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SUMNARY

In initial ctudies of short-lived fission producte for use in fallout
tractionation models, soveral known isotopes have bhaasn recogniged. The
observed gamma ray intensities of recognized energies from the double-taps
reuoll-range measuring system axe consistent with expected recoil range
variations., It is planned to satiafy & requirement fur wmore intense gamma
spectra by moving the recoil tiseicn product source close to the reactor.

The interaction between condensation phenomena and gas- and coundensed-
phass diffusion o fission products during fallout {vrmation has been investi-
gatad analytically., Regions of importance of each of thosa phenomena have

bean digcussed.

Further tests of the application of the compensation law to condensed-
state diffusion data have been carried out. The compensation law ~ reciprocal
ionic radius ralationships applied well to all milicate systemu oxcept those

loaded by fission~product recoil.

The thermodynamics of Cc02(g) havs been measured. Attempts to define
the stebilities of AnOz(g) and SnOZ(g) have failed because of low stability

of thesa species.

Gaseous release of iodine from TeO2 particles has been shown to be
controlled by diffusion in the Te02. Rates of diffusion have been deter-
mined. These data indicate that the volatility of iodine from fallout par-
ticles could be very high. Leaching studies of racoil loaded fission products
sre consistent with release of these fission products to the aqueous leaching
solution being diffusion controlled. These measurements point out the
importance of the distributions of fission products in fallout particles to

their biological activities.

iii




g S g,

CONTENTS
sm‘ARY [} + . 1 ] L ] 1 ] L ] L] . . . L) L] 1] . . . L3 L] + [ . L[] L) . 1 ] [ ] L[] L[] . L] 1 i i
INTRODUCTION L] L] L3 1Y L] » [} . L] L] . . [] L] » L] » . * L] 1 ] L ] L[] 1) L] - L[] - L ] l ?
SHORT~LIVED FISSION PRODUCT STUDIES o v v v v o vt v o v v o v v o ‘

APPARATUS, INSTRUMENTATION, AND METHODS . . © ¢« « vt ¢ ¢ 4 s o o &
EXPERIMENTAL RESULTS . v « ¢ v v v v v ¢ v v v o b v o b e a0 v v e s
FISSION PRODUCT SORPTION RATE MECHANISMS « « v v v v ¢« 4 v v ¢ 0 o « & 18
EXPERIMENTAL CONDENSATION COEFFICIENT STUDIES . . . « ¢« v v ¢ o « o+« 25
DIFFUSION OF RADIOACTIVE NUCLIDES 1IN MOLTEN SILICATES . . . . . - 26
THERMODYNAMICS OF FISSION PRODUCT OXIDE SYSTEMS BY

MAS s SPECTROWTRY . . L] . . . L] . . . . . * . . * . L] L] [} L] L] . [ [ 35
vaSED HENRY ' s LAw CONSTANT VALUES . . L] L] L[] - L] . . . L] * L] * . . . 38
RELEASE OF RADIOIOD®NE BY SIMULATED FALLQUT PARTICLES , . . . . . . . 40

LEACHING STUDIES . L} . LI} . . . 0 LI ) [} a e o« . L.} . s s o LI Y JO
PUBLICATIONS . ) LI ) [} [y . . . . s s . LI} . . . . . [ N ) . e e . e 54
REFERENCES LI . LY . . . e LI T T ) . s . . ¢« s e . D . . e e 9 ¢« o 55

FIGURES

1. Simplified diagram of tape processing assembly . . . . « « « « . . 4

2, Tape processing assembly . « « + « « ¢ ¢« o ¢« ¢ v ¢ 0 4 w8 e e e

3, Fission-product recoil-range parameter C3/C2 in Mylar
ve. atomic mass. Data taken from Ref. 1 e v e e e e e e e e s 7

4, Part of spectrum from the moving tape adjacent to tihe source,
Curves are smoothed data . . « « 4+ ¢ ¢ « v v o ¢ o o o o o o o o » 12

5. Part of spectrum from the moving tape furthest from the source.
Curves are smoothed data . . o . v 4 « o v v 4 ¢ ¢ ¢« « o o & » o o 14

6. Fractional sorptions as a function of time for varying
values of rh . . « v ¢ v s & 4 4 ¢ o s ¢ ¢ ¢ e e s 8 e 4 e e e 21




;
}

FIGURES (continuad)

7. Fractional sorptions as a function of time for varying values
of rh, ahowing regiona of gas—phase diffusion and condensed-
state diffusion control . « « ¢+ & ¢« ¢ 44 e 0 e e v e e e e 8 e 23

8. Diffusion coefficients for transport of radiocesium in molten
media of albite composition as a function of temperature . . . . 27

9. Self~diffusion coafficient of Na-24 and viecosity as functions
of temperature for NBS Standard Glass No. 710 , . . . . . . . .. 30

10. Concentration profiles for simultaneous diffusion of radio-

nuclides in 1450°K CaO-A203-8102 eutectic at 1601°k ., , ., . . . . 34
11. Apparatus used for monitoring the release of radioiodine by
simulated fallout particles . . « « + o+ & ¢« o o v o ¢ o o o o o 41

12, Fractional release F of I-131 by neutron-irradiated TeO
particles s a function of the square root of the time
&t four tempeYALUr®S . .« « o « s « o s « o o o o « s s s o o 2 o 42

13, Dependence of estimated diffusion coefficients upon temperature
for release of radioiodine from neutron-irradiated Te0,; particles 44

14, Calculated fractional release F of radioiodine by an 0.1 um
particle at 298°K . . . v 4 ¢ ¢ 4 b b e s e e e s e e e e e 46

15, Fractional release of surface-adsorbed I-131 by glass spheres

at 298°K in laboratory air as a function of time . . . . . . . 47 .
16. Leaching of adsorbed I-131 from glass spheres with distilled

water and potassium iodide at 298°K as a function of time . . . . 49
17. Fractional release of fission products from eutectic glass '

during leaching; the average uncertainty 1s 152 . . . . . . . . . 51
18. Fractional release of fission products from Nevada glass during

leaching; the average uncertainty 48 25% . . . . . . . . . « . . 52

TABLES

1. A list of prominent peaks in spectrum from tape adjacent to
source in the 60-min experiment with delay time of 4.0 sec . . . 10

2, Prominent peaks in spectra from two tapes for the 240-min
experiment with a delay time of 23 8ec . . « « « & o ¢ - « « & & 11

3, Additional peaks from 240-min experiment for tape adjacent
to source (energies In keV) . . v « v ¢ o+ ¢ ¢ ¢ ¢ ¢ ¢ 0 e 00 e 1o

4. Diffusion coefficients for transport of radiocesium in molten
media of albite composition . ., . + « ¢ ¢ ¢ ¢ ¢ ¢ 4 4 4w .. oe 26

5. Arrhenius parameters for diffusion in melts of albite
compoB8ition . . v 4 v 4 4 s s e e e 4 e e e e e e e e e e s 28

vi




TABLES (continued)
6. Diffusion coaefficients for transport of Na-24 in NBS-710 glass.

7. Radii at various temperatures using Equation (13) and experi-
mental diffusivity and viscosity data . . . . « « v v 4 0 4 e

' 8. Results of pressure calibrations and Asg calculations for
renction (Eqi 17) . L] . L] . . . . L] L3 . L] . L] L] . . L] L] L] L] L] L]

9, Revised Henry's law constants . . « & 5 « ¢« « « o o o o o o o &

10. Diffusion coefficients for radioiodine release by simulated
fallout particles s 4 5 s 4 e e e e e s e s e s e e e e e

11. Radionuclides present in leaching slurries for Nevada
and eutectic glasses . . . 4 v ¢ ¢ 4 0 v e e 6 b e e e e e e

vii

29

31

37
39

43

53




INTRODUCTION

In the cloud chemistry program carried out at Gulf General Atomic
Incorporated during the past year, there has been a shift in emphasis
toward studies of short-lived fission products. The effort in the short-
lived fission product study has been principally one of preparing for
accumulation of precise data. In our last final report (Ref. 1), we
described a unique method of obtaining the desired half-life data. This
was demonstrated by making studies more than one-half hour after fission.
During the present reporting period, we assembled the equipment to perform
these studies in the desired time range (1 to 100 sec after fission). We
have obtained some data in this time range. The one problem was that of
having a weak fission source. 1In spite of this, over 30 gamma transitionms
have been recognized. The estimated recoil ranges of the source nuclides,
whose transitions are reasonably well documented by other workers, pro-
vide encouragement for the success of these ctudies. During a follow-on
program, we intend to obtain orders-of-magnitude more accurate tramsition
intensity data by placing the recoil fission product scurce adjacent to
a graphite thermal column, which, in turn, 1s fed neutrons by a Gulf General
Atomic TRIGA reactor. We expect that this system will provide the data

required for these studies.

As a continuation of our diffusion studies, we have attempted to study
the diffusion of recoil loaded fission products in several silicates. The
results of these studies were enigmatic in that the coefficients measured
for various fission products exhibit little variation with diffusing species.
In our other diffusion studies, diffusion coefficients were definitely depen-
dent on the diffusing species (i.e., the element considered) except at the
cross-over temperature predicted by the compensation law. Other diffusion
studies included in this report can still be described using the compensa-

tion law ~ reciprocal ionic radius relationships.
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An analysis of sorption of fission products during fallout formation,
as governed by condensation coefficients, condensed-phase diffusion coeffi-
clents, and gas~phase diffusion coefficients, has been made. This work
extends the analysis presented in the last final repert (Ref. 1) to include
different sorption regimes and gas-phase diffusion. The discussion outlines
the anticipated behavior of systems in fallcuat with respect to values of the

three important parameters.

An experimental study has demonstrated some of the problems in obtaining
appropriate experimental condensation coefficients. It has long been known
that the condition of the surface is extremely important in determining
condensation coefficients. The importance of this condition was emphasized
by the observation of cosine law scattering of noble gases from hot molten
glass surfaces. Specular scattering would have indicated a low condensation
coefficient for these gases. Cosine law scattering indicates either a long
residence time on the surface or a rough surface. We prefer to believe that
our observations indicate a surface roughened by gas adsorption rather than
the long residence time on the surface, which implies a condensation coeffi-

cient near unity.

The other fallout studies reported here include (1) a mass spectro-
metrically derived description of the stability of Ge02(g), (2) an updating
of reported Henry's law constants, (3) a description of the '"leaching" of

iodine from particulate matter by hot, mcist air, and (4) a description of

the leaching of recoiled fission products from glasses using aqueous techniques.




SHORT-LIVED FISSION PRODUCT STUDIES

Half-life data on short-lived fission products are needed to serve as
input to fallout models so that the fission product isotopes, which are
present during the cooling of a nuclear cloud, are described quantitatively
as a function of time. We have initiated short-lived fission product studies
using a steady-state system for evaluating these half-lives. The first step
toward accomplishing this goal was to design an experimental apparatus which
would allow us to achieve precise, meaningful steady-state gamma ray inten-
sity data. The main requirement, that of obtaining time-independent data
(i.e., steady-state data), is for a separation of nascent fission fragments
from fissioning material. We have selected the property of fission product
recoll to accomplish this separation. 1In addition to providing the separa-
tion, this property also affords information concerning the fission products
themselves, since recoil ranges are quite dependent on the proper:iies cf the
recolling fission products. Generally, the recoil range and half-1life data
can be obtained from the mechanically separated recoiled fission products

using a moving tape system.

APPARATUS, INSTRUMENTATION, AND METHODS

A simplified diagram and a photograph of the tape system are shown in
Figs. 1 and 2. Two Mylar tapes, 2 in. by approximately 6 micrometers, move
from supply reels past a thermal-neutron irradiated, enriched-uranium source
and then through a series of rollers and capstans, which separate the two
tapes. Each tape is then passed several times across the face of a lithium-
drifted germanium detec.or on the way to a take-up reel. Tapes can be
threaded so that they give either equal delay times or so that both detectors
monitor a single tape with different delay times for half-life determinations.
The apparatus, designed at Gulf General Atomic, was fabricated by Almond
Instruments Company of Covina, California. The detectors were obtained from

Princeton Gamma Tech, Inc., and have a resolution of better than 2.5 keV for
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the 133)-kaV, Co=60 gamma ray spectral pevk (width at half-maximum i{ntensity)

with an efficiency 8X of that exhibited by a 3 in., by 3 in. sodium iodide .
erystal for thia gamma ray, both at 23 cm., Signals from the detectors are
amplified by Canberra proamplifiers and amplifiers and fed into a TMC 4096- )

channel analyaser, which can be operated as a 2048-channel analyzer for each
detector. Two detectors are employed so that accurate recoil range measure-~
ments can be made. The principle of the experiment is that fission producte
are recoiled from the source through a 6~micrometer Mylar source covaring
tape into the two moving é-micrometer tapes. For a particular photopeak,
the ratio of the integrated signals from the identically delayed moving
tapes 14 a function of the recoil range of the nuclide, which, in turn, can
be related empirically to the atomic mass of the nuclide. Thus, atomic mass
data are obtained for nuclides causing obsexrved photopeaka. This is illus-
trated in Fig. 3 where the data were obtained with a static system (Ref. 1).
Then, a single tape is studied with the two detectors at different delay
timas to obtain the 'decay curves" establishing the half-lives of the observed

nuclides.

The employed highly thermaliszed, well-collimated neutron beam had a flux
of 6 x 105
beam tube closely associated with a graphite thermal column adjacent to the
Mark IXI Gulf General Atomic TRIGA reactor, which was operated at 900 kW.
Shielding with horonated water, boronated paraffin, and lead bricks was pro-
vided around the exit flange of the heam tube, Detector shielding was
accomplished with these materiels and lithium carbonate. The beam impinged
on the back side of the source holder, which was half of a right-circular
cylinder made of 1/16-in., 6061 aluminum. The source area was 4 in.z. The

low neutron flux was found to be the limiting factor in these experiments.

O‘
n/cm“-sec at the target. The beam was conducted through a 30-ft .

Some difficulty was encountered in preparing the uranium source; there-
fore, natural uranium was used for trial preparations. Attempts to electro-
plate uranium onto platinum, using « buffered nitrate-oxalate solution and
other standard methods (Ref. 2), failed because the amount of uranium i
adhering was insufficient for our purpose. Attempts at vapor deposition of

uranium metal onto aluminum, using a uranium-coated tungsten filament, also

6
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ware not particularly successful for ovbtaining the desired uranium density,
Al to 2 micrometer thick foil of enriched uranium metal was quite expensive
for the desired suriace area. rThe source was prepared using a suggestion

of Professor John W, Irvine, Jr., of M.I.T. A settling tower was fabricated
from & 4-in..diameter pyrex cylinder, opean at both ends, that was weighted

on top with a lead brick. The bottom of the tower was a plece of smcothed
commercial aluminum foil separated from the cylinder by o silicon rubber
O-ring. The aluminum foil had been covered with a thin film of dried shellac.
The tower was partially filled with CClé. and the commercial uranium oxide
powder (approximately 1 micrometer diameter fully enriched) was triturated
with a drop of oil and then washed into a Waring blender using CCla. The
mixture was blended and then poured into the tower. After settling overnight,
most of the supernatant CCl4 was cavefully drawn off and the remainder was
evaporated. After the tower was disassembled, the uranium oxide film adhering
to the foil was wetted with a shellac-ethanol mixture, dried, and heated to
approximately 100°C in air for approximately 1 hr. This provided an idherent,
reasonably uniform, thin preparation approximately 7 mg/in.2 This preparation
was approximately 2 to 3 micrometers thick with an equivalent roughness.

It was cut into a selected 2-1/2 in. by 1-1/2 in. rectangle, covered with a

6-micrometer Mylar sheet, and taped to the concave surface of the source holder.

The tape system has capstan drive controls with a wide dynamic range,
allowing tape speeds of 0.1 to 60 in./sec. For high speeds, a magnetic
transducer on the capstan flywheel allows frequency measurments to be made
using an ac amplifier and an electronic scaler. The frequency is converted
to tape speed using calibration graphs to provide close control of delay
times. Supply reels and take-up reels, operated by dc servo motors, maintain

tension on the tapes during operation.

Gamma spectra, obtained with the 4096-channel analyzer, were read out
onto IBM tape that was processed in the Univac 1108 computer. The code
(GGAMPUTE) provides output from the two 2048 spectra in the form of gamma
energies, background intensities, corrected integrated peak intensities (dpm),

and counting statistics. A subroutine allows the unfolding of complex

e b S ety e s ks el N
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unresolved spectra using as a model sums of Gaussian distributions with an

’ exponential background function.

The nmain problem so far has been in obtaining sufficiently accurate

data. For nuclide mass correlations, signal ratio accuracies of approxi-

mately 5% are needed. The apparatus does not seem to pose problems in this

S —

respect. A sufficiently close duplication of delay times and counting
periods and a good calibration of detector sensitivities can be made so
that recoill range parameters can be measured within 5%. Alse, uniformity
of the tapes should play only a minor role since only a comparison of
"average ranges' is necespsary. However, peak interference in the spectra
is rather important since signal intensity accuracy is affected adversely
by interferring peaks, and identification of fission products from recoil
ranges is not definitive without precise intensity measurements. The

accuracy of counting as a function of delay time may not require quite the

precision that the range measurements do, but accuracy is important for this

determination also.

Because peak intensity is such a limiting factor, plans have been made

to place the source and part of the tape system at the bottom of the beam

tube to greatly increase the fission rate. This will increase the neutron
flux at least four orders of magnitude, with about three orders increase in
gamma signals. Minimum delay times will be lengthened since the tape must
travel ten times further from the source to the detector. In this configura-
tion, the minimum delay time will be approximately 5 sec instead of 0.5 sec.
However, the increase in signal intensity and the better time definition of

the signal should more than compensate for the higher minimum delay time.
EXPERIMENTAL RESULTS
Thus far, two experiments have been performed to check th~ apparatus

and method and to disclose major sources or problems. The preliminary

studies were made in the low energy portion of the spectrum. The energy

scale was established for bnth detectors using appropriate standards.

Background spectra were obtained either with the source rcmoved, the neutron

| 9




beam present and the tape moving, or with the tape stopped. No differences

were noted. A 60-min experiment was done using a tape speed of 7.5 in./sec, .
corresponding to a delay time of 4.0 sec from source to detectors. The
background-corrected spectrum exhibited a considerable number of peaks for <
the tape adjacent to the source, although few peaks were observed in the
background-corrected spectrum for the second tape. The energies for prominent %

peaks from the first tape are listed in Table 1.

TABLE 1
A LIST OF PROMINENT PEAKS IN SPECTRUM FROM TAPE ADJACENT TO SOURCE
IN THE 60-MIN EXPERIMENT WITH DELAY TIME OF 4.0 SEC

keV Assignment keV Assignment
96.12(®) (Nb-99) 178.36
102.50(a) (Xe-140) 210.99(a) (Xe-140)
107.56(2) 217.99(a) (Xe~139)
120.58 (Kr-90) 240.62
128.98 257.91(2)
132.31 275.21(®) .
136.31(®) 294,82 (Xe-139)
145.01 331.72 :
153.67 467.93
157.35(a) (Ba-143) 504.46
173.35(8) 535.33(a)

594,43
(a)

Most prominent.

There were several peaks that were not as well resolved in the spectrum
below 96.12 keV; however, uncertainties in the energy calibration in that

region did not warrant assignment of these energies.

In the second experiment, the tape speed was 1.3 in./sec, corresponding
to a delay time of 23 sec. Three 80-min spectra were obtained, each preceded
and followed by a 20-min background spectrum. The spectra were electronically

added and corrected for background. Part of the resulting spectra for both

10
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tapes are shown in Figs. 4 and 5. These spectra have an artificial back-

ground of 305 counts/channel in addition to an uncorrectable Compton
background from the desired signal. The data were derived using 0.33 keV/

channel. The data are summarized in Table 2. i‘

TABLE 2
PROMINENT PEAKS IN SPECTRA FROM TWO TAPES FOR THE 240--MIN EXPERIMENT
WITH A DELAY TIME OF 23 SEC

E(kev)(‘) AE (keV)(b) I (Cpm)(c) Ratio(d) Nuclide(e) t1/2 (sec)(f)
93.65 0.29 10.4 0.53 + 0.04 Mo-105 58
97.65 0.15 18.9 0.41 + 0.03 Nb-99 10.5
103.79 12.6 <0.15 Xe-140 13
121.36 0.17 25.4 0.55 + 0.02 Kr-90 24
129.91 3.3
137.45 -0.03 42.9 0.39 + 0.01
156.12 12.2 <0.15 Ba-143 12.6
211.03 17.5 <0.10 Xe~140 13
218.38 24,5 <0,10 Xe~139 41
296,28 8.4 <0.20 Xe-139 41 g
344,50 0.28 4.7 0.45
397.33 13.8 <0.15 La-144, Ba- 144 41,11
492,28 3.9 0.45 + 0.07
540.07 1.15 8.4 0.22 + 0.04 Kr-90 24
602.86 ~-0.43 7.3 0.15 + 0.05 C(Cs-140 58

(a)Energy from spectrum for the tape adjacent to the source.

(b)
(c)

Energy differences for spectra from the two tapes.

Integrated peak intensity for the tape adjacent to the source by
GGAMPUTE.

Intensity ratio for the two tapes.

(d)
(e)
(f)

Tentative assignment.

Corresponding to (e).

In Table 2, the intensity ratios clearly fall into two groups that are
qualitatively correlated with nuclide mass: a high ratio (approximately

11
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0.5) indicating low masa, and a low vatic (Jemn tuun 0.20) fadtcating high
mans. Recausne of the amall atignale, it wan impoomible to obtain as quanki-
tative a correlation an that previously cotained for a stutlc taps myatam
(Ref. 1). Tha present data (with tha posaible exception of the SAQ kaeV
peak) indicate that the recoil runge method should be capable wf ylelding
the desired data if atignal strength can be {ncreased.

The data in Tuble 2 were cbtained from the output of the Univac 1108
treatment of the raw data and from the channel-aignal printout of che TMC
analyzer, The aspactra were then converted to digital tape and were plotted.

Perusul of the plot for the tape adjacent to the source diuclosed othor peaks

of lesser inteusities, some of which had been ignorad by the computer pro-
gram. These poaks are listed in Table 3,

TABLE 3
ADDITIONAL PEAKS FROM 240-MIN EXPERIMENT
FOR TAPE ADJACENT TO SOURCE
(Energies in kaV)

64.7¢ 118.14 381.19
69.60 173.08 388.00
72.93 175.92 455.20
74,91 196,99 466.84
87.68 257.95 511.03
108.71 288.89 543.23
111.31 292.49 3594.97

it is emphasized that the assignments of nuclides to photopeaks in
Tables 1 and 2 are speculative. The assignments are basad upon the pioneer-
ing work of Alvager et al., (Ref. 3) and Wilhelmy (Ref. 4), both of whom used
Cf-252 sources. lowever, the yleld curves for spontaneous fission of
C£-252 and thermal neutron-induced fission of U-235 are very different,
especially in the regions of the maxima. If tha assignments in Tables 1
and 2 are correct, then there is excellent agreement between these energy
vaiues and thuse reported by Alvager et al and Wilhelmy. The standard
deviation is apprcximately G.35 keV, which corresponds to approximately 1
chaanel in 4096.
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From Kovchendorfer's (Ref, 3) computation for lnatantanaous thermal
neutron fiwnton of U=235, one might expeut to obaecve photopeaka, in the
time rogime atudied wo far, that correaspond to Kr=#1, Rh=92, Rb=-93, 2r=-100,
Ba- 143, La=144, and La-14% ror example, However, gamma efficiencies, ener-
glen of the phutopeaks, and yiwlde, topether with the half lives, all dictate
tha importance of thewe nuclidea iu the preswnt study,

A anall amount of data about half-1ife values could he derived from
our two experimenta. Thewe datu are only qualitative aince birth-and~decay
laws of families vequire at a minimum that one measure a decay rate of a
particular apeciaa a number of times equal to the nunber of important
precursora plus two, Thus, two measuremants wouid sufflce only if there
were no impnrtant precursora. The datu are in line with observing species

whose half=livas range down to at moat 3 or 4 sec in aome cases.

The experimenr. reported in the last final report (Ref. 1) eatablished
the feasibility of the double-~tape method for determining atomic masses by
recoil ratios. The preliminary dats reported herein confirm thie. All of
the required instrumentation and apparatus,with exception of the tape guide
to the bottom of the neutron heam tube, are ¢vailable for quantitative studies
when time {2 available with the Gulf General Atomic Mark III TRIGA beam tube.
No dfficulities are foreseen in extending the source and tape system to the

near vicinity of the thermal neutron column.

Since theae are the first Ge-Li detector studies of many simultaneously
borne short-lived fission products from thermal neutron irradiation of ura-
nium repcrted, the work involves a correlation of half lives, atomic masses,
and gamma encrgies that are not wall characterized, if at all., The quanti-
tative description uf nuclides according to half lives, (N, cl/2)’ will
require establishing the N-tl/z scale carefully for intermediate values of

t and then successively extending the studies to shorter values of t1/2‘

1/2

We conclude that the system and approach have been proved. The future

quantitative axperiments should be most fruitful,
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FISSION PRODUCT SORPTION RATE MECHANISMS

In last year's final report (Ref. 1), a discussion of the role of
condensed-state diffusion coefficients and condensation coefficients as
applied to fallout formation was presented. This discussion was based on
a description of surface-limited sorption presented ty Crank (Ref. 6).
Basically, if no gas-phase diffusion problem exists and a = a=a, (the
evaporation coefficient equals the condensation coefficient, and these

values are independent of concentration), then

2
Fol- }E; 6 (rh)? By bt (0
nw 2 2 exp 2 '
Bn Bn + rh(rh=-1) r

where Bn cot Bn » l-rh. In this expression F is the fractional sorption at
time t (sec), starting with an initially unloaded particle of radius r (cm),
in an atmosphere whare the sorbing substance is at a constant pressure. The

value of h is given by the expression

1

_ 44,3300 Q/T)°

h

where H is the Henry's law constant [atm/(g/g)], M is the gaseous species
molecular weight (g/mole), T is the temperature (°K), D is the diffusion
coefficient (cm2/sec), and p is the matrix density (g/cms). In our report
(Ref. 1) we expressed the opinion that for systems where rh is greater than
10, cue can consider the system to be condensed-state-diffusicn controlled.
This opinion was expressed on the basis of the figure in Ref. 6 describing
F as a function of (Dt:/rz)l/2 for a series of rh values, While this is a
reasonable description according to this figure, it is apparent that F values

at very low Dt/r2 values should be further considered since rh values that
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lead to small F values can be quite important in describing the sorption of
highly fractionated elements during fallout formation. The region of small
F values essentially requires comput r techniques to obtain solutions to

Eq. 1 because of the problem of obtaining Bn values and making the necessary
summations using these terms. In our calculations, an n up to 30 with Bn
accuracles of 8 decimals was necessary to arrive at accurate F values.
Calculations have been made for rh = ® and rh = 1 where accurate Bn values

are not difficult to obtain (i.e., cot Bn = © and 0, respectively).

One can describe the results of the calculations in terms of two limit-
ing differentials. The first differential is

) .
lim [étér dF . ] - linl[ d 1nF > ] -1 (3)
d(bt/r") d In(Dt/r")

Dt/r2 + 0 Dt/r2 +0
for any value of rh less than «, That is,
F = At, (4)

where A is a constant, will describe Eq. 1 at sufficiently low values of
Dt/rz. This result is consistent with a condensation-rate-controlled process
at sufficiently short times and confirms the form of this expression for short

times. The second differential is

2
Lim [——dF—z] -y o) : (5)
a(pt/r") n=1 [Bn + rh(rh—l)]

Dt/r2 +0
Thus, the expression for F as Dt/r2 + 0 becomes

{

6Dt 1 (6)

F mw—— —_—

r? n=l -[(Bn/rh)z +1- l/rh]

19

;
1.
i
i




which establishes the rh spacing between sorption curves. The summation

approaches rh/2 and thus

1

L 132,99 Ha tu/T)°

F 0

, (7)

which is precisely a description of a condensation-rate-limited process.

From these results, Fig. 6 was constructed, which presents curves for

F versus (Dt:/r"z)l/2

at a series of rh values. The circled points are the
only calculated points; thus, the limiting lines shown for rh values other
than 1 and ® were obtained by synthesizing curves from the limiting be-
haviors. The family of curves helps in understanding fallout fractionation

processes.

In Fig. 6, the calculated points for rh = 1 are in agreement with the
system exhibiting condensation-rate-limited sorption. For other values of
rh less than one the behavior will be similar. For rh greater than one the
opportunity exists for the F value to approach the F value for condensed-state
diffusion control (the rh = « curve). When this happens the sorption con-
trolling process changes over from a condensation-controlled process to a
condensed-state diffusion-controlled process. Of course, an F region exists

where the two rate processes are competitive.

The important questions concerning faliout formation (temporarily
excluding dominance of gas diffusion) are the appropriate values of rh
and F. One must deal with two fractionation processes. With respect to
fallout particles, an element becomes supersaturated in the nuclear cloud
because (1) the cloud is cooling or (2) the volatile parent of the condensing
fission product is decaying. These two processes generally occur in differ-

ent regions of rh and F values of Fig. 6.

In the first case, one can assign H, o, D, r, and F values to the process
to determine the controlling phenomenon. During the sorption of the

majority of a particular species from a nuclear cloud, the values of F are
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Fig. 6. Fractional sorptions as a function of time for varying values of rh
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not particularly small for important cases; H values are approximately 1 and
thus, for the various size particles, an estimate of whether o or D is the

important property can be made using Fig. 6 and the appropriate data.

In the second case, H and F often become very small, which can drive
the process intc a condensation process or gas-phase diffusion process or

both. (0f course, D may also become very small.)

The foregoing considerations can now be extended to include the consid-
erations of gas-phase diffusion limitations. Freiling (Ref. 7), has sug-
gested a solution to this question in terms of resistivities to transport
and proposes the term ''degree of control" as given by a fraction of the total
resistivity associated with a particular phenomenon. Freiling's approach
appears worthwhile, but application of it is more complex than he indicates.
Comparing normalized rates of the individual processes under the appropriate
conditions is the proper approach, but the simplified formulae for rates
that he presents are appropriate only for specific conditions. The rates
of the three important processes do not scale in the same way with loading;
thus, more complex parameters must be considered. An extension of the
analysis to include the scaling problem with loading should therefore be
developed.

As a partial solution to this problem, Fig. 7 is presented to describe
the rates of these processes for the condition of exposure to an isothermal
nondepleting atmosphere in the form of varying values of a/Dc and a single
selected value of Dv’ where o, Dc, and Dv are the condensation coefficient,
the condensed-phase diffusion coefficient, and the vapor-phase diffusion
coefficient, respectively. The other terms presented in this figure have
been defined previously, The selected Dv value defines a sorption curve that
has the same time dependence as a condensation-controlled curve. It serves
as a limiting curve; that is, material cannot be sorbed at a greater rate
than gas-phase diffusion will allow. Thus, in Fig. 7 no fractional sorption
to the right of the selected Dv curve exists. This is shown by crosshatching
the region to the right of the Dv curve. The condensed-state diffusion
limitation can be stated similarly: no fractional sorptions to the right
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of the condensed-state diffusion curve exist. This region 1s also cross-
hatched. Thus, if condensation coefficients are sufficiently large (> 0.1),
the sorption process will be governed by the gaseous diffusion until it
encounters (if this happens at all) the condensated-state diffusion control.
The reason for selecting > 0.1 as a limit is that the meanings of o = 1 and
condensetion coefficient control require that every molecule of the conden-
sing species that strikes the fallout particle condenses and that none of
these molecules re-evaporate. This describes exactly a condition that must
be limited by diffusion in the gas phase since a large concentration gradient
in the gas phase must exist. We have assumed that gas phase diffusion con-
trol will extend to somewhat lower o values than unity. The actual sorption
process depends on the intersection of the gas-phase-diffusion or condensation-
coefficient controlled curve (one or the other only) with the condensed-

state~-diffusion controlled curve.
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EXPERIMENTAL CONDENSATION COEFFICIENT STUDIES

Concomitant with the theoretical studies of the importance of conden-
sation coefficients in the fallout problem reported previously (Ref. 1) and
reported here, an experimental program was initiated at the Gulf General

Atomic, atomic beam facility.

. a first experimental consideration cf the importance of condensation
coefficients, flat samples of CaO-A1203-SiO2 eutectic glass, formed at
approximately 1700°K and heated to 700°K in a vacuum for the experiment,
were exposed to helium and argon beams directed 50 deg from the normal to
the glass surface. The 1200°K argon beam was scattered essentially according
to the cosine law. Room temperature helium and 1600°K helium were scattered
similarly, exhibiting near-cosine s