tTS OF THE EXPER1WENTS

The most insediate results of the esperiments came from the analyses of steam

condensate samples which are summarised in Table 2. Condensate from test tu and

test 35, which were done without a radiation fleid, contained about equal parts
of cesium and iodine an determined by stoele adsorption spectroscopy and ion

chrcaatography, respectively. This in the expected result since cesium and
iodine are introduced as Cs!. Condensate from tests 40 and 42, which were done

in a radiation field, contained about 5 to 10 times se such iodine se cesium.

Test 41, which involved Ag1 vapore, produced condensate containing more than

1000 times as much iodine as silver.

It is apparent from these few results that iodide vapore were being affected by

the radiation field. The ef fect is to cause Cs1 (and, apparently, Aal) to

dissociate in a manner that permitted the cesius to be retained preferentially'

in the test apparatus, but with an lodine species f ree to pass ir,to the
'

condenser and to be collected in the condensata.
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To ascertain thsro the cecium cas retained, coverni of ths no-received otninloos!*
,

steel coupons exposed to the vapore were examined by x-ray fluorencones and

electron microprobe. X-ray fluorescence did not show more than background
.

levels of either cesium or iodine on the surfaces of the coupons. This result

is analogous to that obtained in tests without a radiation field present.
Electron micrographs of sectioned specimens did show cesium was present in the

oxide. But, the casium m - found deep within the oxide layer on the coupons.

18 and 40 areResults of electron microprobe analyses of coupons from testa

shown in Figures 3 and 4. respectively. The oxide on the coupon from test 18
The(Cs1 vapors without a radiation field present) consists of two layers.

The inner layer isouter layer is Fe3 4 containing about 2 percent manganese.0

an iron-chromium inverse. spinal phase containing some metallic inclusions

composed of iron and nickel. Both layers are free of cesium and iodine to the
5 Cs).limits of detectability defined by the instrument background (~0.05 et.

The oxide layer on stainless steel exposed to gaasa radiation in test 40 was

different. It was a triplex structure. The outer two layers were similar te
.

the two layers found on the stainless steel in test 18 with a radiation field

present. That is, the outermost layer was Fe3 4 The middle layer was an iron-0
-

chromius oxide. The third oxide layer has been found only in tests with a
and silicon. Itradiation field. This layer is rich in chromium, manganese,

seems very tiahtly adhered to the metal.

Centum was found at concentrations of up to 1 wt. % in the middle oxide layer on

the coupons from tests with a radiation field present. The disposition of
eesius in *.he oxide layer can be seen sore clearly in the plot of concentration

assinet position in Figure 5. In this figure, p>sition is sensured f rom the

external surface of the specimen. The approminate boundarias of the oxide

layers are sarhed and numbered in the figure. The metallic material is

jabelled 'W". Concentrations of silicon (Si) and manganese (Wn) as well as

comium (Cs) are shown in the figure.

7he tendency for centum to collect in the inner oxide layers on stainless steel
bao been observed in previous tests with Co0ll vapore done without a radiation

field present (2). Electron micrography of the coupons from these teste*

established a correspondence between the locations of cesium and silicon in the

inner oside layer. This correspondence has led Elrick and sellsch to propose,

Cs2814 9 forms within the oside layer (6).0

.._. _ _ _ _ - - - _ _ _ - _ _ _ - _ _ _ - _ _ - _ _ _ _ _ _
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. . I Attempto to quantitctivsly manlyco ths resulto of electron olerogrcphy of
*

campico from tha tosto af Cs1 interactione eith ctoinloco ctool in a radiation-

field have not yielded a definitive correlation of silicon and cesium. It is,
'

then, not clear that reactions of cesium dissociated from Cs1 in a radiation

field are identical to reactions of Cs0H vapore with the oxide in the absence of

the field. It is apparent, though, that the reactions are similar and that

cesium reaction with the oxide is responsible for cesium retention in the test

apparatus when a radiation field is present.

THERWOCHEWISTRY OF THE _ Cs-I-0-H SYSTEW

Elrick and Sallach (7) and Caristo (8) have analyzed the gas phase speciation of

the Co-I-0-H system. The examinations have proved useful in the analysis of the

chemical behavior of the Co-I-0-H system vnder laboratory conditions. Neither

of these examinations considered ions and ionisation. The effects of an intense

radiation field ought to include the formation of ions in the gas phase.

Therefore, our first steps in the analysis of the experiment results has been to

re-examine the gas phase speciation of the Co-I-0-H system including ion

formation.
,

The number of gas phase species that must be considered in the analysis of the.

Cs-I-0-H system expands considerable when ions are included. The species

considered in the analyses here are listed in Table 3. Gibbs free-energies for

these species were calculated using the equation:

C(T) = AH (298) - Te (T)f

where AH (298) is the enthalpy of formation at 298.16K and 4(T) is the free-f

energy functior:

4(T) = -[G(T) - Ho(298))/T

The free-energy functions were themselves calculated from the correlation

expression:

4(T) = A(1) + A(2)X + A(3}X2 + A(4)X3

A[6)1n(X) + A(6]/X + A(7)X1n(X).

i
a

i
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' . wh ro X = T/10,000. Parametrie val ms far thsco corrolettens cro licted in
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'

T;blo 3. Far many cf th2 cpscico, ecluso of ths fros-ensrgy functiesa coro.

available from standard sources (9). When this was the case, parametric values

' were determined by non-linear ienst squares fitting' of the above correlation to

tabulated values at 298.15K snd at 100K intervals between 300 and 3500K. The
'

correlations will reproduce the tabulated values. e:s within +0.001 Cibbs/ mole-K.
,

e

Thermodynamic properties have not been tabulated for many of the species in
~

Table 3, especially some of the 1onic species. For these species, the

thermodynamic properties were determined as follows: ,

CsH(s): Thermodynamic properties were calculated using the rigid-rotor,

anharmonic oscillator model (10);nr.d spectroscopic data cited by Huber and
Hertsberg (12). The enthalpy of formation is that cited by nagman et al. (11).

s

CsI+(a): Thermodynamic properties were calculated using structural and

vibrational data for CsI(g) and electronic data for CsI+(g) (12). The enthalpy

of formation was taken to be the average of values cited by Franklin et al. (13)

'

and should be considered quite uncertain.

C"2E Thermodynamic properties were calculated for.a linea. rigid-rotor,

harmonic oscillator u)ing structural and vibrational d.ata calculated by Wilne

and Cubicciotti (14). The molecule was assumed to have a 2E ground state. The

enthalpy of formation, 70 kcal/ mole, is the average nf values cited by Franklin

et al. (13). Recent work (18,19) seems to favor a lower value, 38-40 kcal/ mole,

though the evidence is equivocal.

CfMr Thermodynamic properties were calculated for a rigid rotor-anharmonic
oscillator using structural and vibrational data for Cs2(g) (9). The electronic

ground state was taken to be 2E The enthalpy of formation is that cited by

Wagman et al. (11).

C_s0 M Free-energy function values were calculated from a correlation found2

by Carlsto (8) and these values were fit to the functional form used here.
Carlsto's estimate of the enthalpy of formation has been adopted.

.

I
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, . ' HI* (s) : Th:roody;amic propertico wero caleslcted fer o rigid rr. tor-anharmoxic.

*

oscillator scits cp:ctroscopic and ctructural d:ts citsd by Hub:r and H2rtebsr3.

(12). The enthalpy of formation is taken from Wagman et al. (11).

.

H 0+ (a) . Thermodynamic properties were calculated using structural ar.d2

vibrational data for H 0(g) . The electronic ground state was taken to be a2

doublet. The enthalpy of formation is from Wagman et al. (11).

I+(s): Thermodynamic properties were emiculated using a conventional

statistical mechanics model and the 121 energy levels between the ground state

and the dissociation limit (15). The enthalpy of formation is that cited in

reference 11.

I-(s) : This ion is isoelectronic with Xe(s). Its thermodynamic properties were

calculated assuming a ground state singlet and no excited states up to the

dissociation limit. The enthalpy of formation is from reference 11.

Ij{gl: The thermodynamic properties were calculated from spectroscopic data
,

cited by Huber and Hertzberg (12). The enthalpy of formation was calculated

from the dissociation energy, 24 kcal/ mole and collateral data for I(g) and

I-(g).

I*Igl: The thermodynamic properties were calculated for a rigid
rotor-anharmonic oscillator using spectroscopic data (12). The enthalpy of

formation is from reference 11.

H 0*, HO*, and 0*: Free-energy functions for the neutral molecules were
2

assumed for the ions. The enthalpies of formation are those cited by Franklin

et al . (13) .

No attempt was made to include in the calculations more exotic cesium iodide

ions such as Cs 1', CsI or Cs I which have been reported (18,19).32 2 23
Nor has hydration of the ions such as the hydration of the hydronium ion (17):

;

H*0(H O),_3 + H O s H 0(H O),2 2 3 2
.

n = 1 to 7

|
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,' be:n consid: red. Such hydratoo b:cosa of dscreasing i portance eith incronoing
. .

temperature. The hydrates are more stable, however, in high pressure steam.

The presence of hydrates in a reactor' coolant system cannot be totally
,

discounted. Significant hydrate formation will af fect the validity of the ideal

gas assumption invoked below.

Further details on the thermodynamic properties of species considered here will

be published in a Sandia National Laboratories report (16).

The gas phase speciation of the Cs-I-0-H system in the absence of a radiation
field was calculated assuming all species mere ideal gases. Conventional -

equilibrium methods were used except an additional charge neutrality constraint

was imposed. Results of such a calculation are shown in Figure 6 for a system

at one atmosphere total pressure and having a hydrogen-to-steam ratio of 0.1 and

a Cs/H ratio of 4.95 s 10-4 The source of cesium was taken to be CsI. The

expected, CsI(g). Ions are present. Cs*(g)predominant vapor species is, an

and I-(g) are the most abundant ions. (On the scale of the plot, the partial
* pressures of these ions are nearly indistinguishable.) It is apparent, however,

that for most purposts the contributions of ions to the gas phase speciation is

negligible.

Camma ray interactions with saterials mill free electrons. Primary electrons
i 60 o gamma rays have a mean energy of aboutCproduced by Compton scattering of

0.5 Wev. Simple shielding calculations indicate these electrons (delta rays) in
the tests considered here come primarily from the interaction of gamma rays with

structural elements of the test apparatus rather than direct interaction of
;

gamma rays with the vapor phase. The highly energetic primary electrons will

interact with vapor species to free additional electrons in a reaction chain:

M' + hv - (W')* + e-

W . e + W+ + 2e-
,

I

This chain propagates until electron energies become too low to induce
ionization. The ' ions that are formed can participate in various charge exchange

reactions while the low energy electrons can be captured:
.

t v-.,,, -_ -- -. .. ,w . - - - , _ . . , , -
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,|' M* + M, * M e M* (cachangs)
,,

,

*

M + e + M- (capture)

.

Finally, ions can be neutralized:

+
M.+W +M.*W

+
M..+ e + M.

The forestion, charge exchange and neutralization reactions of ions all proceed

at finite rates. These rates are not known, in general. They are, however,

dependent on the radiation dose rate, natures of the ions, and the geometry of

the system. The charge exchange and neutralization processes tend to move the

system toward thermal equilibrium speciation. This is frustrated by the ,

continuous bombardment by gamma rays, primary electrons and the shower of

secondary electrons.

.

If it is assumed that a steady state is achieved and that the processes of ion
formation and evolution are fast in comparison to the neutralization processes,

the system will establish a dynamic equilibrium, This will not be a true

chemical equilibrium since it will be dependent on system geometry, etc. So=e

insight into the nature of speciation during this dynamic equilibrium can be

gained by considering the system to be equilibrated except ion populations are
_

shifted to higher levels by the continuous bombardment. The ion population can

be quantitatively characterized by the so-called " dynamic charge separation,"

W , which is defined by:e ,

We = Im. (i) = Im.(i)
;

where Im.(i) and Im_(i) are the total moles of positively and negatively charged

species in the system. Mc has, of course, finite values even in the absence of

a radiation field. For the system described by Figure 6, M varies betweenc

10-11 and 10-7 as T varies from 1000 to 1600K. Under the action of the
radiation field, We is increased. Speciation of the system can be estimated
using the definition of Me in place of the normal charge neutrality constraint.

,

(Note, however, that the definition of We still enforces overall electrical
neutrality.)

- _ .- _ -. - --- _ _ , _ . -.
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/ Rsoulta of a calculctica fcr ths cysten daccribed cbove axespt''

'. M,=10 are shown in Figure 7. Ions, especially it*0 and I~ are the dominant3
contributors to the vapor speciation aside from H 0(g) and H (g) . The most2 2

*

important cesium species is CsDH(g) . The effect of radiation on the system is

then, apparently, promotion of the over all reaction:

X-
2H O + CsI + H*O + Cs0H + I'2

where X simply designates some ion source. Increasing the hydrogen-to-steam

ratio to 10 or the system pressure to 100 atmospheres does not alter this as the

dominant reaction. At higher hydrogen concentrations, formation of Cs(g) rather

than Cs0H(g) does make a significant contribution to the speciation.

Incremental changes in the dynamic charge separation, W , from thermal valuese

shows that the cesium hydroxide partial pressure is nearly directly proportional

to M .e

The results of the tests of CsI transport in a radiation field can be understood

in terms of the vapor speciation shown in Figure 7. The effect of radiation is

to increase the vapor concentration of Cs0H(g) which can react with oxidizing

stainless steel as observed in earlier experiments (2). This removes cesium

from the gas pha'se so that reformation of CsI(g) cannot occur when the gas phase

emerges from the radiation field.

i

The calculated speciation also suggests the disposition of iodine freed by the'

; dissociation of CsI(g). This iodine is present predominantly as I-(g). The

vapor concentrations of I(g) and 1 (g) are kept quite low. At these low iodine2i

concentrations, formation of other metal iodides such as FeI (g) and Nil (E)2 2;

will be quite limited. Though not examined here, it is likely that formation of

organic iodides will also be inhibited by the low partial pressures of I(g) and

I (E)-2

'
CONCLUSIONS

! Experiments have shown that radiation fields can affect the transport chemistry

of CsI. The effect is to liberate iodine and to trap cesium in the oxide layers

on stainless steel in the flow pathway. Thermochemical analyses suggest the

j liberated iodine will be present predominantly as I-(g) and largely unavailable

, for reaction with other metals to form vapor phase metal iodides.
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Thsos recults can havs significant ramificctiecs on the expsetsd b:hnvier cf
e

* rtdicauclid2 lodiso and coolum cadsr cecid:nt conditiens. Th2 resulto c1co.,

imply radiation is an important constituent of the chemical environment of the

reactor coolant system under accident conditions. The effects of radiation and.

the ionization it induces ought to be considered in the development cf models of

radionuclide behavior during severe reactor accidents.
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Table 1

Experiment Conditions

Laboratory Tests

Test 18 CsI vapor / steam +H /304SS coupons2
Test 35 CsI vapor / steam + H /304SS + Ag coupons2

CIF Tests

Test 40 Cs1 vapor / steam +H /304SS + Ag coupons2
Test 42 Cs1 vapor / steam +H /304SS coupons2
Test 41 AgI vapor / steam +H /304SS + Ag coupons2

Test 18 Test 35 Test 40 Test 42 Test 41

Run duration (brs) 3 3 9 9 9

. Nominal stesm flow 0.04 0.04 0.04 0.04 0.04
rate (mole / min)

,
Superheater temp (K) 1370 1240 1270 1260 1321

Reaction tube temp :*70 1170 1170 1170 1170
(K)

Nominal flow rate CsI CsI CsI Cs1 AgI
of species
(mole / min) 5x 10-6 5x 10-6 5x 10-6 5 e 10-6 5x 10-6-

Table 2

-Analysis of Steam Condensate Samples. Cesium and Silver
Determined by Atomic Absorption Spectroscopy; Iodine

Determined by Ion Chromatography.

Cesium Iodine
(ppm) (ppm)

No Field

Test 18 CsI/304SS ~1000 ~1000

Test 35 CsI/304SS + Ag ~1000 -1000

Field

Test 40 CsI/304SS + Ag 155 1500

Test 42 CsI/304SS (no Ag) 290 1000

.

Silver
(ppm)

Test 41 AgI/304SS * Ag <0.1 700
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Table 3

Durrelat. ion 1%rameters thsed to Calculate CitAs Free Energy

Parametern*
.

AH (298)f
Species A[1] A[2] A[3] A[4] A[5] A[6] A[7] (ca./ mole) Ref

1. HgG 71.53M 49.fME -78.U775 32.7719 9.33ffo 0.247391 31.9148 -57798 9d
2. 162 52.4946 9.GN77 -11.73!H -0.4151K7 7.89367 0.218718 11.(B44 0 W
3. 02 57.H57 0.(D12473 15.5420 -l .7mylor10-3 4.72389 0.178176 -16.70rO O 9d
4. H 5.17062 -135.714 317.063 -192.163 -3. 4(D25 0.0527043 -117.136 521(B 9d
5. 01 70.(B73 25.8297 -48.5113 17.3238 9.09452 0.233050 26.2917 9318 93

6. 0 53.7172 4.11753 -10.7695 4.75467 5.72452 0.100236 5.94012 59554 9d
7. 102 -3.94422 -243.968 606.851 -3f0. 074 -11.(B45 0.0235491 -243.659 5310 9d

H022 37.1605 -83.1478 231.520 -91.6313 -0.482166 0.192705 -120.478 -32530 9e8.
9. 03 46.0284 -50.4520 146.180 -60.5335 +0.922293 0.189177 -tG.0fN' 34200 9e

H 0+ 72.4179 49.7575 -79.4254 34.5fA3 9.21042 0.245271 31.1464 234f00 +10. 2

H 0+ 57.2476 48.1810 -42.2018 20.1083 5.62504 0.208926 -0.274354 138900 9e11. 3
12. H+ 39.1787 2.39819 -5.5EE221 3. LWD 5 5.13533 0.150166 2.19440 M7171 9d

H+ 54.9794 36.8365 -65.4713 3S.EB78 7.62433 0.3N639 21.3416 357235 9d13. 2
H- 45.1095 9.10133 -1.96798 5.79097 5.17864 0.183035 -9.57394 56255 9d14. 2

15. 0- 52.2717 2.84047 -7.58(B8 3.17474 5.54790 0.157509 4.M616 24322 9d

16. 0+ 49.0997 -1.43070 3.33468 -1.93317 4.87163 0.1Mh46 -1.28090 374949 9d
0- 55.5894 -16.6177 50.6145 -20.3134 4.13020 0.181946 -31.8083 -11614 9d17. 2
0+ 64.3941 20.ffG6 -30.9175 19.7863 6.197(E 0.192267 3.84846 'I79M9 W18. 2

19. Ot+ 68.6953 35.0211 -65.6889 30.0036 8.69386 0.2"IJ516 28. WII, 314H00 9b
20. Of- 65.4639 23.2657 -42.3597 15.7772 8.57888 0.224872 22.2769 -34320 9b

+ 37.1605 -83.1478 231.53) -91.6313 -0.482166 0.1927(E -120.478 212001) +tg021.
t 2 -3.94422 -243.968 606.851 -3f0. 074 -11.(D45 0.0235491 -243.659 271(ID +22.
D+ 46.0284 -50.4520 146.1E0 -60.5335 0.922293 0.189177 -89. ON7 31MID +23. 3

24 e- 16.9465 -1.93452 4.49737 -2.61209 4.840[B 0.1#490 -1.72196 0 9d
25. If- 38.6(El 0.677752 -1.601EO 1.12449 4.9tO93 0.148264 0.WA771 33229 9d

. C(T) = aH (298) - T(A[1] + A[2]X + A[3]X2 + A[4]X3 + A[5]In(X) + A[6]/X + A[7]Xln(X))f
WUE X = T/10,000.

+ See text.
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Table 3

(amt,inued) .

Panuneters*

Species A[1] A[2] A[3] A[4] A(5) A(6) A(7] (ca./ mole) Ref
Ni (2m)f

al. GI W.7412 0.4TII67 1.9HrxTI -0.53fDl7 HXnt2 0.2rflaR -0.HHWro -!*rVE 827. (GI)2 151.7:M) 41.1311:U3 2.5MN1 - 1. lfMU 19.fi712 U.fM)1HO -1.44tifm3 -If MIN 828 Cs 55.2'Mt 6.51315 -18.W 47 19. 44U 5.144 0 0.149513 3.9144) IRTJ) Da

.

29 C"2 HQ. IlrIl -0. 2 fin 58 5.9!En7 1.37570 8 rKN1 0.3 Ylltml -3.3kl44 25#U Da30. GA) 78.5151 -7.(llital 19.3 #2 -9.IEdH 8.IIYel3 0.253281 -8. MCI 27 7tfD 9a31. G0 104.[IH -11.'L124 29.tN22 -13.3717 12.02tn 0.3H M 3) -15.5H9 -23U) Da
2

32. 002 72.WUI -51.9515 132.485 -61.5100 5.Cffkt0 0.2H17tn -6H.fM22 -VAND 833. Odll HN 573 3.'Ilffi2 7.51214 -7.011251 11.4291 0.3r>4543 -4.2rilra -6JfD 9a34. (041)2 Itu.H10 23.3675 21.fMll 4.44148 12.:W7H 0. !dW477 -fA). 2332 -lM40 Da35. Odl 58.23W -IN.50HH 54.1654 -22.9tR7 4.fM7.tH 0.19tMU -31.fiM1 27653 +
38. I 54.1543 -6.73YW) 15.6490 -8.47545 4.fy M ul 0.144314 -5,42 Top 2f617 Oc37. I2 Kl.[Vi57 -2.01013 6.Hrfi23 -3.tr7.YE 8.4rkts 0.3MrJo -3.fWrK2 14924 9a38. 111 (K).3HM 32.4GM) -57.5152 31.3311 7.3HH25 0.3EsWF lH.frJ N K4ill Da39. OGl+ 94.fr7'M 7.4M314 -2.99134 -1.RN55 12.0113 0.:WiTt70 0.919611 Ifr1NN) Ob40. GI+ 89.3EAK) -5.(MtS4 14.4700 -7. HINA M 8.50f(I, 0. 5 c 742 -5.tNHil 1:EYII) +
41. Os2 + 123.2rdi -1.4M45 3.65119 -1.fifY.yU 14.fMJ) 0.44fMM) -1.91171 7IIII) +

1
42. I+ 55.1KU -6.77HIM 16.1413 -0.14TT7 4.7tMU 0.14N29 -4.3rffi> 2rMral +43. I- 53. llH4 1 [1MH -2.412H1 1.62191 5.Ol'.tti 0.14K315 0.7tKH7d -47tu) +44. G+ 52.5236 -1.REN2 4.4 675 -2.61117 4.nWIT7 0.larIA;l -1.72133 ILVIU Ob
45. C"2+ 91.4312 2.flR77 0.527Tet2 -0.21032 8.91785 0.3 W733 -0.2418r0 1131R3 +
48. III+ 70.79Hti 26.4370 -40.4 Tai 16.9100 7.4T7HS 0.3T7Ta0 15.R23) 247320 +47. 1+ 84.7tL2 -5.9MM 31. 3M'll -15.4282 8. fit Wel 0.3122H9 -3.tNent 231110

2
48. 1- M. lful -2. HIT 7tet 8.71W3 -4.W 135 8.42KW) 0.2 tan 52 -4.49330 -4Nret +

2 +

4
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Figure 1. Schematic diagram of the Fission Product Reaction Facility as
configured for the tests in a radiation field.
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POINT-BY-POINT MEASUREMENT OF COMPOSITION
THROUGH OXIDE CROSS SECTION IN TEST 40. CONCENTRATIONS*

CALCULATED FOR CORRESPONDING OXIDE OF ELEMENTS
un(unO ), Si(SiO ) AND Cs(Cs20)2 2
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Figure 5. Elemental concentrations plotted against position for the stainless
steel coupon from test 40.
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