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A STUDY OF NATURALLY OCCURRING PLUTONIUM
Charles Arthur Lévine
Department of Chemistry and Radiation Laboratory
University of California, Berkeley, Califqrnia
ABSTRACT
Plutonium has been chemically separated from seven different ores
and the ratios of plutoniUm to uranium determined. This ratio was found
to be fairly constant in pitchblende and monazite ores, in which the
uranium content varied from 504 to 0.2.%, and substantially less in car-
notite. and fergusonite.
All the plutonium obtained was Pu239, probably formed bylthe U238
in the ore capturing neutrons and decaying as shown:
U8 4 on o B9 BT B9 BT pu,
The sources of neutrons include the spontaneous fission of uranium, (a,n)

reactions caused by ﬁhe action of alpha particles from the heavy radiocactive

- elements on the nuclei of light elements in the ore, and cosmic rays.

In the cases of the pitchblende ores, the spontaneoﬁs fission of uranium
and (a,n) reactions contributg the major portion of the neutrons. In
thorium ores which contain a low abundance of uranium, neutrons from
(a,n) reactions are probably dominant. The lower concentration of plu-
tonium in carnotite and fergusonite is a‘result of the presence of
neutron absorbing iﬁpurities in these 6res.'

No isotopes of plutonium other,than Pu239 were found. An upper limit

238 in Canadian and Belgian Congo pitchblendes was set at one part

for Pu
Pu238 in 4 x 1015 parts ore. An upper limit for the hypotheﬁical Puzhh

in Brazilian monazite was set (assuming a half-life of 108 years for

‘Puzhh) at one part Pu2hh in 3.6 x 10M1 parts ore.

-3-
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, Perlman; was not Pu 39, a search was also made in some cases for Pu

ﬁ'It ié postulated that U233“éndj£ne?“nissing" neptunium (ﬁnel)vredidéctive

serles are present in nature in mlnute quantltles, formed by the absorptlon
of neutrons by Th232, thus: Th232 + N —— Th233 -—E———> Pa233 ——Ji——4> U233

_Smaller amounts of Np237, from the reactlons U238(n 2n)U237 ._ji__q> Np

are also present. The amounts of transplutonium elements present in nature
seem to be too small to detect by present means unless some unknown, ver&

long-lived isotopes exist,

I. INTRODUCTION

; Therdiscovery of naturaliy bccurring plutonium was reported in 1942

by Seaborg and Perlmanl\who chenically separated the plutonium from a sample ™

of Canadian pitchblende eoncentféte and"estimated the plutonium content of
the ore to be roughly one part in IOlLL by weight. Fronm considerations of
possible methods of formation of plutonium,'it was assumed that the plu-
tonium was Pu239

Because of the more complete knowledge of the chemical properties of

plutonium and the availability of the multi-channel differential pulse

ana.lyzer2 by means of which a radioactive isotope can be identified by the

characteristic energy of its decay, it was decided to separate plutonium

chemically from various ores; investigate its isotopie composition, and

determine its probable origin. h
Since tne possibility_existed that the plutonium found by‘Seaborg and

238 and

Puzhh. If the plutonium were Pu238, it could have come only from the U238‘
wnich deceyed by the simultaneous emission of two beta particles. It has
previously been shown that the "half-life" for this transformation is
greater than 1018.yeafs.3'

4
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The most logical method for the formation of pyu239 would be the capture
: 38

of a neutron by a U2 nucleus, forming U239 which decays to"Pu239 by the

emission of beta particles through ‘the follqwing decay chain:
v238 4 g —_— U239 ——E:—-> Np239 -—E:—-> Pu?3?. Thé neutrons available
for capture would be those emitted during the spontanecus fission of uranium,
those resulting from the action ;f alpha particles on the nearby light
elements, and those from cosmic rays.

From considerations involving the assump£ioﬁ of a smooth energy surféce
in the heavy region, and from the systematics of alpha decay,l+ it may be

24 nucleus is stable with regard to decay by beta

postulated that the Pu
particle emission,; and the half-life for decay by alpha particle emission
might possibly be as long as 108 years. This would result in Pu2hh having
244

a sufficiently long lifetime so that if any Pu were present at the time
of formation of the earth, it might still be detectable. (It should also
be mentioned that there might be an irregularity in the energy surface such

bl ﬁight be shorter lived than lO8 years by many orders of magnitude,)

that Pu2
Since the chemical broperties of plutonium are similar to the chemical
properties of uranium, thorium, and the rare earth elements, a search for

244

Pu was undertakgn-ﬁsing ores of uranium, thorium, and rare earth elements.
The plutonium was separatéd chemically from samples of pitchblende

ores taken from Colorado, the BelgianVCongo, and the Great_Béar Lake region
of Canada; from samples of monazite ores from North Carolina and Brazil,

from a sample of fergusonite ore originating in Colorado, and from a sample
of carnotiﬁe ore from Colorado. The ratios of plutonium to uranium in all
of these ores were determined; and from considerations duscussed in part IV,

an attempt has been made to draw some conclusions as to the origin of ‘the

-plutonium.,
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IT. EXPERIMENTAL WORK

A} Pitchblende. Ores

The plutonium was separated from the pitchblende by the following
chemical procedure.' A 100 gram sample.of the ore was digested for three
hours with 200 ml. of concentrated nitric acid. In some samples, a tracer

amount of Pu238

which had been pre-oxidized to the hexapositive state was
added in order to determine the amount of plutonium lost during the chemical
separation. The liquid was separated by filtering and the residue treated

in a similar fashion with another portion of nitric acid. The filtrates

‘were put aside and the residue fused with sodium carbonate. The fusion

mixture was washed with water and then digested with nitric acid. The
solution was separated by filtéring,,the precipitate washed, and the fil--
trate and washings added to the previous filtrates. The residue was ﬁreated
with hydrofluoric acid plﬁs:a few drops of sulfuric acid, evaporated to
dnyness, and then extracted with hot concentrated nitric acid. The remaining
residue was fused again with sédium carbonate, washed, extracted with nitric
acid; and the extracts added to the previous filtrates.

The filtrates were then evaporated by boiling to reduce the volume,

and diluted with water until the nitric acid concentration was about 2N:

Sulfur dioxide gas was bubbled through the solutiocn to reduée any Pu(VI)

to Pu(IV). Three tenths of a mga of'Lé+++ were added per ml. of solution,
the solution made 3N in hydrofluoric acid; and the lanthanum fluoride
precipitate centrifugediand washed. The lahthanum_fiuoride precipitate
(containing any plutonium) was heated with three separate portions of

LOZ potassium hydroxide soiution in order to metathesize it to lanthanum
hydr;)xide° The lanthanum hydroxidé was dissolved in a minimum amoun£ of

concentrated nitric acid, and diluted until the nitric acid.conceﬁiration
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‘was aboﬁt'lﬂ. The solution was made O0.1N in sodium bromate and heated

in a water bath for one hour to oxidize an& plutoniﬁm to the hexapositive

state. The solution was cooled and made 2N in hydrofluoric acid in order

to precipitate the lanthanum (hexapositive plutonium stays in solution).
Three of these "lanthanum fluoride cycles" were carried but; reducing

the Qolume of the solution each time. The plutonium.was tﬁen oxidized a

fourth time (the volume 'being about 0.5 ml.), the solution saturated with

ammonium nitrate, and the plutonium extracted into diethyl ether. The

ether solution was washed with 10N -ammonium nitrate and then evaporated

on a one-inch platinum disk, giving an invisible, essentially weightless

sample of plutonium.

B. Monazite QOres

The plutonium wés.separated'chemically from the monazite ores as
follows. One kilqgram of thé monazite was ground and digested for five
hours in 1300 ml. éf concentrated sulfuric acid. This was found to be
a better means of breaking down this quantity of ore than either the
strong alkéli digestionbor fusion processes. A tracer amount of Pﬁ238
was added in order to determine what fraction of the naturally occurring
plutonium survived the chemicai procedures. The digestion mass was
cooled, diluted aboutvl:l with water, énd added ﬁo 8.5 liters of con-
ceﬁtrated hydrochloric ac¢id. This was stirred for one day té ensure
that aﬁy plutonium was freed from the insoluble chlérides which precipi-
tate. The liquid was filtered from the residue, The residue was

washed with concentrated hydrochloric acid; and the wash liquid added

to the original filtrate. The solution was subjected to conditions
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under which plutonium is separated together with uranium and iron, these

appearing in dilute hydrochloric acid solutions.

To this solution was added a trace of nitric acid, sulfur dioxide
to reduce hexapositive blutonium to the tetrapositive oxidation state,
0.1 mg. of La+-++ per ml. of solution, and the solution made 2N in hydro-

fluoric acid. The plﬁtonium was carried by the precipitated lanthanum

‘fluoride, which was then metathesized with 4LOZ potassium hydroxide as

described previously, the resulting hydroxide dissolved in nitric acid,
made O.1N in sodium bromate, heated for one hour in a water bath to
oxidize the plutonium, ahd then saturated with ammonium nitrate. The
plutonium and the remaining uranium were extrécted into diethyl ether,
then re-extracted from the ether by shaking the ether with water con-
taining sulfur dioxide. The water extract containing the plutonium and
uranium was evaporated to réduce its volume, 0.2 mg. of Lattt per ml.
of solution were added, and the solution made 2N in hydrofluoric acid
in order to precipitate the lanthanum fluoride and the plutonium.
The‘ianthanum fluoride was metathesized to the hydroxide; dissolved

in nitriec acid, and the plutonium oxidized with bromate as before.

The lanthanum was precipitated as>the fluoride, the filtrate and washings

reduced with sulfur dioxide, and stirred while 0.2 mg. of La+++ per ml.

- of solution were added very slowly. This was digested 1.5 hours to improve

the carrying of the tetrapositive plutonium by the lanthanum fluoride.
The precipitate was centrifuged, washed, metathesized to the hydroxide,
dissolved in nitric acid, and the plutonium oxidized to the hexapositive
state by bromate. This solution (about 6.5 ml.) was saturated with

ammonium nitrate and the plutonium extracted into diethyl'ether. . The
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ether was evaporated on a platinum plate as before to give an essentially

weightless sample of plutonium.

C. Fergusonite Ore

"The plutonium was separated from the fergusonite ore as follows.
A 280 gfam sample of the ore, ground to pass a 100 mesh screen, was
treated with three successive portions of hydrofluoric acid in a platinum
dish. A known quantity of Pu238 tracer was added in order to determine

the fraction of naturally occurringvplutonium.which survived the chemical |

procedures. Each portion of hydrofluoric acid was evaporated almost to

dryness before the next portion wés added. After the final treatmént,

the solution was diluted and the residue filtered off. The residue

| contained the insoluble fluorides and any Pu(IV) which might have been

in the ore, while the filtrate contained any Pu(VI) which might have been

present. Sulfur dioxide was bubbled through the filtrate to reduce any

- plutonium to the tetrapositive state and 0.2 mg. of La*** per ml. of

solution were added slowly. The solution was stirred and digested in
order to increase.thé amount of the Pu(IV) carried by the lanthanum
fluoride which preéipitated.

The lanthanum fluoride precipitate was added to the original residug,
the combined residues metathesized io the hydroxide by_treating with
three separate pﬁrtions of AO% potassium hydr§xide solution, and the
hydroxides washed and treated with hydroghloric acid. This hydrochloric
acid solution was filtered, ﬁhe residue washed;, amd filtrate and washings
set asidé. ‘The residue was treated in the same manner as phevoriginal

ore samplé: given a hydrofluoric acid treatment, washed, metathesized
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to the hydroxide, the hydroxide dissolved in hydrochloric acid, filtered,
and washed. The solution was subjected to cohditions under which plu-

tonium is separated togethef with uranium and iron, these appearing in

~dilute hydrochloric acid solutions.

The acid concentration was adjusted to 1.5N, a bit of nitric acid

added, sulfur dioxide bubbled through the solution tq ensure that all

the plutonium was in the tetrapositive stéte, and C.Q mg. of La*tt per

ml, of solution were added. The solution was then made 3N in hydrofluoric

acid and the lanthanum fluoride which precipitated was centrifuged and

‘washed. This lahthafum fluoride précipitdte carried the plutonium.

Threé complete "lanthanum fluoride cycles," as described in the section
above on pitchblende ores,.were-cafﬁied out,’the plutonium oxidized with
bromate, and extracted into diethyl ether. The ether was washed with
10N ammonium nitrate ‘and evaporated on a platinum disk, giving an
essentially weightless sample of plutonitm.-' |

¥ - .
. LA N it

D. Carnotite Ore

Five hundred grams of carnotite ore were subjected to the following
treatment to separape_theﬂp;utonium,' The.ore plus a known amount of Pu238
was digested with 800 ml. of hot concentrated nitric acid for five hours,

washed and digested with another portion of nitric acid. The liquids were

set aside and the residue digested for five hours with hot aqua regia.

The remaining residue was well washed and the extract and washings added

to theAprevious extracts. To test the residue for uranium content, a

portion was treated with hydrofluoric acid in a platinum dish, and the
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.supernatant made alkaline with potassium hydroxide. The precipitate formed

was pure white, indicating that no m@revthan minute quantities of uranium

remained in the residue. The effectiveness of uranium extraction should be

 an indication of the effectiveness of extracting any plutonium which is

present in the.ore.

The combined extracts were evaporated by boiling to reduce the-voiume,_

and then diluted to a final nitric acid concentration of 1.5N. The solution

‘was made 0.1N in sodium bromate and;hsated-for one hour fo'ensﬁre'that all

plutoﬁium'present,wasvin the hexApOSitiQé state. .The soiufioh was made 3N
in hydrofluoric acid snd the insoluble flﬁorides which brecipitatéd'isrs
washed and discarded. Sulfur dioxide gas was bubbléd»thrsugh the»filtrsté-
and washings to reduce Pu{VI) tolPu(Iv). The solution wss thsn stirredzl_,
while 0.2 mg. of:Laf** per ml. of solution were slowiyvadded. The ianthanum_
fluoride precipitate,(Carrying-the plutoﬁium) was_mstathesized‘to lanthanum

hydroxide and dissolved in nitric acid. This'solution_was made o;1§:in '

‘bromate ion and heated to oxidize the plutonium to Pu(VI). Three of these

"lanthamum fluoride cycles" were carried out, the plutoﬁium thenscxidizedv
withﬂﬁromate and extracted into diethyi ether as described pfsﬁidusly.
The ether was evaporated on a one-inch platinum plate giving an'eSSéntially

weightless deposit containing the plutonium.

'E. Counting and Yield Determination

The platinum.plates on which the carrier-free plutonium was dsposited

were placed in the ionization chamber of the differential pulse analyzer

spparatus.2 In this apparatus (Figure 1), the ionization chamber is connected,

through an amplifier and 48 chamnel pulse discriminating circuit, to a set

of 48 fast mechanical counting regiStérs. Thus slpha.particlss of different

-sﬁergies are counted.on different registers and it is possible to determine
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separatély the characteristics and measure the intensity of activity of each

of a number of radioactive isotopes in a mixture, provided that they decay

238 239

with different energies; For example;'Pu and Pu ~can be distinguished

séparately by counting the numbér of 5;51‘Mev alpha particles 6riginating

from Pu238

,'and 5.15 Mev alpha partlcles originating from Pu239 which are
recorded 1n a unit time. |

The amount of naturally occurring plutonium not lost in ﬁhe chemical
prodessing, in the case of the Coloradd pitchblende, was 26% of that origi-
nally present. This was determined frdm.the raﬁio of the activity of the |

Pu238 238 added. The

tracer in the final residue to the activity of the Pu
chemical yields in the cases of the Belgian Congo andlCanadiaﬁ pitchblendes
were estimated at 10% by considering the losses at each step of the chemical
proceduré. No tracers were added in these cases ih order that a search’

238. The chemical yield from Brazilian monazite wés

might be made for Pu
254, and from Carolina monazite, 17%. These also were determined by the
use of Pu238 which wé§ added as tracer. The chemical yields of plutonium
in the cases of the ferg&sonite and carnotite ores, as determined by Pu238

tracer method, were 5% and 12%, respectively.

III. RESULTS

A. Canadian’Pitchblende

‘K total alpha particle counting rate of about 1.5 alpha particles per
minute was obse;ged wheﬂ.the final plutonium sample separated from the
Canadian pitchblénde was placed in the ionization chamber of the pulse '
analysis apparatus.’ Tﬁe results of the puise analysis are shown in
Flgure 2. The act1v1ty due to 5.15 Mev alpha particles from Pu239 amounted_'
to 0.66 alpha partlcles per minute. No activity above the background activity
could be detected at 5.51 Mev, corresponding to the alpha particles emitted

by‘PuQBS, or at 4.5-4.7 Mev where the unknown alpha particles from Pulhk
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might be expected to be foﬁnd.
Assuming a chemical yieid_of 10% for the plutonium in the isolation
procedure, the alpha activity due ﬁo Pﬁ239 ihdicates one partqu239 per
1.1 x 1012 parts pitchblende ore by weight. Since this ore ;ontains 13.5%

uranium, the ratio of Pu?3? to uranium is one to 1.4 x 1011.

B. Belgian Congo Pitchblende

The finél plutonium sample separated from the Belgium Cohgo pitchblende
had a total alpha activity of about nine alpha partikles per minute. The
results of the pulsé analysis are shown in Figure 3. The activity due to the
5.15 Mev alpha partigles from Pu?3? amounted to 3.2\alpha particles per minuﬁe.
There were no detéctable alpha activitieé qf greatér intensity than the back-
ground activity that could be identified as coming from Pﬁ238 or Puzhh nuclei.
Again assuming a chemical yiéld‘of 10%4, the intensity of alpha ahtivity from
Pu239 indicates one part Pu239 per 2.1 i lO11 parts pitchblende by weight.
Since this pitchblende ore contains BQ%Auranium, the ratio of Pu239 to ﬁranium

is one to 8.0 x lOlo.

C. Colorado Pitchblende

When the plutonium sample separated from the Colbrado pitchblende was

placéd in the ionization chamber of the pulse analysis apparatus, a total

alpha counting rate of about twenty particles per minute was observed. The

results of the pulse énalysis are shown in Figure 4. A tracer amount of Pu238,

corresponding to sixty alpha particles per minute, had been added to the
original ore sample. The residual aétivity due to Pu?3® amounted to 15.4
alpha particles per minute, indicating that the final plutonium sample con=

tained about 26% of the naturally occurring plutonium originally present in

‘the ore. The activity due to the 5.15 Mev alpha particles from Pu?3? amounted

to 3.4 particles per minute. The original>sample in this case was 46 gréms

of ore containing about 50% uranium. This ore, therefore, contains one part
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pu23? per 2.6 x 1011

one to 1.3 x 1011.

parts pitchblende, and the ratio of Pu?3? to uranium is

D. Brazilian Monazite

The sample of plutonium separated from the Brazilian monazite éxhibit.ed
a total alpha activity of about fourteen alpha particlaé per minute. A tracoz_'
amount of Pu238, correspording to forty alpha particles per minute, had been
added to the original‘ sample of ore. The results of the pulse analysis are
shown in Figure 5. An activity of ten alpha particles per minute was due to
the 5.51 Mev alpha particles of Pu238. Twenty-five percent of the original
plutonium in the ore, therefore, was in the final saiuble. The activity due
to 5.15 Mev alpha particles from Pu39 amounted to 0.36 particles per minute.
Since the Brazilian monazite contains 0.24% uranium, this amount of activiﬁy
corresponds to one part.. Pu239 per 4.8 x 1013 parts ore, and the ratio of Pu239
to uranium is one to 1.2 x 102, ‘-

There were less than Of05 alpha particles per minute that could be
attributed to Pu?*. Using an assumed half-1ife of 10% years for this hypo-
thetical isotope, an upper limit for the Pum content of this ore is placed

- at one part P’uzu‘ per 3.6 x 1011 parts ore.

E. North Cgrolina, Monagite

The final sample of plutonium obtained from the North Carolina monasite
had a total alpha activity of about fifteen alpha particles per minute. A
tracer amount of Puzse. corresponding to an activity of aixty alpha particles
per minute had been added to the original sample of ore. Figure }6 is the
result of the 'pﬁlse analysis of the plutonium fraction. The.setivity of
the final sample consisted of 10 alpha particles per minute due to Pu38,
and about 0.3 alpha part'icles per minute due to Pu239. The chemical yield

of plutonium, as determined by the amount of Pua” tracer recovered, was
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limi£ on the amount of Pu

15—

thus.17%. The Pu239 content of the’ore.corresponded to one part Pu239 per

[

1.7 x 1013 parts ore. Since this ore contains about 1.64% uranium, the

ratio of Pu239 to uranlum is one to 2. 8 x lOll

There was no detectable activity which could be attributed as due to

alpha particles from the hypothetical Pu hh.

F. Colorado Fergusonite

A total alpha particle activity of about one particle per minute was

- observed on the platinum disk containing the plutonium which was separated

from the fergusonite ore. A tracer amount of Pﬁ238, corresponding’to six
alpha particles per'minute3 had been added to the original sample of ore.

The result of the pulse analysis is shown in Figure 7. The activity due to
Pu?38 in the final sample amounted to 0.3 alpha particles per minute, signi-
fying a plutonium yield of 5% of that originally present in the ore. An
activity of <0.0l1 alpha particleé per minute from Pu239 was present. An upner
239 present in ihe fergusonite ore, therefore, can be
placed at about one part Pu239 inl x 101“ parts ore. Since the ofe contains
0.25% uranium, this corresponds to a limiting Pu?39 to uranium ratio of one

to 2.5 x 10%L, | |

G. Colorado. Carnotite

The final sample of plutonium obtained from the carnotite ore exhibited

an alpha particle activity which included 3 6 alpha particles per minute due
238

to Pu 38”(see Figure 8). Since a tracer amount of Pu s corresponding to

thirty alpha particles per minute, had been added to the original ore, the’
chemical yield of plutonium was 12¢6. No more than 0.15 alphé counts per

minute due to alpha particles from Pu239 were present; this,counting'rate’

239

is too small to be sure that any Pu was actually found in this sample.

Since the ore contains 10% uranium, an upper limit on the amount of'Pu239

present in the carnotite ore can be set at one part Pu239 per 2.5 x 1013'

239

parts ore, or one part Pu per 2.5 x 1012 parts uranium.
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H. Summary of Results

The Pu239 contents of the seven ores are summarlzed in the following

239

table These are. 1n reallty lower llmlts for the Pu contents of the ores

(except the fergusonlte and carnotlte) 51nce the p0531b111ty exlsts, 1n all

cases,‘that some of the plutonlum remalned 1n the ore resldues after the

' chemlcal treatment

Summary of Results ,?;»:

Pu239/ore Pu239/uran1um

Pltchblendes ) SN e -
‘ Canadlan (13 5% U) "”_ 9;lfole;3};."7;l x lbflz
5}- Belglan Congo (387 U) ‘L;éfitiOeléﬁfuivlé X‘iO;IZ
Colorado (50% U) o >'33,8,x}10f;2;,'7“7,7 x 10712
- Monazltes. : : | | .__ . A .
'Braziliaﬁ'(o‘24%VU)'”‘7‘"2;i7x~;ofl“ g3 x 10712
N. Carolina (1 6a7 U) 5:9'x'io'14., '3}6 x 10712
,_'fergusonlte, | . S
colorado (o 25% U) < 2'10‘;“,1g‘: <l x 1o'i2
Carnotlte . _ | S | .
Colorado (10% U) - - <h x'1o'}“ _ v.so;L x 1072

R IV. DISCUSSION
'The results ‘of . thls 1nvest1gat10n are in agreement with the data
obtalned bvaeaborg‘and,Perlmanl 1f_the chemlcal yleld of plutonium ,
obtained byfthom'is‘re;ostimateq.r-Coosideoiog the now-known chemical
'properties ofvpluteeium;fa‘ldz:yieldhof‘plﬁtoniuﬁufrom the Canadian

pitchblende by the chemicel separation‘process used by them appears
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reasonable, A recalculation of their data indicates one part plutonium per

12 13

parts ore, or a Pu?3? to ore ratio of 5.5 x 10~ . The original

1.8 x 10
calculations® assumed a high chemical yield and the results were rounded off
in a conservative manner actually representing a lower limit. These investi-

gators called attention to the importance of the. spontaneous fission of

239

uranium as a source of neutrons for the formation of the Pu

6

Garner, Bonner, and Seaborg- searched for naturaliy;occurrihg plutonium
in the threé ores; éarnotite,'hatchetollite, and'fergusonite,‘ They found

Pu?39 present in carnotite to the éxient'of'about one part in_.lOll’° They'

- were able to seﬁ an upper limit'fbr the amount of plutonium in fergusonite

of one part in 109;
The Pu?3? content of these ores apﬁeafs on the surfacé‘to possibly be

related to the uranium conﬁent, 'Thﬁs,'thg same fatio‘of plutonium to uraniﬁm,

within a factor of about three, is maintgined in ores wﬁose uraﬁiﬁm content

varies from 50% ﬁo 0.24% (ékéépt-for the carnotite and fergusonite). From the

results in ﬁhe‘casés'Of‘the pitchblendes and monaiites,“one might suspect that a

genetic relationship, involving long-lived progenitors, exists. Hoﬁever,

it is also possible to.eXplain these results in another way. It appears

quite reasonable that fhe Pu239'has been forﬁed thfough neutron absorption -

by U238 nuclei as described in part I. Thé.neutrons available for

absorption would be those emitted duringlthe spontaneoﬁé'fission of uranium,

those emitted by\nuclei of light elements reacting with alpha partdicles,

and those from cosmic radiations. The relative importancé of each of these

sources‘can be estimated &ery roughly. ‘

Assuming an average of two neutrons per fission, and-a épontaneous

238

fission decay constant of 1.1 x lO“16 per'year7 for U<”~, about 1.1 neutrons

~per gram of uranium are emitted per minute due to spontaneous fission.
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A 100 gram sample of ore containing 13.5% uranium will emit about 15 neutrons
‘ per minute by this means.

v Asrsuggested previously8 there is another source of neutrons to be
considered. One gram of uranium and the decay products in equilibrium with

it emit about 6 x lO6

alpha particles per minute whose maximum energies range

from 4.2 Mev to 7.68 Mev., These alpha particles, impinging on the nuclei of

the light elements present, cause reactions whereby neutrons arevemitted

(a,n reactions). Roberts’ has reported on the number of neutrons emitted

when thick samples of the light elements are bambarded with 5.3 Mev alpha

particles Stuhlingerlo has given the excitation functions for the neutron

emitting reaotions involving alpha particles on boron and beryllium with

alpha particle energies up to 8. 8 Mev. With these data and those of others,ll-15

the number of neutrons emitted per alpha particle (of a given energy) impinging

on a target of a light element can be estimated Using the chemical analySis

of a sample of Canadian pitchblende reported by M‘arble,16 it can be calculated

that in a 100 gram sample of ore containing 13. 5% uranium, fifteen to twenty

neutrons per minute will be formed due to the action of .alpha particles on

the nuclei of the light' elements in the ore (a,n reactione) These calculations

are shown in the Appendix. It muet be pointed out, however, that if as much

as l% of beryllium, boron, or lithium is present in the ore in addition to

the elements reported in the analyeie,.the additional neutron yielde due to

(a,n) reactions in such a 100 gram eample would be about 100, 40, and 10

neutrone per minute, reepectively. R S
Montgomery and Montgom.er'y17 have estimated the neutron intensity at

sea level in the cosmiec radiation to be about 0.1 neutron per cm2 per

minute. Although the actual cosmic ray neutron intensity in the ores may.

be somewhat higher than this (due to the action of other types of cosmic

rays on the ore), the neutron contribution from cosmic rays to the total
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neutron flux in the‘ores seéms small. |

For a typical 100 gram sample of pitchblende ore containing 13.5% uranium,
then, somewhat more than some thirty neutrpns per minute are available from
the sources mentioned above. Simple calculations show that the U238 in this
sample must capture some ten to fifteen neutrons per minute, or:something
less than about 30-50% of thosefavailable, in order to account for an equili-
brium concentration of one part pu239 per 1.4 x 10ll parts uranium. A con-
sideraﬁion of the neutron absorption cross sections of the elements in the
ore, together with their abundances from the»above mentioned analysis, ihdi—
cates that absorption of this fraction of the neutronsvby the uranium is
reasonable. The volume fraction of uraniuﬁ present times the neutron ab-
sorption cross section of uranium divided by the sum of.the volume fractions
of all the elements present, each times its neutron absorption cross section,
- equals about 0.5. Of course, small amounts of high neutron absorbi_ng elements,
such as cadmium and dysprosium, will lﬁwer tﬁis figure.

It should'be emphasized that these estimations of the neutron flux are
necessarily quite approximate. Thus, values for the spontaneous fission decay

238

s varying from about half to twice the value quoted and used

above; have been report‘ed.lB-20 Similarly, the estimation of the neutron flux

éonstant‘of‘U

from the (a,n) reactions is subject to error due to the uncertainﬁy of the.
composition of the ores and the lack of precise knowledge for the yields of
ﬁhe (ayn) reactions; the estimatioﬁ of the numbers of neutrons from this source
could be in error by a factor of'two or possibly even more. ' Therefore, the
relative importance of these two major sources for the neutronsiﬁay differ
somewhat from that sugéested in this discussion.

\ A situation similar to the Canadian pitchblende exists in the cases of

the other pitchblende ores having a greater uranium content. More neutrons

are available due to spontaneous fission of the uranium and the (a,n) reactions,
but the high uranium content of the ore absorbs them, so the plutonium to

~uranium ratio remains essentially constant. It should be mentioned that when an
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appreciable fraction of the neutrons are absorbed by uranium, the additional
neutrons which result from the fission of U35 contribute significantly to
the productlon of Pu 39 | |
Somewhat dlfferent con31derat10ns seem’ to apply in the cases of the
monaz1te oresv In view of the smaller concentratlon of uranium in monazite,

the ratio of Pu-39

to uranium in monazlte might be expected‘to be more
deflnltely smaller than the ratlo in pltchblende if a maJor source of neutrons
‘were stlll the spontaneous fiss1on of U 238 P 51nce the relatlvely large amounts
of elements other than uranlum in the ore would capture neutrons, leav1ng a
smaller proportlon of neutrons avallable for capture by the U238. Neutrons
due to the spontaneous flSSlon of thorlum would not compensate for this
effect 31nce the spontaneous f1531on rate of thorlum is smaller than that

of uranium by a factor of about fifty.zlj However, the contribution of
neutrons.from (a,n)_reactions is.relativelylmore important. The alpha
particles'emitted infthe.deCa#ioflthorium‘and'its'daughters will give rise

to (a,n) reactions with nuclei of the'light elements in the same manner as
the alpha particles from the uranium decay chain ‘One gram of thorium and
“its decay products will produce 1, 5 b'4 lO6 alpha particles per minute capable
-of produc1ng neutrons 1n thls manner. Thus, for example, a 100 gram sample
of a typical mona21te which contains 6. 57 thorlum, 1. 6% uranlum, ‘and light
elements in about the same abundance as in the pitchblende used in the
prev1ous example, will emit about.two'neutrons per minute due‘to spontaneousv
fission and .about five or ten neutrons‘per'minute due to (a,n) reactions.

ln order to maintain the’Pu239 to uranium ratio seen in North Carolina
monazite, about 0.4 neutrons per minute must be captured by the -uranium.

if Just the uranium and thorium,competed forlthe neutrontcapture, the

uranium in the ore would capture about one-~fourth of those'available,
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Monazite ore, however, contains an appreciable amount of the rare earth
elements, which capture neutrons with appreciable cross sections, so that

the lou fraction of thevauailable.neutrons,ceptured’by the uranium is
reasonable. As the ratio of uranium to'thorium in the thorium ores decreases;

the number of neutrons obtained from (asn) reactions becomes even more an

_ important factor. Thus the-number'of neutrons'produced in the ore per gram

of uranium is greater in the cases of the monazite ores than in the cases of

the pltchblende ores, this effect somewhat compensatlng for the number of

neutrons captured by nuclel other than U238

in the monaz1te.ores.

S;nce these explanatlons for the souroe of,the'plutoniun in ores suggest
that the‘presence of.large amounts'of neutron absorbing impurities, together
with small amounts of uranium (or thorlum), should reduce the ratio of Pu239
to uranlum, the fergusonite and carnotite ores were investigated in order to
test these suggestions further. ‘Carnotite is a potassium uranyl-vanadate,
while fergusonite is a niobate and tantalate of the fare eerth'elenents uith

a small amount of uranium. In carnotite, the large amounts of potassium

and vanadium would be expected to capture most of.the available neutrons.

-Tantalum, having a high neutron absorptlon cross. section, would be expected

to capture most of the neutrons avallable in fergusonlte In the case of
the carnotite ore, the ratio. of Pu239 to uranium present was set at

0.4 x 10712

and this should probably be considered to be an upper limit.
This is a factor ofnten to thirty below the ratio found'in the pitchblendes
and monazites. Garner,,Bonner, and Sea.borg,6 uorking with a five kilogram
sample of ore, reported one part Pu239.per lOlh parts carnotite ore. On
the assumption of the same uranium.content, this puts the value of the
ratio of Pu39 to uranium in oernotite below the-value,of the ratios in

pitchblende and monazite by a factor of forty to one hundred. Thus it can

be seen that the presence in the ore of elements with'high neutron absorption
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cross.sections tends to decrease the amount of Pu239 present relative to

Dthe uranium_content° Of the neutrbns a&ailable in the ore, a smaller fraction
dan be uﬁilized for the‘proéuction of Pu239,"In tﬁe case of the fergusonite

- ore, less‘ﬁhan 0.01 alphé_particles péf,minute dﬁe to Pu239 were séen, this
being the lower limit of dgtection‘in ihis expefimgnt.‘ Unfortunately, this

39

lower limit corresponds to the same order of magnitude as'tﬁe Pu®3? contents
of the pitchblende and monazite'éres investigatedo' With 1arger ;amples of
fergﬁsonite, a bétter lil.n;'L.tvgould.be‘set°
Studies by Peppéyd and do—workers,zz iimited to Belgian Congo pitch-
blende; are in agreement with these-rééulﬁé so far as they go.‘ They found
" one part Pu239 per 1.4 x lo;liparts-Belgian Céﬁgo pitchblendé concentrafe
(45.3% uranium). After chemiéalij seﬁéréting microgram amounts of plutonium
from very large amounts (ton quantities) of Belgian Congo pitchblende, they
could detect no.plﬁtbnium isotopes other than Pu?39 by mass specﬁrographic
analysis, by differential'pﬁlSe anaiyéis, ofgby neﬁtron ifradiation studies.
In the present investigation,'ﬁo evidence for naturaily occurring Pu238

was fouﬁd in the plutonium fréction separated from any of the ores. In the
"cases of the Canadian and Belgian Congo pitchblendes, an'upper limit for the
Pu?38 content could be set at one.part Pu238 in mbre than h b o lOls-parts

oré by weight., A betﬁer figuré fhan tﬁis cduld ﬁot be obtained due to the
relatively high backgroﬁn&yactivity in tﬁe pulse anélysis apparatus. Since
the-Pu238 could only have come ffom double beta decay of U238, a lower limit
©of about 3 x_1017“years can be set for the half-life of U238 decayihg by the
simultaneous emission.of two beta particles, It has already been shown that
this half;life is greater than 6 x 1018 years.,3 Peppard et alo,22 using a

238 39

. . - ‘ . 2
differential pulse analyzer, gave a limit on the ratio of Pu to Pu

in Belgian C@ngo pitchblende of less than 3._x‘].0_6 by weight. This,
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together with the concentration of Pu?3? which they found, sets a lower
limit for the half-life of U238vdecaying by the simultaneous emission ef
two beta particles et L x 1018 years. ‘

As mentioned in part I, on the basis of the radiocactive properties
estimated through the use ef ihe systemat%cs_of alpha decey,4 it'is_conceiv;

able that a long-lived beta stable plutonium isotope of mass 244 might exisﬁ

in nature. The half-life of this isotope is estimated, on the hypothesis of

a Smooth energy surface, to be at leaét lO'7 years, and possibly -as long as

108 years. It should decay by emitﬁing an alpha perticle of L.5-4.7 Mev

energy. If, for example, a 108-year Puzhh had amounted to 4% of the ore at
the time of the origin of the earth, approximaiely four parts'in lOll parts
ore would still remain,. From the.lack of ‘alpha activity in the 4.5-4.7 Mev
region, we can seﬁ an upper limit for the presenee of Puzhh in the Canadian

b ﬁer lOll parts pitchblende. Peppard

pitchblende ore of about 50 parts Pu
and co-workers,22 through mass spectrographic analysis ofvmicrogram quantities

of plutonium obtained from wastes resulting from the processing of ton

" quantities of Belgian Congo pitchblende for uranium, showed the total content

of plutonium isotopes other than Pu239vto be less than 1% by weight of the
total plutonium. The Puzhh content iﬁ the Belgian Congo pitchblende is thus
limited to less thanlone part in.1.4 x lO13 parts ore. This indicates that
either no appreciable qﬁantities of Puzhh were deposited with the Belgian
Congo pitchblende; or that the half-life of the hypothetical Pu2hh is less
than about 108 Years° | R

- Since the chemical propertiee of the lower oxidation states of plutonium
are quite similar’to the‘chemical properties of thorium and the rare earth
elements, it is conceivable that a hypothetical long-lived plutonium, formed

at the time of the origin of the earth,; would be found in thorium-rare earth

minerals, such as monazite. The plutonium sample separated from the Brazilian
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monazite had an alpha activity in the 4.5-4.7 Mev region whicﬁ was less than
14% of the intensity of alpha activity due to Pu®>’. For a half-life of 10°
years'fof the hypothetical Puzhh, the-PuzhA eontent of the monazite ore is
limited to less than one part Puzhh per 3. 6 X 10ll narts ore by weight. With

the equipment now avallable, a flve to ten kllogram sample of ore would allow

244, -

such a Pu isotope of abOutrh% initial abundance to be J_dentif’;ed°
It is of interest to note some other isotopes probably existing in nature
which would be formed in a manner analdgous to the mechanism postulated for

239

the formation of Pu As was polnted out by Garner, Bonner, and Seaborg,6

the capture of a neutron by thorlum w1ll result in the formatlon of U233

and the "missing" neptpnium (hn+l) radioactive_series, thus: '
3240 233 _E . pa233 _ BT y233. It nas been shown that
the number of neutrons available for capture in a typical thorium ore such
as monazite is a factofyofasome five below the. number available in pitch-
blende. Since the neutron Eaptufe éfdss sectipnlef'Th232 is about the same
“as that of U3, and the half-life of U?3 is a factor of about five greater

than the half-life of Pu®3?, the ratio of U233 to Th®? in monazite should

be about the same order of magnltude as the ‘ratio of. Pu23-9 238 in

to U
33 11 . _
pitchblende: about one part. U per 107" parts of ‘thorium. The presence
of any of the members of thls series would be difficult to detect due to-
the preeence of the other radioactive isoﬁopes resulting from the other '
natural radioactive series.
The Pu2,39 itself will capture'neufrons and; by a series of steps, will

form other transuranium elements, thuss: Pu239 + n —_— PuQAO;

pu?0 4 > Pu?l By e e n s a2 B on®h2,

Probably, however, only very minute quantltles of these other. transuranium
elements exist in nature. Unless some other long»llved transuranlum pro-

' genitor, with a half-life comparable to geologlcal time;, exists, the ratio
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j

39

of naturally occurring Amzl‘l to Pu?3? is smaller than the ratio of Pu2 to

238

u by a very large factor;, and the amounts of natural americium and curium

are undetectable by present means. Since the neutron capture cross sections

0 _
W , and Amzhl are known, it is possible to calc¢ulate approxi-

of Pu?39, Pu”
mately how much of the other transuranium eleménts are present. Neptunium
will be present as a result of the reactions U238(n,2n)U237 -;E:ﬁ> Np237,

but the requirement of high energy neutrons (greater than;about 6 Mev) reduces

the concentration of the Np237 to a value somewhat below that of the Pu239,

but still sufficiently large to be detectable.

V. ACKNOWLEDGMENTS
The work described in this dissertaﬁion was performed under the di-
rection of Préfessor G. T. Seaborg. I wish fo express my deep appreciation
to Professor Seaborg for the helpfgl discussions and the many suggestions
offered. Thanks are due to the entire chemistry group at the University of
» California Radiation Laboratory and in ﬁarticular to Mr, A: Ghiérso for the
pulse anaiyses of the various samples in order io determine their content of -

P23

alpha activity, and to Dr. S. G. Thompson for many helpful suggestions
with respect to the chemical procedures. This work was performed under the

auspices of the U. S. Atomic' Energy Commission.



(oA NS ) SRR = S WA

10.

11.
12.
13.

14.
15,

-6~

REFERENCES

. G. T. Seaborg and M. L. Perlman, National Nuclear Energy Series, Plutonium

Pfoject Record, Vol. 14B, "The‘Transuranium Elements: Research'Pepers,"

~ Paper No. 1.3 (McGraw-Hill Book Co., Inc., New York, 1949); J. Am. Chem.

Soc., 09 709 1571 (191#8)

. A, Ghlorso, A. H. Jaffey, H. P Roblnson, and B. B Welssbourd, 1b1d,,

Paper No. 16.8,

. C. AS Levine, A Ghlorso, and G T Seaborg, Phys Rev., 17, 296 (1950).
. I. Perlman, A. Ghiorso, and G T Seaborg, Phys Rev., 77,26 (1950)
. D. A. Orth and K. Street, . Jr 5 prlvate communlcatlon (June, 1950)

. C. sS. Garner, N. A, Bonner, and G T Seaborg, J. Am. Chem. Soc., 70,

3453 (l9h8) National Nuclear Energy Series, Plutonlum Project Record,
Vol. 148, "The Transuranlum Elements Research Papers;" Paper No. 1.10

(McGrawaﬁlll Book Coo, Inc., New York, l9h9)

. G, Scharff—Goldhaber and G, S. Klalber, Phys,'Revo, 70, ?29 (19h6)
. G. T, Seaborg, Chem Eng. News, ?5, 358 (1947).

. J. H. Roberts;, U. S. Atomic Energy Commission Declassified Document

MDDC%731 (January, 1947).

E. Stuhlinger, Z. Physik,';;&, 185.(1939);

E. Segré and C. Wiegland, U?‘S:‘Atomic Energy Comnission Declassified
Document‘MDI_)C'--l85.(l9‘l+9')°

RolL° Walker, U. S. Atomic Energy CqmmissionvDeclassified.Document
AECD-2383 (1948). |

I. H. Halpern, Phys. Rev., 7k, 1234 (1948).

L. vN Rldenour and W, J. Henderson, Phys° Rev., 52, 889 (1937)

H. L. Anderson, U. S. Atomlc Energy Comm1531on Uncla531f1ed Document

NP-851 (1948).



16,
17.
18.
19.
20.

22.

~

=27-.

J. H. Marble, Am. Mineral., 24, 272 (1939).

C. S. Montgomery and D. D. Montgomery, Phys. Rév.,»éé, 10 (1939).

N. A. Perfilov, J. Physiol. U. S. S. R., 11, No. 3 (1947).
H. Yagoda and N. Kaplan, ths Rev., 76, 702 (19h9)

W Maurer and H. Pose, 7. Physik, 121, 285 (1943)

. H. Pose, Z. Physik, 121, 293 (1943)"

D. F. Peppard, M. H. Studier, M. V. Gergel, G. w Mason, J. C Sulllvan;
and J. F. Mech, U. S. Atomic mnergy-Commlss1on Deqla831f1ed Document

AECD-2890 (June, 1950).



~28-

APPENDIX

Neutrons Produced by (a,n) Reactions in a Typical Pitchblende Ore
The number of neutrons produced by bombarding thick samples of lithium,
beryllium, boron, and fluorine with alpha particles of various energies has

14

been investigated.g— Using these data, estimates for the number of neutrons

pfoduced by bombarding £hick samples of other light elements with alpha
_particles can be madé. The assumptions must be made that, among thevlight ”
elements, the probabilities for neutron emiésion are about the same when the

s . & 2 . A -l A2"1
excited nuclei Zl and Z, “ have equal decay energies to Zl rand Z2 >
respectively, and that any alpha particle capture resonanceé are félatively
small. ’

With these assumptions, the neutron yields mentioned above can be
.Mcorrected" to other liéht elements.by.considering the différences in the
coulombic barriers to alpha particle penetration and the differences in the
energies available for the reactions. The neﬁtron yields obtained in this
manner must be further revised to correct for the difference in the ranges
of the alpha particles in the materials and the &ifferences in the masses
and areas of the nuclei. Figures 8 to 13 show the estimates of neutron
&ield in a thick target of the pure isotope with different energies of
alpha particles.

The range of an alpha particle §f a givén energy in the pitchﬁlende

ore can be estimated when the range is known in each of the components of

,' the ore, thus:

100 _Bbortm , _Rofl2 .
Range in ore ~Range in Z; Range in 2,

. The estimated range of an alpha particle in the Canadian pitchblende ore
analyzed by Marble16 is shown in Figure 14. The major constituents in the

ore have the following percentages:

!



-29~

U0g 15.9(2) Cud0. 1.21

Po  5.88 Ce,0; 0.58
Thoy '<0.06  Fey0; 6.35
810,  44.07 AL,0.  0.45
ca0 1.90 8 1.32
Mg0  0.87 H,0 2.39

"(a) The actual value given by Marble is 3L .66% U30g. The ore from which
the plutonium was separated, although from the same mine, had a
U308 content of 15.9%. This value is used in order to compare
the actual amounp.of plutonium fogpd with the amount probable
on the basis of these considerations.

From the above data, an estimate can be madé of the number of neutrons

produced by any element. Z in the ore when the ore is bombarded with alpha

particles of energy E.
range of a in ores

Yield of neutrons from Z in ore = (yield in pure Z)( (% Z in ore

range of a in Zv
Applying this formula, the abselute.ntmber of neutrons produced by a

given number of alpha particles of energy E can be obtained for each element
in the ore. All alpha particles coming from U?BS, U35, and their decay
'products were cbnsidéred. The major contributions are made as follows
(neutrons per minute in 100 grams of ore). silicon, 11.5; oxygen, 3.5;
magne51um, 1.1; aluminum, 0.9. Berylllum, ‘boron, and lithium are extreﬁ;iy
effectlve in producing neutrons by the (a,n) reactlon° Although the analy51s
of Marble16 did not report the presence of any of these elements, it can be
shown, by calculations similar to the above, that if 1% of beryllium, boron,

or lithium were present in 100 gram samples of ore, 124, 42, or 8 neutrons

per minute in addition to the others would be formed.
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