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PLUTONIUM-238 LELFASE IN SIMULATED HATURAL ENVIROIMENTS*

Janes H. Patterson, George M. Matlack and Gilbert B. Nelson
Unilversity of California, Los.Alemos Scilentific Laboratory

#ork performed under the auspices of the U. §. Atomic Fne.sgy Cormigsion,
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ABSTRACT

Rediolsotope thermoelectric generators (RIG) are designed with a great
factor of safety to withatand all. aspects of space nilssions including orbital
reentry and esrth impact and to provide containment untii the fuzl material
is safely recovered. Several space mlissions have shown that the present
designs are very good from a safety standpoint, but more data about the 238Pu
isotopic fuel is continually being sought to improve the safe usa of the RIG’s.
As part of this larger program, LASL is stuuying the effects of various
environmental conditions on fuel by exposing 25aPuoa RIG fuel component samples
to sinulated weather conditions in environmental test chanbers. The somples
werc placed on the suriaces of soils in dcep trays, and were subjected to
aiurnal humidity and temperature cycling to simulate summer end wintcr conditions
in humid temperature climantes. A spray system was used to simulate rain, with
32-mn reins occuring once a week,

The fragments from en impact test of a sphere of sintered plutoniun
dioxide, 80% enriched in 238Pu, were uged in tvwo experiments. The larger frug-
ments, 224 g of pieces greater then 6 mm in diemeter, were placed on humus
soil. Tho finer fraction, 28 g of materiel with dismeters between 0.0l and 6
rm wa3s 8lso placed on hunus soll in a separate chpmber, The condenaate from

the chamber dehu~idifiers (s measurc of airborne particulates), the rain water



thut percolutsd thiourh the uoll, unld coic sakples of the soll vaera analyred

r 2"'BPu. In the large-particle cxporizcat the plutoniuam rulvase rato to

1o
atr increased in four moiths fran about 0.0 uCi per moath to a conatant
valu: of about & uCi per month. Jn contrast, the initial rate of aboat 0.3
pCi per month fur the fins-particlce experiment Jdecrcenised to approxieately
0. uCi par month. Tho themal shock when the cold rain water struck tho
leorge picces, which have surface tenperatures above 250°., caused spallation
of very finao partizlos. Tho foct that condeansetes collected after a rain
contained uare plutonium than other condenaatos conflirzed this explanation.
Determinntion of tha plutonium in particulate samglos collocted frem thr air
in the cl'amber during a rain sagquancu on the larger pioces showed a gront
increace in the averagoe nir concentration over tha poorain concentration
during the first five minutes of rain, in agrecusnt with the spallation
mechaniom suggested. Within an hour after the end of the rain, the coacz=n-

tration had returnud to tha preranin valuec. 8izc studics of the plutoaliw.

oxids particlos in soil corc samplcs indicated that thera was camnminution of
of the finer material aluo.

IRTRODUCTION

A rudiolgotope thormoelectric generator (RIU) produces elcctric power
by maans of a thermopile whose hot junctions are hcated by the decay encrgy
of a radionctlive iusotop:. This type of power sourco is light end compact,
has no noving ports, and ia capable of supplying a centinuoua voltage for
several years. BDBocause of thesc qualities, RIG’s arc used in mony opace
migasions to provide elcctric povwer for -1nstru1cnts ond data trananigsion.
Aloso, in five of tha Apollo manned landings on the moon, the scientific
instrumont packages that wvere deployed for postmission measurc.anis used

RTC’s for pouwer.



Ir nearly all of the sprea applicuiiona to date plutoniwn 807 enriched
in 255!’\: has boen uscd to supply the heat for the genaratora. Thie coatalner
for tha huat pource i3 designed with a great fagtor of aafety to vithstund
both orbital reentry and enrth inpact, so thut tho matorial will by safcly
containsd wmitil it is vccovared. Tho oxiating dusigns haw proved more then
adoquate from a safoly standpoint, although thoe Isotopr Power 8yustea Dronch
of the Division of Bpaco {luctlaar Systums of the AXT continually sucks to
obtain more information about tho heat gourcus in order to improve thoir
safo use. Ao part of this lorga safotly progrom, IASL is atudying the
intoraciion of 2’?’81'\.1 fuyl material with r~cawater, frush -v.t.nr, ad zarina
organisny in aquatic cnvironments and with air, soil, end rain vater in
toiTostrial cavironments to oupply data to bo used in deaigning cven safer

heat sourccs.

Savoral chenlcal forma of 238 Pu have boon usued to furl the KIG’s. ‘The
use of plutonium netnl ond plutoniwa dioxide miercapherca had boun phascd

o0at befose the preacnt experimonts were brgun. The fora that 43 baing wied
in current KiG’s is a plutonin-molybdenum cormet (PMC), while various
presscd shapes of pure plutoniua dioxide (PPO) are deing studies for future
use. Sevaral squatic capsarimants have boen carried out with PMC, dut oll of
thy tarceatrinl cxporiruents to date have been vith PPO fucl materials.
EIVIROIMETIAL TEST CHALIBERS

Terreatrinl cxperiii:mnts vere corricd out in environmental teat chamburs,
cach of vhlch had a workirg space of 1.8 n}. Teaperature pnd nidity in
this aynce could bhe controlled manually or in diurnel cycles by reans oi‘l cama,
Rain inaide the chaabar waz sinulnted by n manually op:reted spray aystem.
Two ooty of cans, corrcsponding to surrear and winter wveapther in a hunid tem-
perate climate were used in alternote 5-month puriods in the prosent experi-

ments. The temperature range for tha summer diurnal cycle was 20 to ho*C ’
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vith a relative hunldity rang: of 8% to 47%. The renges for the winter
cycle werc O to 17°C aud 60 to 10U r.h. The cxperirents began with a

sumner pericd, and were in their sccond suwazer at the time of writing.

There was m 5-cm raln once per weck,

RPRIMENTS

Each chanbder containzd a tray of soil 0.9 m square and 0.3 m deep.

The goil in the try was supported by a grill covered with a thin perforated
Plate to ello! vater Lo drain through. The bottom of the tray tapered to an
opening connectod by a pipe to the outside of the chambe'r g0 that this water
could b2 collected. The goil used in these oxpsriments was a loam, a partial
analysic of vhich is shown in Table 1. Tho fragments of a sphere of PPO that
had been shattered in an inpact test were used in thege experimenta. There
wore 224 g of picces larger than 6 1 in diareter vhich were placed together
in the center of thy tray of soil in onc of the onvironmantal test chanbdr.rs.
A finer fraction, 28 g of PPO materinl vith diamaters batween 10 ym and 6 mm,
wvag oinilarly placad in another chauabar.

Tha vatar cordensed by the refrigeration-type dechvmidifiers of tha air
conditioning systen was collected fo plutoniun pnalysis as & measure of the
sirborne plutonium in the chombers. This analysis was carried ovt vhencver
the 19-4 condensate bottlea becure full, ono to three times per week for
cach chamb:r. Tho roin wvater that percolated through the ooll to tho bottom
of %he tray was aloo collceted for plutonium analysis. At about 4-month
intervals, verticol core camplen of the soll in the chambers were obtained,
axl scetioned for plutoaium analysis e;t various depths.

An expariment was carried out to determine directly the airborne pluto-

niun coacentrations in the chamber containing the large picces during a rain



scquence, Air was sampled ot a constant rate of 0.9 2/: frow a point down-
wind from the plutonium fuel in the chamber. This eir was filtered to remove
plutonium oxlde particlos anq retumed to the chamber. The filters were
changed at intervals to obtain the concontration of plutonium in the air
before the rein and at various time periods during and after the rain.
RESULTS

The initiel rate of collection of plutonium from the air by the dehumi-
dificcr condensates in the chamber-containing the large peices was very small,
sbout 0.0% uCi per month. This increased till within 6 months e rather
constant value of 4 uCi per month was reached. Condensates collscted vver
u period in which a rain occurred gencrally had a greater rate of collection
of plutoniun than those that did not include e rain. The explaration for
this behavior seems to be that material spalled from the hot pieces of PPO
because of thermal shock when the cold rain water first hit them. The
surflaces of the pleces have been found by infrarcd photography to have
tomperaturcs between 250° and 300°C. The spallation phenomenon has been
obgerved in nnturcl shen some kinds of rock, heated by the sun, ere hit by
a sudden shower. This mechanism for the alrborne plutonium observed over
thoe PPO picces seenms to be confirmed by the striking results of the experilment
in which the alr concentration was measured during the rain sequence. These
results are listed in Table 2. The everage concentration for the first 5
min of the rain was 10%* times the pre-rain concentration. During the first
5 min the rain cooled the fuel material below the belling point of water, as
evidenced by the webtting of the: surfaces of the picces. The concentration in
the air then droppad continuously until it reached the pre-reln concer -ation

about 1 h after the end of the rain. The principal cause for the repid



decrcase in the concentration is not certain at this time. Some of the
plutonium_ may have bzen washed out of the eir by the rain, but this cannot
be the whole reason because the decrease continued after the reain hed
stopped. Part of the pluton:i.um was removed by the dehumidifier as shown
by the plutonium measurcd 1n the condensate. Same of the plutoniun may
also have been removed by gravitational settling of the particles. A

possible indicatlon of this was seen in the countling exparience with the
filter-. The results in Table 2 wera obtained by counting the filters with

a 2-7 gas proportional counter. 8Some of the filters were subsequently
dissolved and a more accurate analysis was obtained by J::lquid scintillatioa
counting. The ratios of the disintegration rates, as determined by
proportional counter and liquid scintillation methods, for filters 2, 3, 9
and 10 vere 1.2, 0.81, 0.3 and 0.64, respectively. This may indicat.

that most of the initiel activity was in the form of comperatively lerge
pearticles that were caught at the surface of the filter, and were thorafore
counted efficiently Wy the proportional counter. Later, the large particles
had sottled out and the smaller particles that remained penatroted deeper Into
the filter and wore therefore less efficliently counted.

The first rein water that percolated through the asoll after the large
pleces were placed in the chamber contained O.1 uCi of plutouium. This very
rapld breakthrough of the plutonium indicated that socme of the spallate was
in the form of very small paiticles or a colloid. Plutonium in solution
would not be stable at thioc pH (ebout 8), and, 1f prescnt, would be held in
the ooil by sare ion exchange type mechanism,

The amount of plutonium found in the rain water that percolated throu;:h
the soll in the chamber containing the large pleces was strongly influencec

by the temparatwre end humidity. The first six weekly roins in this chamber
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came during a period of manual operation belore the summer coms wers prepared.
Each one simulated a rainfall of 25 mm and produced about 6 £ 9{‘_,7;:1-‘6613.te
solution (out of 2i £) conteining an averasge of 3 uCi of pIEJMW. When the
sumner cems were installed, the rein hal to ve increased to 32 mm (27 L) as
the 25 mm rain merely replaced the water that had evaporated from the soil
between rains at the high temperatures. The 32-rm rain produced about § g
of percolate solution containing 0.7 pCi of plutonium on the average. The
first six rains after the winter camns were lnstalled produced sn averege of
15 uCi of plutonium in 11 ¢ of percolate solution. For the rest of the
winter the average plutonium content of the percolate solution was 9 pCi.

The return to sumer cems also signalled a retirn to percolate solution
volunes end plutonium concentrations simlilar to those of the previous summer,
It secms that under the higher summer temperatures the soll dried out more
between rains, sc¢ that the soll seturation point was reached later in the
rain thon 3t dild in the winter. Because of this lower flow of weter in
sumner, fewer of the plutonium dioxide particles were washed through the
soll. At the beginning of the wvinter some of the particles left in the soll
during the summer were washed through, giving higher results for the first
fev reains.

In an sutoradiographic ana.‘lya:l.sa of a portion of one of the rain water
percolat. solutions taken during winter from the large-plece exparinment,
plutonium oxlde particles with dlameters of 0.05 to 0.8 jm, with a count
nmzdien diemeter (CMD) of 0.095 um, were found. These particles accounted
for only ebout 1 ppa of the total plutonium in the semple which indicates
that nearly all the plutonium that is carried through the soll by water is

in the form of very snell particles, less than 0.C5 um in dianmeter,



A different pattern of interaction with the simulated environment was
seen with the finer fraction. The 0.8 puCi of plutonium found in the
dehumidifier condensetes during the first month dropped to half that value
in the next ronth end has remained about the same since then. There did
seam to be some Iincrease in the plutonium collection rate in the condensate
during a rain, bu. the effect was less than for the larger pieces. Most of
the particles in this sample were too small to have temperatures above
anblent, so spallation was negligible.

The average plutonium content of the riin water percolate solutions for
the chamber containing the finer frection was 0.2 puCi. There seems to be
very little scasonal effect on the plutonium content of the percolate solutions
in this experiment.

Eight soll cores have been mialyzed for these two chembers. These
includc two sets of two cores eac’), taken four months apart in each of the
two chambers. Each of the cores was tuken 25 cm from the central pile of
fuel material, with cores 1 and 2 in each chamber collected av the end of
the first summer end cores 3 and 4 during the winter. Each core was divided
into 6 to 10 vertical sections, each of which wes analyzed separately by
liquid scintillation counting efter complete dlssolution with HNO3-HF-HC1O,4.
Tebles 3 end 4 ghow the results of the analyses and the relative coring
positions for the soil cores from tbe two chambers. Analyses listed as zeros
indicate that less then 0.02 ng of plutonium was tound in each of these
ssctions. Theo hypens are shown for coyes which vere divided into fewer than
10 sections and indicate that analyses for these depths were iucluded ia the

adjocent vnlues.



In both of the chambers, core 1 contained little or no plutonium,
vhich i3 an artifact caused by the operation of the chambers. When the
semple port of the chamber was opened, a gate viilve to the building exhaust
was opened elso to encure an.inflow of air through the sample port to
prevent plutonium contemination of the room. When this gate valve, divectly
above coring position 1, was opened, water tha®, had condensed above the gate
valve poured onto the soil below and evidently washed all the very small
particles of plutonium out of the soll. Some of the water was also carried
to coring position 3 end the plutonium concentrations of core > in each
chamber was also low. Cores 2 and 4 in both chambers were not effected by
the downpours. Core U4 in both experiments was collected when the flow of
wvater during a rain vas greater and therefore contained little plutonium
except in the top sections. Cores 1-2 eand 3-2 were collected under dryer
conditions end contained some plutonium in each section with very high
concentrations in the bottom sections. Thls very high concentration in the
bottom section of each core 2 may have resulted from contawination at the
time of the coring as this 1s the only exposed part of the core. Hovwever,
the colncidence of the two cores collected under the same conditions show-
ing high concentraticus at the bottom mey indicete that these concentrations
vere real. The holes in the perforated plate account for only 22% of the
bottom surface. Possibly, under low flo. conditions, some of the plutonium
dioxide particles were trepped by the bottom plate. An alternative possibility
is that the perticles may have clung o the bottom surface of the soll when
the flow rate was low. ’

Samples from the two top sections of cores 3 end 4 from the chaember
containing the fines pariicles and core 4 for the chasmber containing the large

pleces were analyzed for particle size and agglomeration with the soil.® 1Mo
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nartl:les largze cnough to form stars in a photozraphic emulsion were found
in either section of core 3. Stars vere found in the top sections of cores
i-4 and 3-h. The range of particle asizes iound was slightly smaller than
that of the particles in the rain vater that percolated through the soil,
vith G0% of the perticles having equivaleat diamctera between 0.0% and 0.2
im. The lower linit may not be significant here as it is close to the
linit ol detection with the procedurc used. The particles in the cores from
the so0ll holding the fine-particles were slightly largaer then those in the
sol’. holding the larger pleces, with a Count Median Diemeter of 0.072 um
compared with 0.056 um, but they are still very much m;Jler than the 10 m
mininum size of ¢hc parent particles. This agrees with observations by

ourselves end others that 238 PuO-> 18 much less stable than 2391’1102. b1
This insinbility seems to ba associeted with the Intense radiation field of

the alpha activity of ithe isotopae., Radiation damage to the oxide crystal
lattic and reactlion with radiolysis products in soil and water may have a
part in this degredstion,

Twenty-five of the particles forming stars, ..:0sen at random on the
highly disperse plates containing materisl from the core from the soll
holding the large fuel particles, were examined micioscopically for
aggiomeration. Each particle examined was found to have one microscopically
visiblz soll particle assoclated with i1t. This Indicates thet the trapping
of plutonium dloxide particles by soll is not e matter of filteration of the
fine oxide particles, but that therc is individuval agglomeration of a plutonium
oxide particle to a particle of soil. -This may be the datermining factor as tn
which particle will be retained and which will be passed thiough. The soil
particles in agglomeration had the same particle-size distribution as the

bulk of the soll.
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CONCLUSIONS

The RTG fuel components are packeged so that they would remain intaect
on reentcsy until they were recovered. . In the very unlikely event that RIG
fuel material wvhich included large paices of PPO were exposed on soll to the
natural environment, fine esirborne material would ba observed, expecially at
the beginning of a rain. Plutonium oxide particles would be carried off by
surface water during a rain and would also percolate through the soll with
the water. In the further refinement of the packeging of the RIG fuel for
spece applications, more consideration should be given t_o the confinement of
the la-ger pleces than the fine material. Fortunately, most peckagea that
will contain the fine material will better contaln the large pelces.
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Table 1

COMPOSITION OF LOAM SOIL?2

Sand, % 49, 5
Silt, % 37.6
Clay, % 12,9
Organic C, % 0.6
C as CaCOg3 trace
HZO' 15 bar press., % 7.6
pH 8.0
Ca, meq/100 g 16,3
Mg, meq/i00 g 1.9
Na, meq/100 g 0.5
K, meq/100 g 1.5

Cation Ex, Cap. , meq/100 g13,.6

4 - Mica
Clay Fraction: 3 -- Montmorillonite
3 - Kaolinite

85011 analysis provided by the U, S.
Soil Conservation Service Laboratory,
Riverside, California



Table 2

AIR CONCENTRATIONS DURING A RAIN SEQUENCE IN AN
ENVIRONMENTAL CHAMBER CONTAINING LARGE PIECES
OF PLUTONIUM DIOXIDE

Collection Time, Pu Concentration,
Filter No, min pCi/ m> Remarks
1 24 3 Before rain
2 5 3 x 104 First 5 min of
rain

3 5 | 6 x 10°

4 10 4 x10°

5 10 3 x 10°

6 15 9 x 10

7 15 8 x 102 Last 15 min of
9 rain

8 50 2x10

9 180 3

10 860 3



Table 3

SOIL CORES FROM CHFAMBER CONTAINING LARGE FUEL PIECES

Pu Concentrra-tion, pb -

Depth, em Corc 1 Core 24 Core . Core 4
0-3 0 3.3 18, " 816
3"'6 0 .. o. 3 . o ) -

6-9 4.5 2.6 0 0

9-13 0 14. 4 0.2 -
13-~16 0 7.5 - .1
16-19 0 5.5 0 3
19-23 0 0.3 (1] -
23-20 0 0.1 0 0
26-28 (] 2.7 - 0.4
2830 0 195, - 0.1

4
_Coro l.0ocations: 1 Pu 2



'f‘nble 4

SOI.I.. CORES FROM CHAMRER CONTAINING FUEL FINES

Pu Concentratior, py.h

Depth, em  Corc 1™ Core 2 Core 5~ Corcd
0-3 0 . 3600 4.8 334
3-5 0 2.7 - -
5-7 0 4.3 - 3.2
7-10 0 0.4 - -
10-13 0 1.6 ;0.3 -
13-16 0 4.0 - 29.
1G6-20 () 138, 0 0.6

20-23 0 4.9 0 0
23-26 0 0.4 0 0
26-30 0 26, 000 0 2.0
4
Corc lL.ocutions: 1 1’u '}



