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INTRODUCTION

The desire to develop and use atomic disintegration as
& source of power had its earliest beginning with the dis-
govery of naturally radloactive elements. Radiocactive pro-
gesses &re accompanled by the release of very large quan~
titles of energy in the form of high velocity beta and alpha
particles and gamma rays, and the energy release per disin-
tegration amounts to as much a8 8 millicn electron volts.
This is several million times Qs much as, for example, the
energy relessed per carbon atom in 1ts combustion to form
carbon dioxide. However, the rate of this redicactive decay
sennot be altered, and spontaneous radloactivity is un-
feasable &5 a power source.

The beginning in the practlcal development of atonmic
power was made by Fermi and his collaborators (1) who dis-
covered in 1934 that neutron irradiastion of various elements
produced beta-ray emitting isotopes. Shortly after this
disnévery they subjected uranium to neutron bombardment (2)
in the expectation that bets-ray emission from an aotive
uranfum isotope would produce element 93. Radioactivities
were produced and work was begun to characterize and lden-
tify them. In all previous experience, neutron bombardment
had produced elements whose atomlc numbers were equal to or

yhat of
greater thék{%he bombarded element, and initial workers



with the neutron-induced activities from uranium sought to
identify them ss transuranic elements. fThis identification
vas indirectly supported by the fact that the activities
¢ould not be definitely identified with any of the elements
vhose atomic numbers are immediately below that of uranium.
The addition of new experimental evidence accentuated the
inadequacy of suggested explanations until in 1939 Hahn and
Etrassmann (3) tried to separate activities which they
¢alled "Ra IV* and "Ra III" from barium by fractiomal erys-
tallization. Although they could separate the radium iso-
topes . MsTh, ' and ThX from barium without difficulty, they
eould not do so with "Ra III" and "Ra IV". Hahn end
Etrassmann thus reluctantly admitted that the sctivities
which they hed called radium, actinium, and thorium were
really barium, lanthanuwn, and cerium.

It was immediately apparent to many physicists that a
tremendous amount of energy would be liberated in the dis-
integration of a uranium atom into two medium weight atoms.
The mass of the uranium atom is roughly 0.1 atomic mass unit
greater than an integer, and the messes of the medium weight
atoms are each about 0.05 mass units less than an integer.
The enerzy dirrsrence; roughly 0.2 mass units or about 200
million electron volts (200 Mev), would be expected to
sppear largely as kinetic energy in the flsslion fragments.
Fhysical experiments plcked up the high energy fission

fraguents in oloud chambers and lonization chambers.



Chemical evidence proved that imost of the "transuranics®
were actually elements centered about the middle region of
the periodic table.

Activities produced in fisslon are hurled from the
fission site in the form of stripped nuclel possessing a
very high kinetic energy of recoil, while the activities
produced by neutron absorption receive only the relatively
small kinetie energy of the neutron lmpect and thus show
i1ittle or no recoil. The recolling and non-recoiling
activitles were separated, showing in the non-recoiling
fraction a 283-minute uraniuw and an aetivlty.af approxi-
sately 2-day half-life (4) which was later identified as
the true transuranic element neptunium, gsﬁp259(50). The
emission of delayed neutrons was observed (5) following the
fission process and later the emission of fast neutrons
simultaneously with fission (6). The discovery that neu-
trons are gliven off in fission suggested the possibility of
¢ self-sustaining chain reaction in which the neutrons pro-
duced by fission were in turn used to produce further
fissions. For a detalled account of the rapld developments
of this period, the reader is referred to thorough revliews
&nd complete bibliographles of the subject written 6 months
before (7) and 10 months after (8) the discovery of fission.

A knowledge of the fission process as it is applied to
the practical production of atomic power is desirable for

the evaluation of the work reported in this paper. The key
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to the whole fission process is the neutron, and any under-
standing of tine fiesion process must begin with an under-~
standing of the neutron ltself. <£ince & neutrcn has no
charge it is not influenced by stomlc electrostatic forces
Lut procesds in a straight line sccordinz to i1ts original
momentum until it collldes vith an etomic nucleus. It may
induce in the nucleus any of several reactions; for example,
if Z is the stomic number of the criginal nuecleus, an alpha
particle may be exltted to produce the residuel nucleus 2-2;
& proton may be ealtted to produce the resicdual nucleus Z-1;
several processes may occur to produce no change in Z; and
finaily, wilth uranium, fission may cccur. The procecses
which produce no change ln Z are a) elastic scattering, which
involves only a transfer of kinetlec energy, b) inelastiec
scattering, 1in which a neutron enters the nucleus and a neu-
tron of different energy leaves, c¢) neutron capture, in which
case the mass number of the nucleus ls ralsed one unit, and
d4) emission of two neutrons, in which cese the mass number
of the nuclsus 1is lowered one unit,

For esoh energy of the bombarding neutron, an atomie
nucleus shows a definite tendency to undergc each of these
possible reactions. Thls tendency 1s measured in terms of
the atomlec cross section which the nucleus sexhibits toward
the neutron. Thus an atomlc nucleus with a high capture
oross gection tends to capture the bombarding neutron and a
nucleus with a nigh fission cross sectlon tends to be fie~

sioned by neutron bombardment. GCollisione of & neutron



with nuclel whose reactlion cross seotlons are low normally

result in elestic and poscibly inelastic scattering and the
slowing down of the neutron. Deuteriu: and hellium neucleil

tsre particularly effective in this regard.

The establishment of a chain fisslon process depends
jrimarily on two fectors--first, the production of wmore than
one neutron by each flssion and second, the arrangement of
the fisslonable uaterial in space 8o that &t least one of
the neutrons produced per fisslon in turn produces a new
fission. Whlle natural ursnium is the materlial originslly
used to support the fission process, only the U235 isotope
figsions upon absorbving a slow neutron. The g8 isotope
either captures the vombarding neutron or exmlits two neutrons,
depending on the energy of the incldent neutron. The
neutrons emitted in flsslon are sostly fast neutrons and
tince the cross sections which nuclel exhlbit toward fast
neutrons are all relatively small the neutrons suffer iittle
initlal loss Dby capture or flsslion, but are graduaslly
slowed down by elastic scattering.

It has been shown that the effective cross section for
capture of slow neutrons 1z inversely proportional to the
velocity of the neutrons, when the energy of the neutrons 1a
not in the pelghbornood of a resonance absorption band,

This is true both for U238 and U235, put U298 nhas several
resonance absorption bands and exhibits a very high oross

section for cuplure of neutrons which possess slightly more



than thermal energy. Thus a neutron which 1s slowed down in
uranium undergoes a considerable likelihood of capture by
7238 pefore its energy has been disslipated to the polnt where
the neutron is effeatlve in produeing fission in U299,
Therefore, with the use of natural uranlum as a source of
fisslonable materlal it 1s necessary to utilize another
izaterlal for the specific Jjob of slowing down or ®“aoderating®
the neutrons to thermal energy.

The first "plles™, or spacial arrangements of uranium
and other waterlals for the propagation of the c¢hain filssion
reactlon, were those based on the slow neutron fission cycle
uslng natural uranium as the fisslonable materisl and
graphite as the neutron moderator. The piles were construocted
with a lattice of uranium or uraniur oxlde "slugs" arranged
in a matriz of graphlte extending nearly equelly in three
dlimensions. The pile must be large enough to give a volume-
surface ratlo sufficlent to prevent the loss of neutrons
through the walls of the plle from stopping the fission
cycle. The process was started by the small amount of
spontaneous flgsion occurring without the capture‘cf neutrons,
&nd the fast neutrons formed by the fission escaped from the
glug in which they were formed and started through the graphite
aoderator. By & process involving elastic scattering from
the carbon atoms the neutrons lost thelr energy and attained
thermal energy before they reached the nearest uranium slug,

vhere they could produce fission in U29D or be captured by

v*se,



Since so0 few extra neutrons are produced in fission
above the number actually needed to maintain the cycle,
elaborate precautions must be taken to insure that they are
used efficiently. One of these precautions 1s the construc-
tion of the plle from materlals whose capture cross sectlions
are very small and which therefore show only a very small
tendency to absorb neutrons. Another precaution 1s the
establishment of extremely high purity requirements for the
materials of constructlon, especlally in freedom from elements
such as boron or cadmium which have high cross sectlions for
capture,

The power rate of the pile 1s controlled by regulating
the neutron Intensity therein, This 1is done by inserting into
the pile rods containing elements of high capture cross sec-
tion. These elements compete with uranium in the capture of
neutrons, and keep the reproductive factor of the fission
cycle at exactly one,

A8 the fission cycle continues, there are produced in
the plle significant quantities of fission products ranging
in atomic number from 30 (zinc) through 63 (europium). Many
of these elements have high cross sections and thus can
change the operating characteristics of the pile after it has
been operated for some time. A knowledge of the yleld,

identity, and characteristics of every fission product 1s



desirable for the anticipation of high cross-section radio-
active poisons which may be produced in fission, and from
the standpoint of the health hazard involved in handling
these highly dangerous radiocactivities., A complete know-
ledge of the fission products 18 also necessary for the
full understanding of the filssion process,

The high intensity radiloactivities produced in the
pile create a need for chemical schemes for their removal
and isolation., Beyond certain concentrations they inter-
fere with the operation of the plle; removed, they offer
a source of radiation to be used in medicine or in scien-
tific investigations,

While thorium ltself 1s not filssionable by slow
neutrons, it can be utilized in a fission cycle by first
converting it through neutron capture to Th233, which un-
dergoes beta decay to U233,

The specific requirements suggested above as well as
a need for a fuller understanding of the chemistry of
uranium andvthorium have prompted these researches. The
separate problems are widely different in nature, but all
are alike in that they contribute to the development of

atomlc power,



PART I

STUDIES OF THE BARIUM AND STRONTIUM
ISOTOPES PRODUCED IN FISSION

.3_._ .1 Historisal Survey

The study of the barium isotopes produced in fission
began earlier than the knowledge of fission itself, for it
vas the ldentification of barium activities in neutron-
bombarded urenium (3) which gave the first accepted evidence
that fission had occurred. At the time the studles reported
in the present work were begun, the radiocactive isotopes of
barium and strontium llsted in Tables 1 and 2 had been
ldentified in the fission products (9). These activities,
like most or all of those produced in fission, are the members
of chalins of active elements whieh, though resulting from
the fission process, are not necessarily produced directly
by fission. The production of the parent member in a radlo-
sotive chain insures the eventual production of all of its
daughter activities, but the time of daughter production
depends on the half-life of the parent. Since an activity
which has a radloactive daughter constantly generates radio-~
&éotive contamination within itself, knowledge of the entire

radloaotive chain is important and 1s included in the tables.
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Table 1
Radloactive Fisslon Chains Involving
Strontium Known at the Start

of These Researches*

Hass Number Kr RD Sr Y ir

89 2m—>15m —> 55 4 —> Stable

91 10 h — 57 4 — Stable (10)

90 2.7h —> 3.5h —> (10)
7mn —

* Items under elements are half-lives] s = seocond, m = minute

h = hour, 4 = day.

Table 2
Radiocsctive Fission Chalns Involving
Barium Known at the Start of

These Researches

Hass Nunmber Xe Cs Ba La Ce
139 0.5 m — 71mn — 86 m — Stable
140 0.8 — 40 8 — 300 h — 44 h - Stable

l4am — 2.5 h >Stable

lm - 30 m-—>
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The radiochemical teohniques whieh were used previous
to this time were wmostly ones which had heen developed in the
study of artificial radioactivities produced by cyclotron
vombardment, and usually applied gravimetric-developed
separations on a mioerd chemical scale, Activities of only a
lluited nuuber of elements were encountered in any specifio
problem and these elements were of mneighboring atomic numbers
with widely different chemical properties so that the separ-
ation schemes required were usually rather simple.

¥ission, however, ylelded a very heterogeneous set of
activities--of elements ranging from zinc through euronium.
The chemistry of some of these elements, such as eolwsbium,
golybdenuwr:, antimony, the platinum metals, etc., is
difficult enough slone without being complicsted by the
variety of others. Thug;previous chemical separations were

often inadequate.

1.2 The Separation of Barium and Strontium from Fission

Products

In a nunmber of experiments determining the behavior of
fission products in uranium oxide and metel, it became
necessary to determlne the fission activities present in a
sample by means of a schematic separation. These samples
were usually analyzed more than & day after bombardment, and
on materials whleh made the use of alliguots impossible.

after a preliminary investigation it was decided that the
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isolation of the elements Ba, &r, Y, Te, I, ©b, Mo, Ce, Zr,
nixed rare earths, and le(Th) was Justifisd, and 20-30
milligrams of carrier of each element were added to faciliw
tate the process. The tracer activities of Cs, Ru, Rh, Re,
.and Cb were present in sueh asmall amounts that the recovery
of these slements was not important. The problems involved
in the isolation of pure barium and strontium carriers and
activities from the above mlxture, and final recommendations
for this isolation, are the chief concern of thls section.

As already mentioned, early technliques for activity sepa-
ration were based primarily on the addition of & sufficient
amount of carrier to a sample, isolation of the carrier by
chemiecal techniques which gave correct grevimetiric separa-~
tion; and measurement of the activity of the lsolated carrier.
The difficulty with this practice was that small amounts of
impurity in the sample which were undetected gravimetriecally
could bear enough radlioactivity to ruin the value of activity
measurements on the fraction. However, because there was
little elgse to begin with, the first separation techniques
were based on the common qualitative and quantitative schemes
of analysis.

Following standard quelitative analytical procedures, a
precipitation of Te, Sb, and Mo was made by H2S in a dllute
HCl solution. The HyS was removed from the flltrate and the
hydroxides of Ce, La, Y, Th, and Zr were precipitated by ths
additlion of ammonium hydroxide. Lsastly the sulfates of Ba
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end Sr were precipitated from the hydroxlde filtrate by
reducing it to a small volume, adding HpS0,, end making 1t
50% alcoholic with ethyl alcohol.,

The gravimetric recovery of barium and strontium was

not satisfactory with this scheme for a numnber of reasons.
1) Vhenever the HoS precipitation is made in alr, some of
the sulflide is oxidized to sulfate. This may precipitate
the sulfates of barium and strontium premnaturely and cause
their loss to the final nrecipitation. 2} =Barium and
strontium form insoluble diuranates, and since there is
usually so.ie uranlun present in the samnle, some bariun and
strontiun are always nrecinitated in the hydroxide group.
%) If the hydroxide is open to the air, absorption of
eurhon dloxide from the air may cause the precipitation of
pariwi and strontium carbonstes. 4) It is impossible to
use the fluoride orecipitation to separate YFa, LaFS, Th¥g4,
and CeFy fros barius, strontium end zireonium because, al-
though BaFa and ZrF4 separately are soluble, together they
forn the insoluble BaZrFg. Because of these limitations on
this scheme of analysis, it was abandoned in favor of the one
described below,

This scheme of separation 1s based on the fact that
barium and strontium nitrates have a very small solubility
in concentrated nitrie acid and are practlically imsoluble in
80% HNOz (11) while the other nitrates involved in these

gtudies are normally soluble. The solution of astivities
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and the csrriers Ba, Zr, Te, ¥o, Y, La, Ce, Zr, Th, and
sometimes Sb were bolled down with nitric acid to a small
voluae, perhaps 10 ml, until berius and strontium nitrates
began to precipitate from the ho?,concentrated nitric acid
solution. This solution was cooled to room temporature and
with constant stirring was treated with fuming nitric scid
until the HNOz concentration was 80 to 85 percent. The
nitratee were allowed to preeinltate and then were centri-
fuged. The elear ligquid was poured off and used for the
schenatic separation of the remaining carriers. The solid
nitrates were washed with a smell volume of 80% HNOz and
agaln centrifuzed and the wash decanted.

According to 'illard and Coodspeed (11) this precipita-
tion affords a quantitative separation of barium and strontium
from the other elements present., However, from a radio-
chemical point of view such an efficlent separation has not
been obtalned, While the amount of contamination 1s very
erratic, a number of contaminations have been cbhserved to
ogocur frequently. Nearly elways iﬁ boiling down the nitriec
acid solution for the initial precipitetion of barium and
strontlium nitrates, antimony carrier 1s oxidized and
precipltated as antimonic acid or hydreted oxide, contamina=-
ting the bvarium and strontium fraction. The amount of this
precipitete is large, and 1t interferes with the efficlent
separation. To 8 lesser but usually significant extent,
tellurium and ceriur sre also precipitated. This precipita-

tion may occur as the higher oxide but no experimental
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evidence 18 at hand to iundlcate the chemlical nature of the
precipitate.

In the expectation that some barium and strontium might
be held in the water-insocluble part of the nitric acld pre-~
cipitate, the first treatment vas to dissolve the entire pre-
gipitate in hot, conceuntrated hydrochloric acid aund after
dilution, to precipitate Ba804 and erOa by the addition of
stak and alcohol. The coaversion of the sulfates to car-
bopates by fusion with scdium carbonate, sclution of earbon-
ates 1In HCl and precipitation of barium as chromate and
strontium ss sulfate gave products whose decay curves indi-
cated redioactive contamination (Figures 1 and 2). It was
apparent that the combination of carbonate fusion and nitrate,
sulfete, and chromate precipitations hed yielded a product
which was probably gravimetrically pure, but which was radio-
actively contaminsted.

It wae known from tests thet the rare earths coprecipi-
tated badly as sulfates, especlally from aleocholice solution,
and that this gulfate precipitation was ineffective in re-
moving contamination; so it was tentatively replaced by the
ECl-ether precipitation of barium chloride (12) and by the
sarbonate precipitation of strontium. The barium then was
pure, but the strontium continued to be contaminated.

Sinoce the attempts at precipitation of barium and
strontium away from foreign activitles had been rather

unsucsessful and had beocome very tedlous, a different
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with its daughter lanthanum, all decaying with an
apparent half-life of 12.5 days,
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a foreign activity of medium half-life,
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technicue of purifying the barium and strontium was tried.
This consisted of the removal of contaminating activities
from the solution containing barium and strontium rather
than the separstion in the opposite order. For gravimetrio
enalysis, complete precipltation of the desired comstituent
is the critical factor; for radiocactive work, complete
removal of all contaminants is usually more important,

When barium and strontium nitrates were first separ-
&ted by the fuming nitrie acid separation, about the only
Impurities still remaining were asantimony, tellurium, and
possibly some hydroxide-insoluble elements, so after the
fuuing nitric aeld separation to remove barium and strontium
from most of the rest of the carriers the nitrates were
dissolved 1n water and ilmmediately freed by centrifugation
from the water~insoluble matter. The olear solution was
evaporated with HC1 to near dryness, diluted, treated first
with metalllioc zinc to reduce antimony and tellurium, and
then with a drop of ferrlo nitrate ocarrier and ammonium
hydroxide to precipitate and carry down all hydroxide-in-
£0luble elements. The preclpitate of antiuony, tellurlum,
end lnsolubls hydroxides was removed by filtration, and
barium and strontium were preclipltated from the filtrate by
the addition of aumonium carbonate solution. The carbonates
were dlssolved in dilute HCl, and barium was separated by a
double precipitation as chromate. In the flltrate, stron-
tium wes freed of the trece of barluiw and daughter lanthspunm
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activity by the addition of a drop of barium carrier, a drop
of ferric nitrate, and an excess of ammonium hydroxlide. The
solution was flltered and strontium was precipitated as
carbonate by awmmonium carbonate solution. By this scheme
carrier sepasrations free of radloactive contamination were
reproducibly obtained.

Subsequent work has indicated that the zine reduction
of antimony and tellurlum may usually be eliminated without
serious contamination by these selements. Except for extreme
purity requirements, the slighi contanination remalining sfter
the hydroxide scavenger purificetion does not usually
interfere. The scavenger purification technique involves
tie use of an inactive carrier, in this case iron, to co=-
precipitate and carry down another materisl, here the in-
s0luble hydroxides of lanthanun, yttrium and the rere earths.
This shortened separation scheme proved very useful and
reliable in the many activity asnalyses whicih other experi-

ments requlred.

1.3 Some Tracer Studies of the Chromate Separation of Barium

from Strontiun

After the techniques had been developed for the separa-
tion of barium and strontium activities from the other fission
products, attention was turned to the separation of barium
and strontium from each other. Of the few methods for

separating barium and strontiuw, the precipitation of barium



&8 bsrium chromate by the additlion of ammonium dichromate
Yo a very slightly acld solution containing smmonium
ecetate is the recoimended one (13)., Also mentioned is a
separation depending on the differentlal solubility of
BaCl, end SrClg in a solution composed of 4:1 HC1l (334) and
ether. Although at least one reprecipitation of the BaCro4
is necessary in gravimetric procedures, and the solubility
of BaCr04 in ammonium acetate solutions Indlcates that the
procedure probably attains gravimetric acceptabllity by a
combination of errors, the separation was accepted as the
best one avalleble. The comxbination of errors which permit
gravimetric acceptance are the balancing of the solubility
of BaCr0O4 by the amount of SrCr04 being ocarried as contamin-
gtion in the precipitate.

Tracer technique offers excellent possibllities for the
study of what aoctually happens in this separation, and since
the tracer activities were avallable, 2 study was begun. The
primary objJeot of the resesrch was to determine the number
of steps necessary to prepare radloactive samples of a
desired purity, and the technlque used in the separations
was devised with thet in mind. However, the results are
useful for interpreting gravimetric separations as well.

The radioactivities of nearly all of the samples
described in this thesis were measured on a Lauritsen elec-
troscope with a modified lonization chamber (14). The

working part of the eleotroscope, the metal-sputtered
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quartz fliber arranged beside a condenser wire so that its
displacement 1s proportional to its charge, was commerclally
made. The chamber consisted of & 2-inch dlameter cylindrical
cavity out vertically through a block of aluminum 3% inches
on each edge. The electroscope head was mounted in a hole
cut through the front of this block, and at the back of the
block was a ground glass window end & filament lamp for
dllurinating the eleotroscope flber. The center chamber

was sealed at the top by an aluminum foil of about 7 mg/om?
thickness held 1in place by & square, metsl rim fastened by
gerews to the aluminum bloek. A slxlilar aluminum folil 2.3
ng/em® thick sealed the bottom of the chamber. The air
inside the electroscope chamber was kept dry by two l-inch
diameter glass bulbs filled with Anhydrone and cotton.

These bulbs were sealed with Aplezon-W wax iInto brass
sdapters screwed Into holes in the slde of the aluminum head,
A sheet lead cover fltted just inside the metal rim on top
of the electroscope, and beneath the aluminum block in fron$
&nd back, grooved brass plates srovided slots for brass
shelves as lov as 5 inches below the block. All of this

was mounted on & wooden support so the telescope eyeplece
came at natural eye level, and the charging connections

were connected to a sultable source of potential, in this
¢ase & vacuun tube rectlifier circult. !'ounted samples

c¢ould be measured by placing them under the 1id or on one of

the bLrass steges below the chamber of the electroscope.
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The carrier samples were nmounted for measurement in
onionskin paper packets. 4 welghed sample of the activity-
bearing carrier was spread over & clrculer ares one inch in
diemeter in the center of a 4-x 6-inch sheet of onlonskin
paper. The sample was carefully fastened into place with
either a large gummed label or Scotoh tape, and the four
edges of the onlonskin paper were folded up across the back
of the label and fastened with another identifying label.
The folded edges were spaced so0 the packet fitted snugly
inside the fastenmer rim on the top of the electroscope. The
one thickness of onionskin paper between the sample and the
electroscope gave uniform results and there was only a
small amount of absorption in the baper.

In the radlochemical work on the chromate separation
of barium and strontium, gravimetric determinations indicated
that with 20 m€ of barium and 20 mg of strontium in a volume
of 20 to 40 ml, & precipitation of the barium as chromate
carried down from 6 to 10% of the strontium with the barium.
Yhen less strontium was present 1t was still important to
know what percent of it was coprecipitated with the barium,
but the amount could not be determined relliably by gravi-
metric means because its contribution to the final welght of
Balr0y was less than the degree of accuracy of the precipi-

tation.

The technlque of the tracer study was to precipitate
berium a8 chrowate from 20 ml of solutlon contailning 20 ng
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¢f barium carrier, known amounts of pure 55-day strontium
gctivity, and varying weights of strontium carrier. To the
solution containing these materiasls and ascidified with &
drop of concentrated HCl were added 30 mg of (HH4}20r207.
The sclution was heated to boiling, and 2 ml of 20% anmonium
acetate solution were added dropwise and with thorough
stirring.

The preciplitats of BaCr0O, which formed was allowed to
gtand for several hours and was then filtered onto a weighed
¢iroular filter paper in a Gooch crucible, The weight of
the precipitate was obtained by weighing the paper and
ganple after filtration and drying, and subtracting the
original weight of the dry paper. The filter disc containing
the precipltate was then mounted in the customary onionskin
pecket and its activity measured on the electroscope.

It is impossible to get 100% recovery by this technique
of filtering since some precipitate falls off the edges of
the filter disc, but recoveries of 95 to 97% are usual. The
welght of strontium chromate in the mounted sample can be
¢alculated from the weight of strontium in the solution and
the percent of the total strontium activity found in the
mounted sample. The weight of barium chromate can be ob-
tained by difference, and the whole corrected to 100% re-
¢overy of the barium. It should be mentioned that in tracer
studles 1t is seldom necessary to obtain 100 percent re-

¢overy of the oarrier. If a known weight of carrier is
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used, any measureable recovery of the carrier permits cal-
culation of the speciflc activity of the sample, and 1t is
a siuple matter to calculate the activity corresponding to
100 percent recovery of the carrier.

Table 3 gives the data which have been obtained in
these precipitations of barium chromate from  solutions
containing strontium. These data have been plotted in
several ways to find a regular behavior which can be ex-
pressed in a simple, useful equation, but the results have
not been entirely suceessful. The earliest tests were on
solutions eontaining strontium in asounts ranging from the
weight of barium present down to amounts equal to only a
few percent of the barlum present. Throughout this range
it was empiricelly found that the percent of total strontium
carried down by the precipitation of bazrium chromate was a
linear function of the log of the initial strontium concen-
tration in the solution. However, later experiments with
rore widely varying strontium concentrations showed that
this relationship is valid only over & limited range, and
there 1s marked deviation at both higher and lower ranges
of strontius concentration. Figure 3 is a plot of the
percent of strontium carried down by the precipitation of
1 ng/ml of barium as chromate from & solution containing
strontium concentrations of 10 mg to 26 grams per liter.

The weight percent SrCr0, contamination which a BaCrOg4

preclpltate contalus is & continuous but non-linear funetion



Table 8
The Coprecipitation of SrCr0, with BaCr0,2.

Wt. Sr  Wt, of % Sr g SrCriy Mg BaCro Percent Weight Conen.

in 20 Ppt. Activity in in ¢ Sr Co Ratilo of Sr
ml soln Mountgd Mounted Ppt. Ppt.® pptd. (X/M) in Soln.
{mg) (mg) % {X) (M) b (mg/1iter)
524 57.0 1.12 13.8 43.4 1.12¢ 0.315 26200
524 55.2 1.29 15,7 39.5 1.29¢ 0.398 26200
b 1) 45.9 3.35 8.25 37.6 3. 350 0.228 —B500
106 47.6 4,20 10,8 37.0 4,24 0.288 5300
43,3 40.3 3. 64 3.67 36.6 B.70 0.0995 2170
43,3 42.4 7.22 7.26 35.1 7.65 0.218 2170
TZZ.3 39.8 . 3.46 6.5 6.85 0.0048 TI15
22,3 39.5 7.97 4,13 35.3 8. 40 0.1164 1115
“II.9 38.6 10.58 2.92 35.7 IT.0 0.0036 595
11.9 39.0 10.71 2,98 36.0 11.1 0.0843 595
—¢.65  38.0 1I3.70 2.10 5.9 14.2 0.0581 333
6.65 37,7 13,83 2,13 35.5 14.5 0.0598 333
—3.5 38.2 15.858 1.29 56.9 16.0 0.0348 178
3.5 38.3 21,30 1.73 36.6 21.7 0.0487 175
1.40 25.8 B2.8 0.74 $6.1 23.5 L0204 L [4)
1,40 36.7 21.4 0.70 36.0 22.1 0.0195 70
—0.70 56.6 5.5 0.41 36.2 6.2 0.012 25
0.70 36.0 22.6 0,37 35.6 23,6 0.01086 35
0,28 37,0 23.8 0.15 36,8 24,0 0.00418 14
~0.070 o4. 1 17.0 0.028 34,1 18,5 0. .
0,070 34.3 15.8 0.026 34,3 17.2 0.00075 3.5
. . 14.2 ~0.000 LYW 18.2 0.00027 1.4
0.028 34,2 20.8 0.013 34,2 22.6 0.00040 1.4
a BaCr0Og = 37.2 mg in 20 ml solution. b Caleulated to 100% BaCro, precipitation.

¢ sssume 100% BaCro, recovery.

14
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(Figure 4) of the strontium concentration of the solution
from which it is precipitated. A curved line is also ob-
tained when the log of the percent contaminatlon is plotted
instead of the percent itself. Any of these plots may be
helpful in the estimation of the degree of purity of a
chromate precipitate but they do not suggest a theoretical
interpretation.

The data were plotted to see if the coprecipitation
process follows Freundlich's isotherm, given by the ex-~

pression

k¢ 3B 15 wnien

= mg SrCr0g in a BaCrO4 precipltate,

14

mg BaCrOy in the same precipitate,

BB M OENM
)

and n ere constants,
C = concentration of Sr in the solution (mg/literh

The plot of Log X/M against Log C should be a straight line.
Figure 5 shows that this 1s approximately true only when Cg,
is less than 25 mg/liter. "ith strontium concentrations
greater than thls amount the deviation is very marked.

Newton (14) has shown that there 1s an extremely rapid
reorystallization and interchange when aged silver bromide
precipitates ure placed in very dilute silver nitrate
solution. The slight but apprecliable sclubility of BalrO,
in scetic acld solutions indicates that one should expect
rather rapid interchange of atoms between the BaCr04 preel-

pitate and the solution. Since precipitates digested for
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several hours in solution still contain large amcunts of
strontium, 1t is likely that there is a dynamle interchange,
perhaps wilth the attalnment of equilibrium, between the
strontium in the solution and the precipltate.

Rundle and Baenziger (47) have taken X-ray diagreams of
BaCr04, 8rCr04, and bariuam chromate which was preciplitated
from a solution containing a large amount of strontium and
which, therefore, was strongly contaminated with strontium
chromate. They have found that BaCr0, and SrCr04 have
quite dissimllar structures. The sanmple containing copre-
elpitated strontium showed the barium shromate structure
with a decided tightening of the lattice. Apparently when
the coprecipitation occurs, the strontium atoms simply
replace barium atoms in the BacrO4 erystal.

The existence of & reversible interchange between the
strontium of the solution and the strontium contamnination
of a EaCrO4 precipitate could be proved by plecing an aged
BaCrO4 precipitate in & solution of radiocactive strontium
chromate buffered by emmonium acetate. If interchange does
occur, the active strontium will appear in the precipitate.
A measure of the strontium asctivity in the precipitate gives
8 measure of the degree of interchange, and if the process
is followsd for some time the rate can be calculated. When
the system has become static, the degree of SrCro4 contam~-
ination of the BaCr0O4 indicates if the coprecipitation of

SrCr0, with BalrC, is a reversible equilivrium process or
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if the contamination is possible only by simultaneous pre-
cipitation frow solution. While this is an interesting ex-
periment from a sclientiflc viewpoint, it was not carried
out because it had 1little bearing on the problem which
promoted these studles.

As a result of these studles it was concluded that a
double precipitation of BaCr0, gave a geparation of barium
from strontium satisfacstory for most of our requirements.
It can be seen from Flgure 3 that the precipitation of 20
mg of barium as chromate from 20 ml of solution containing
20 mg of strontium carries down about 8% of the strontium
in the initial precipitete. After solution of the BaCroOy
and reprecipitation about 2% of the original strontium still
remains in the barium fraoction. This 18 approximately the
accuracy of the electroscope measurenents, and was satis-
factory for essay analyses. Since the strontium fraetion
usually had a specific activity only about one-fourth as
great as that of the barium fraction, a 2% weight contamin-
ation corresponded to a 0.5% activity contamination. Each
reprecipltation after the first one reduced the strontium

in the precipltate by a factor of four to fivse,

l.4 The Identification of Y®0 in Fission Product Laterial

and the Discovery and Identification of S

In connection with the work on the isolation of dbarium

and strontium activities from fisslon nroduct materisl, the
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activitlies of several sanmples of strontium were measured for
& number of months to check the 55-day half-life (16}, the
longest reported previous to this work. It was observed
that samples six to seven nmonths 0ld showed half-lives
longer than 55 days, and & new or forelign aetivity was
sugpected.

The cerium activity then reported as having a 200-day
half-life seenmed the most likely contaminant, so an aged
sancle of active strontium carbonate was dissolved in nitrie
acid and treated with a few nlilligrams of cerlum carrier.
The cerlum was precipitated by ammonium hydroxide, and
strontium carbonate reprecipitated from the filtrate. The
activity of both precipitates were followed. The hydroxide
insoluble fraction showed a half-life of about 70 hours,
tailing off in a small amount of long-lived baokground, and
the strontium showed & scarcely measurable growth and a
half-life longer than 55 days.

It was falrly certain that a long~-lived strontiun was
at hand, but the short-lived activity could be elther its
daughter yttrium or granddsughter zirconlum. Accordingly,
the following experiments were performed to establish the
identity and nature of the activitles with certainty. A
highly purified strontium carbonate sample isolated about
a week after fission and allowed to stand until about 7
months after flssion was dissolved in nitric acid and after

the addition of 10 mz each of yttrium and zirconium carriers,



strontium was reprecipltated as strontium nitrate by the
use of fuming nitric acid. Following centrifugation and
washing with 80% HNOz, the product strontium nitrate was
dissolved in water and strontium cerbonate preclpitated by
the addition of =zmmonium carbonate solution. This pure
sample exhibited an initial perlod of growth and a subse~-
guent half-life of greater than 355 days. On the other
hand, strontlun activity separated a week after fission
showed no growth and an initial half-life of nearly 55 days
(Figure 8). This was later proved to be due to the faect
that shortly after bombardment the activity of the long-
lived sr90 is relatively so small compsered to the arB9
activity that 1t was undetected. The detection of sr90 in
0ld ssmples depends on the fact that the sré? decays more
ropidly and the relative contribdution of Srgo increases,

To ldentify the daughter activity, the solution from
the fuming nitric acld separation was diluted, treated with
20 mllligzrams of inactive strontium carrisr and again sube
Jected to the fuming nitrie acid precisitation of strontium
nitrate to remove the trace of strontium activity remaining
from the first separation. The fuming nitric acid solution
wag evaporated nearly dry, neutralized with ammonium
hydroxide, and taken into solution with one drcp of dilute
hydrochloric acid. The solution was transferred to a
lusteroid tube, and yttrium fluoride was precinitated with

¢ N HF., The solution was centrifuged and decanted into a
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platinum dish, and the precipitate was washed with 6 N HF,
centrifuged, and the wash solution decanted into the platinum
dish.

The yttrium fluoride precipitate was washed from the
centrifuge tube into a separate platinum dish. Both yttrium
end zlrconium fractions were fumed with HaSO4 to remove HF
end, after fuming, the strong acid was diluted with water.
The respective hydroxlides were precipltated with ammonium
hydroxide, filtered, ignited to oxides, weighed, and a
weighed sample of each oxide mounted for activity measure-
ments on the electroscope. All but a few percent of the
activity appeared in the yttriuum fraetion, and what activity
renained in the zirconium fraction decayed with the same
half-life as the yttrium, indicating merely that the chemical
separation was not complete.

A knowledge of the half-llife and the radiation character~
istics of the yttrium isotope was essentlal for its identi-
fication. TFor these determinations a sample of aged strontium
activity with carrier was doubly purified by subjecting it
to a fumlng nitric acid separation to remove all elements
but barium, adding inactive barium carrier and meking a
barium chromate precipitation, and then adding s few milli-
grams of ferric nitrate and precipitating ferric hydroxide
with ammonium hydroxide. No filtration was made between
the precipitation of barium chromate and the precipitation

of ferric hydroxide, and the latter served to trap the



chromate precipitate and insure its complete retention on
the filter along with any hydroxide-insoluble matter which
might have slipped through the fuming nitric acid separsation.
Pure strontium carbonate was precipitated from the filtrate
by the addition of asumonium carbonate solution.

The purlfied strontium activity was allowed to stand
a week after its purification to permlit its daughter activ-
ity to grow to a useful concentration. Then the carbonate
was dissolved in nitric ecid and treated with 10 mg of
ytitrium carrier. A fuming nitriec acld separation was made
to precipltate riost of the strontium from the yttrium, the
centrifugate was diluted, treated with 20 mg inactive stron-
tium carrier, snd subjected to a second fuming nitriec acid
separation to remove still nmore of the strontium activity.
The centrifugate of this separation was boiled to near
dryness, diluted,and treated with ammonium hydroxide to
precipitate yttrium hydroxide. The precipitate was filtered,
ignited, and mounted &8s Y,0z. The decay and absorption
surves of this meterlal were measured on the electroscope,
and are shown in Figures 7 and 8, respectively. The half-
life was determined to be 65.5 hours, and the beta ray had
& range of 1.250 grams Al/cm2, which corresponds to &
maximun energy of 2.6 Mev.

The energy was calculated from the range by the equa-
tion of Feather (48):

R = 0.543 E, -0.160, where
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R 15 the range of the beta particles (grams Al/cmg))
Ep is the maximum energy of the radlation (Mev).
[Feather determined the equation experimentally by plotting
the ranges {(maximum penetration through aluminum) of mono-
energetlic beta particles as a function of their energy.
The beams of monoenergetic beta particles were usually ob-
tained from a nass spectrograph] This activity is apparently
identical with the previously reported v90 {(16), whose beta
ray has this same energy and whose half-life has been
reported to be 50 hours. The strontium fraction from which
this yttrium was separatod showed a growth of activity
which was equal to the decay of the daughter yttrium. This
glves addltional proof of the parsat-daughter relationship.
Visual comparison of the absorption curves identlically
deteruined on samples ¢of fresh and eleven-month-old stron-
tium activities indicated that Sr90 haes a relatively weak
radiation. PFigure 9 shows an absorption curve determined
on a nine-month~old strontium sample freshly separated from

yttrium, and the curve for the Srgo

component estimated by
subtracting the Sr8? background. The range of the beta ray
wag estimated to be about 130 mg Al/cm? (about 0.4 Mev) (49).
Because the Sr89 contributes such a large part of the total
activity of thiéJsample, the absorption curve for sr90 is
only approximate., For a more exact determination a sample
must be used whose age after bombardment makes the contri-

bution of £r89 activity smaller.
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Direct determination of the half-life of Sr9 was not
possible because its radiation is weak and it waes available
only in the presence of a high Sr89 background. However,
if the ratio of the fission ylelds of 5r89 and sr% is a
constant, for short bombardments the ratio of the Sr90
activity (or equilibrium Y90 activity) to Srf? activity is
e function only of the half-lives of Sr89 and 5r9 and the
time after bombardment. With strontium samples of known
ages after bombardment, in equilibrium with daughter yttriua,
chemical separations oan be made and Y90 activity determined
as a funetion of Sr8% activity and tlme after bombardment.
Assuming Sr8® to decay with a half-life of 55 days, a cal-
culation of the actual decay of Sr9% can be made. In
measuring the Sr8? activity, it is necessary to remove Y90
from the sample, and then measure the étrontium activity
through sufficient aluminum to absorb the bheta ray of sr90,
Samples of but a few different ages were avallable, and the
effectlve age of one of these was uncertain because it had
been given a non-uniform bombardment over a long period of
time {about 6 weeks). The inability to fix the effective
age after bombardment of the sample made it impossible to
calculate the amount of decay which the 55-day sr8? refer-
ence activity had undergone and thus reduced 1lts value as
8 reference standard. The value of the standard is also
dependent upon the accuracy of the determination of 1its

half-life, and since this accuracy was not inown for Sr89,
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the results based on the half-life were of uncertain mean-
ing. It was concluded that when applied to the active
samples which were avallable, this method wes ineffective
in the estimation of the half-life of sri0,

It 1s possible to make an Indirect measure of the half-
1life of Sr% by measuring the activity of Y90 decaying in
equilibrium with its parent. Y90 has a herd beta ray which
permits its measurement through 760 mg Al/cm?, which is
sufficient to absorb all of the strontium radiations except
the slight bremstrahlung background. (The bremstrahlung
Lackground consists of continuous electromagnetic radiation
produced by the interaction of high energy beta rays with
the field of the nucleus of & heavy atom. Consequently,
this radistion accompanies all beta radiation, and its
counting rate is usually about 1/4000 of the counting rate
of the beta ray.) A semple measured in this way over a
period of 3 months (Figure 10) showed a probable decay of
1%, with individual readings deviating from the average by
gbout 2%. Assuming 2% as the maximum error of the measure-
ment, the decay could not have been more than 3% of the
original activity. Under these conditions the minimum

half-life can be calculated by the equation.

I/IO = g ~0.693¢
Ti/2

If t is 90 days and I/Jo is 0.97, Tl/z is 2100 days or

sbout € years. Using the observed value of I/IJo = (.99 2

C.0Z, the caloulated haelf-1l1ife is 17 years. There is no way
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to declde from the data how nearly correct this value may
be. Until the decay is followed for a longer period of
time the half-life may be given as greater than 8 years.
This half-life, like the energy of the radiation, is
epproximate only, and is subject to revision when more
&ccurate data become available. The value of the half-life
is in agreement with Coryell's (17) theoretical prediction
of 3l-year half-life, based on expected fission ylelds and

counting rates.
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PART IT
THE DETER.INATICON OF THE VATOR PRESSURE OF
URANIUI! TETRABROMIDE

2.1 Introduction

The slow neutron plle places rigid purity requirements
on a number of components chief among which are the fission-
oble naterlal and the moderating material. Many other
components, e.g., the pile coolant, walls, coolant conduits,
coatings of the slugs of fissionable material, also play
parts of varying importance depending on the design of the
particular pile. 7The fissionable material may sometinmes
be present as a compound, such as oxide or carblde, but it
is usually desirable and sometimes necescary that 1t be
rresent as the pure element. Factors which make the use
of uranium netal desirable are the greater thermal conduc-
tivity of the metal, the greater ease of coating metal slugs
to protect them when they are to be used in a water-cooled
pile, and the elimination of the neutron reactions with the
inert cormponent when uraniun is present as a compound. The
extreme purity of metal regquired in some instances caused
the initlation of a study on the production of very pure
uranium.

Uranium metal can hot be subjected to a sublimation to

distill it free from its contaminants, nor camn it be purified
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completély by the converse, heating the metal and letting
the impurities boil out. If pure metal is deslired, it must
be produced directly froi: the reduction of a pure uranium
compound by a pure reducing agent which does not itself
remain in the uranium metal., The halides are about the
only compounds of uranium which can be reduced readily to
the netal, so the production of extremely pure uetal nust
almost certainly gé through the hallide stage,

Uranium bromide was known to be reduclble to metal,
+nd after reduction the amount of bromine remaining in the
netal as a contaminant was very smell and within the toler-
&ble maxisum, Although UBr3 is nonvolatile, UBr4 was
known to be volatlile, and the possibility existed that a
volatilization process could be worked out to yleld a zood
separation of the uranium frow both heavy and light elements
and to produce pure UBr4 in a form ready for reduction.

The intelligent aspralsal of such & process required a
knowledge of the vapor pressure of uranium tetrebromide
over a wlde range of temperetures. The only vapor pressure
data whioch were avallable for UBr4 were those determined by
Thompson and Scheldberg (18, 19) using the effusion method
over the temperature range 3000 to 450°C. The theoretical
limitaticns of this method make 1t ineffective with vapor
pressures sbove about 0.0l mm, when the mean free path of
the molecules 1s nearly equal @fm€§2k3§£3§10n orfice. The

data could only be used by extrapolating the plot of Log P
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versus 1/T to higher temperatures and, because the individual
readings with the effusion method are accurate only to with-
in 10 to 20 percent, this extrapolation was not reliable.

The trenspiration method of determining vapor pressure
is applicable over a higher range of pressures, it can be
carried out to a greater degree of accuracy, and 1ts opera-
tlon is probably more reliable. Therefore this method was
used to determine the vepor pressure of UBr4 in the temper-
ature range 450° to 650°C and the pressure range 0.3 um to
107 um Hg. The transpiration method depends in principle
upon the saturation of an inert carrier gas with the vapors
of the sample and then passing the satureted carrier gas
through a collector, which removes the vapor and allows the
carrier gas to pass on. Condensed sample and carrier gas
sre collected until the amounts of both can be measured.
i#fter measurement, the vapor pressure of the sample is
caloculated from the pressure in the saturation chamber and

the mol fraction of its vapor in the gas.

£.2 Experimental Part

The uranium bromide used in the vapor pressure deter-
mination was prepared and sublimed in the apparatus pictured
in Figure l1l. This apparetus may be used in several ways.
First, crude uranium tetrabromide may be prepared elsewhere
&énd transferred to bulb (A) of the apparatus for sublimstion.

Second, uranium turnings may be placed in (A) and converted
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in place to UBr4 through a series of intermediates.
U EE__>. UH HBr UBr= BT UBr

——> Uiz —gnoo> UBTs gpfo>  UBry
Third, urenium turnings may be placed in the flask and
eonverted to UBr, directly and with simulteneous sublimation,
using purified hellum at a flow rate of about 2 liters per
minute to sweep bromine vapor into, and UBry out of, the
reaction chamber while 1t is held at 600-700°C.

Purified nitrogen may be used readlily as an entrainer
gas for the sublimation of preformed UBryg, but it may be
used only with much more care in the direct reaction-subli-
mation procedure. Nitrogen reacts with neither UBrgx nor.
UBr,, but it does react with hot uranium metal, and it is
this reaction which causes difficulty. Bromine reacts with
uraniun nitride to displace nitrogen and form ursnium bro-
mide, and if this reaction can be maintalned at a faster
rate than the reaction of nitrogen with metal, the process
works well. Otherwise, excess nitride is formed and it
may either bresk up and clog the tubes to stop the process,
or the reaction with nitrogen may be so rapid it draws
air bask through the exit trap.

Uranium bromide was prepared by all three methods,
using both heliws and nitrogen entrainer gas. The actual
sublimation was always carried out at 600-7009C, and with
rates of gas flow appropriate for each condition. Both

with nitrogen and with helium entrainer gas the product was
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(0

Figure 11, Apparatus for the Sublimation of Anhydrous UBr4.
A, 'Quartz reaction flask with inlet tube,
B, Liter quartz flask used as condensing chamber,
C. Aluminum foll refleotor used for insulation,
D. EKlectrical resistance furnace.
E. Liter pyrex flask used as sublimate collector,
F., Quartz to pyrex Joint sealed with Apiezon W wax,
¢, Rubber tudbing,
H, 8topoock,
I. B8topoook.
J. BSulfuric acid bubbler and trap.
K., Bromine reservoir,
L. 8tandard taper ground glass Jjoint.
M. Gas inlet,
N. Gas outlet to hood,
0. Opening which occasionally plugs with sublimate,
P, @Glass wool plug to retain fine product,
Q. Removable end of furnace for observation,
R. Oraded quartz to pyrex seal.
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formed in flask (B) and dropped to flask (E) in the form of
large brown plate-like crystals and a tan-colored, dense
crystalline powder. No difference in appearance of the
crystals was observed when nitrogen was substituted for
hellum as the carrier gas, and the analyses of all material
used in the vapor pressure studies 1lndicated a composition

of UBry. The following is a typical analysis:

Theoretical, UBry; Found:
Percent Uranium 42.7 % 42.6 %
Percent Bromine 57.3 % 57.3 %

The apparatus and method used in the vapor pressure
determinations were modified from those described by
Jellinek and Rosner (20). The apparatus is shown in Figure
12, After preliminary experiusents had indicated that ura-
nium bromide was inert to pure nitrogen at the temperatures
used in the experiments, nitrogen was chosen as the carrier
gas, Since tank nitrogen contailns small sumounts of oxygen
and perhaps other impurities, it 18 necessary to subject it
to a rigorous purification before it can be used. The
purification technique was that developed by Newton (21)
end the purification unit is shown in the upper part of
Figure 12 along with the pressure regulating and flow in-
dicating devices.

Nitrogen was removed from a tank through & pressure

regulator and admitted to the system through the stopcock
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Figure 13, Apparatus for Determining the Vapor Pressure of UBrq by the Transpiration
Nethod. '

Stopoook--gas inlet for sample collection. B) Stopoook--gas inlet for flushing
:y)cto-. o) Dgopoook-— s outlet for sample ocollection. D) Btopcock--gas outlet
for flushing systea. 8 Anhyarone at room temperature, F) Ascarite at room temp~
erature. G) Copper - oupper oxide at 600°C. H) Uranium nitride loosely packed in
ass wool at 800°C. 1) Resistance furnace at 800°0, J) Pressure regulator.
) Capill flowmeter with bypass, L) Mariotte flask, MX) Chromel-Alumel thermo-
couples, 'ﬁ Pirebriock ocylinders for insulation. O) Pyrex glass wool plugs.
 P) Gold sample boats. Q) Rubber stoppers. R) Quart:z eolleotion tube with graded
quarts to pyrex sesl. 8) Glass standard taper joint. T) Resistance furnaoce.
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at the upper left and passed through an all-glass purifica-
tion chain consisting of a tube of Corning 172 glass con-
taining mixed porous copper oxide and reduced copper (G)

at 600°C, pyrex tubes containing Ascarite (F) and Anhydrone
(E) at room temperature, and a tube of Corning 172 glass
containing uranium nitride (H) loosely packed in glass wool,
at 600°9C. 1liuch of the oxygen was removed by reaction with
copper in the first tube, and any orgenic matter in the
nitrogen was oxidized hy the Cu0O. Carbon dioxide and other
acidie impurities were absorbed in the Ascarite, and water
was absorbed by the Anhydrone. This treatment gave nitrogen
which contained only traces of reactive elements. The

next tube containing uranium nitride, loosely packed in
glass wool to lessen its resistance to the gas flow, re-
noved the last trace of oxygen and possibly removed some
other tracc elements which might not have been caught in
the previous tubes.

The two Corning 172 glass tubes which contained copper
oxide and urenium nitride respectively, were kept heated to
€00°C by placing them in a resistance furnace, or by insu-
lating them with a few layers of asbestos paper and wrapping
electrical resistance wire about the outside of the payer.
In the latter case an inch or more of good insulating
material was placed abcout the outside of the resistance wire
to minimize heat losses.

The reaction of uranium nitride by which it absorbs

oxygen and some other substances is one of displacenent.
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Uranium nitride, although a very stable substance, is nuch
less stable than uranium oxide, and the following reaction
takes place.

UxNg + x05 — xUO3 + Ny (x = 1.142 to 1.333),
In air, uranium nitride burns vigorously when ignited, and
some samples are pyrophoric. ‘“hen used at 600°C in the
purification apparatus, it removes the last trace of oxygen
from the gas until it has been almost entirely converted to
oxide. This method of nitrogen purification can be re-
coumended very highly, for it not only yields a dry effluent
£as8 in which oxygen 1s not detectable by alkaeline pyro-
catechol, but the method 1s very convenlent to use. The
apparatus can be built as a unit on a ringstand; the system
can be closed by stopcocks to prevent the entry of air when
it is not in use, and it can be set aslde Indefinitely with~
out deterioration, ready for use simply by heating the
furnace. The use of uraniusx metal and hydride in purifiers
end "getters” for the removal of other gases suggests that
the nitride may remove other contesmlnants than oxygen, but
this has not been studied thoroughly.

The pressure of the nitrogen effluent from the purifier
vas controlled accurately by having an excess bubble slowly
through the constant head escepe (J). The depth of immersion
of the bubbler exit could be varied by sliding the tube
through the cork stopper at the top of the contalner.
Pibutyl phthalate was used as the bubbler llquid, and s
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constant pressure head frowm 0 to 25 em eould be malntained.

The gas flow rzte was measured on the flowmeter (K)
by weasuring the pressure drop of the gas as it flowed
through a capillary constriction. Dibutyl phthalate was
uged in the manomoter, and a bank of caplllaries with a
control stopcock for each capillary made it possible to
select a capillary which was accurate for the flow rate
desired, or to use an unconstricted by-pass to obtain large
flow rates for sweeping out or evacuating the system. The
gas flowmeters were carefully calibrated before use,

The furnace (7) in which the samples were heated was
16 inches in length, and had a temperature-equalizing core
of Monel tubing 2 inches in outside dliaceter and with walls
1/8-inch thick. Outside this core was a layer of alr-drying
£illimanite and then a wrapping of 32 feet of 18-gauge
Chronel-A resistance wlire. The wlire was wrarped closely
&t the ends, so that in the four inches from each end the
vrapping frequenoy doubled. This non-uniform wrasplng was
used 1n an attempt to make the temperaturs of the furnace
uniform throughout. The high heat loss fro:: the ends of
the tube requires a much closer winding at the ends than is
required in the center. Actually, even the increased fre-
guency used in winding the ends of this furnace did not
fully compensczte for the extra loss, for a temperature
traverse of the furnace showed the temperature four inches

from the oenter to be about 5°C less than the temperature
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in the center. The core and electrical leeds were anchored
in 1/8—inch traneite end-pleces and the outside of the
furnace was an & inch dlsmeter eylinder of galvanized iron
sheet, also facstened into grooves in the trausite end-pleces.
he 3-inch cylindrical spuace between the core and the out-
tide sheet was fllled with Dicelite lnsulaetion., ¥Fifty

volts across the resistance wire of the furnace msintained
the furnace tenperature at about 6000C.

The temperature of the furnace was maintained constant
to t2°C by the photoelectric cell control circuit built by
¢ray (2&2). In this control apparatus a gelvanometer was
connected in a circult actuated by a kublcon potentiometer
and & Chrowel-iAlumel therwocouple so that a drop in temper-
s&ture caused the galvanometer needle to uncover & slit and
tllow paussage of light to & photocell. The photocell
aictuated a switch which, when closed, shunted an external
resistance in the furnace heating cirecuit. This externsal
resistsnce was about one-fourth the resistance of the furnace,
By a Varisc transformer a voliage sufficient to heat the
furnace slightly hotter than the deeired temperature was
applied across the furnace plus the external resistence.
Yhen the galvancueter needle uncovered the slit to the
photocell, the external resistance was shunted out and the
“full volitage was applied to the furnace, causing a temper-
ature rise. When the galvanoneter needle covered the slis,

the shunt circuit was broken and the external resistance
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reduced the voltage across the furnace to about 80% of 1ts
full value, causing a drop in furnace temperature.

Extending an inch inside and an inch ocutside the ends
of the furnace tube were fire brick cylinders closing the
ends of the furnace and supportlng the sample tube, a Vycor
tube 27 inches long end 1 inch in diameter. This Vycor tube
was closed by two rubber stoppers. Through holes in the
left stopper were a thermocouple sheath extending to the
center of the furnace)and a gas inlet tube. The rubber
stopper was not sufficlently rigld to hold the end of the
thermocouple sheath inside the furnace agalnst the top of
the Vycor tube and, since this was essential to keep the
sheath from dropping inﬁo and overturning the samples, an
extra support was devised. A 3/4-inch length of glass
tubing whose dlameter permitted it to fit easily into the
Vycor tube was heeted on one side with a torch, and with
the stralght side of a carbon pencil a lateral indentation
vas made so that the tube was about one~-fifth closed off.
When viewed through the end this presented the appearsance
of a eylinder with a flat shelf across the inside. In use,
this eylinder (not shown in figure) was slipped about 3
inches in the end of the Vycor tube and the thermocouple
sheath was supported on the "shelf® it offered.

Through the stopper in the right end of the Tycor tube
extenied the female of a ground glass Joint which had a side

connection to the nitrogen susply. Throush this Jjolnt the
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sample collection tube was lnserted. The sample collectlion
tube consisted of a 5-mm quartz tube extending to the center
of the furnace and fastened to the male member of the ground
glass joint through a graded quartz-to—pyrex seal Just out-
glde the furnaece. There were three interchangeable sample
collector tubes to facilitate rapid'change from one ¢ollec~
tion to enother. The uranium bromide whose vapor pressure
was being determined was placed in three 4-inch sarple
boats made from heavy gold foll. To minimize convection
currents in the tube, loose pyrex glass wool plugs were
rlaced inside the tube even with the endé of the furnace.,
4L glass wool plug was also placed near the exit end of the
sample collection tube to trap fine solld particles of UBry
which condenéed out in the carrier gas and were carried
eélong in the gas stream. At the extreme exit of the
collection tube was a Marlotte bottle which collected the
total volume of carrler gas while maintalning the rest of
the system at atmospheric pressurs.

"The charge of pure sublimed UBry, was placed in the vapor
pressure furnace by the procedure described below. 'With
ihe left-hand slide of the apparatus completely assembled,
the right stopper was removed from the furnace tube and a
loose~-fitting cork was nlaced in the end of the tuhe to
prevent baok diffusion of air into the anparatus. The gas
passages at the right of the nitrogen inlet line were closed

go that when stopeock (A) was opened a continuous sween of



57

nitrogen vas maintained from left to right in the furnace
tube, sweeping molst air out before 1it.

Because urasnium tetrabromide is extremely hygroscopic,
it must be handled only in & dry atuoschere. The technigue
used to get it lnside the furnace tube was to i1l the gold
boats in a drybox and slide them In a pyrex tube of the
same diameter as the furnace tube and slightly longer than
the conbined lengths of the gold boats. The ends of this
tube were stoppered and the tube tasken out of the drybox.
“he transfer to the furnace tube was made by removing the
stoppers and, holding the tubes end-to-end, quickly pushing
the boats into their positions in the furnace with a glass
rod. A loose glass wool plug with a hole in its center
wvas placed in the tube and the end stopper replaced, main-
talning a steady sweep of pure nitrogen throughout this
procedure.

¥hen the apparatus had been swept free of alr, the gas
flow was diminlished to a few cc¢ per minute, the hole for
the collection tube was stoppered, and the furnsce was heat-
ed to temperature. Vhen the correct temperature was reached
and before the collecting tube was introduced into the fur-
nace, it was flushed out with nitrogen from stopcock (B).

After closing stopcock (A) and removing the stopper
from the collector tube entrance,the collector tube was
inserted into position. with stopcock (B) remaining open.

%*hile the tube was coming to furnace temperature a sllight
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reverse flow of gas was walntained, fron stopcock (B)
through the collector tube into the furnace, escaping
through stopcock (D). This orevented the back-diffusion
of UBry into the collector tube. ‘

When the collector tube had attalned furnace tempers-
ture (about 5 minutes after insertion) and with the
Jfariotte flask filled and attached properly, stopcock (A)
was opened and stopcock (B) closed. The flow rate through
the apparatus was adjusted, and after a minute or so to
ellow the gas at the colleotdr tip to become saturated,
stopcock (D) was closed. Stopcock (C) was then opened and
the gas was collected in the iariotte flask., The watsr
displaced was oollected in a graduated cylinder. ‘hen
gufficient sample had been collected, stopncock (C) was
¢closed and the collector tube carefully removed from the
furnace. ¥With a rubber policeman closing the tip of the
tube, the outslide was washed clean, and then the sample
inside the tube was washed out and analyzed.

The sublimate samples were snalyzed for both uranium
gnd bromine. Ths sampnle solution obtained by washing out
the collector tube was caught in a 60-ml centrifuge tube,
diluted with water to fi1ll the tube three-fourths full, and
incediately treasted with ammoniur hydroxide to »nreclipitate
uranous hydroxlide, U(OH)4. This precipitate was centriruge@
and stirred up’aﬁd washed twice by very dilute ammonium

hydroxide., The comblned decantates were acidified with
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nitric acld and treated with a known excess of standard

gilver nitrate solution to precipitste silver bromide.

After the additlion of ferric nitrate indlicator, the excess
sllver was back-titrated with standard potassium thiocyanate
rolutlon to the first faint permanent plnk (Volhard's

method). 7The uranium hydroxide was dissolved in 60%
perchloric =scid, diluted, and reduced in a Jones reductor.

- After bubbling air through the solution to insure the ahbsence
of trivslent uranium, the uranium was titrated with ceric sul-
fate to the ferrous 1;10-phenanthroline end~peint.

The mols of nitrogen carrier gas accompanying each
sample were determined from the amount of water dlsplsced
from the Mariotte flask. Correction was made for the
temperature of the gas collected, the vapor pressure of the
water, the atmospheric pressure, and the difference between
the pressure inside the flask and stmospheric pressure
(measured by the height of the water level inside the
Tlask above the water level at the tip of the exit tube).

The vapor pressure of the uranium tetrabromide was calculated
from the number of mols sublimed, the mols of carrier gas

used, and the atmospheric pressure, by the equation

P, a o2 x P
8 ﬁ;‘f‘?ﬁ; atm
Mg = mols sublimate,

Mg = mols carrier gss,

Poym = atmospheric pressure, mm.
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Pg = Vapor pressure of the samnle, mm.

To prevent errors due to incomplete saturation of the
carrier gas its flow rate was varied up to as high as 15ml
per uminute at each temperature and the observed vapor

pressure was plotted as a funotion of flow rate. Ain ex-

trapolation to zero flow rate gave a value which correspondsd -

to the saturated gas. With flow rates of from 2 to 12 ml
per uinute, little reproducible decrease in apparent vapor
pressure due to lncreased flow rate was observed. The
observed data are gliven in Table 4, together with the vapor
pressures obtained by extrapolation to zero rate of flow.
¥igure 13 shows the plot of the data and the extrapolation
at each temperature and gives a plot of lLog P vs. 1/T for
the extrapclated values of vapor pressure.

A graphical-mathematical treetment of the vapor
pressure data gives the following equations of state.

For sublimetion: Log P = :}.9;'..9.92 + 14.56

For vaporlzation: Log Py, = :2;%§2 $ 8.71

From these equations the following heats of change of

state have been calculated.

Sublimation: AH = 10,900 x 1.987 x 2.303
50,000 cal/mol.

Vaporization: AH = 7,060 x 1.987 x 2.303
32,000 cal/ mol.
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Table 4

Data for the Determination of the Vapor

No Flow Ng illimols UBr, V.P. UBr,
emp. Rate Collected Pressure Calculated from '
(°c) (ml/min) (mols) (mm Hg) U 4nal.|Br Anal. (mm Hg)

450 10.0 0.329 740 0.110 0.109 0.247
i 6.1 0.297 742 0.110 1.110 0.275
" 1.9 0.290 735 ——— 0.124 0.314
" 00,0 - - - —-—— 0.300

475 10.1 0.139 738 0.179 0.184 0.96
" 5.4 0.265 735 0.376 0,356 1.02
" 1.8 0.132 742 0.167 0.171 0.95
" 0.0 -—— -—— -—— —— 1.00

490 9.9 0.1414 735 0.377 0.362 1.92
n 5.4 0.1284 738 0.316 0,319 1.82
" 2.7 0.1314 741 0.348 0.349 1.96
n 0.0 - — —— —— 1.99

500 9.9 0.0838 733 0.390 -—— 3.04
# 8.8 0.1417 745 0.488 0.482 2.98
" 5.4 0.0894 735 0.354 0.355 2.91
" 0.0 -— -~ —— —— 3.00

525 9.7 0.0468 742 0.461 0.453 7.17
" 3.6 0.0604 742 0.648 0.648 7.87
" 2.8 0.0381 730 0.341 0.344 8.50
i 0.0 -—— -—— - —-—— 7.3

550 2.7 0.03132 740 0.563 0.568 13.2
n 5.2 0.02305 740 0.423 0.427 13.5
" 2.6 0.02495 740 0.4868 0.472 13.4
" 0.0 ——— - - - 13.6

575 10.1 0.01617 740 0.508 0.509 22.6
a 5.1 0.015850 740 0.492 0.494 23.4
" 2.9 0.01575 740 0.472 0.478 21.8
" 0.0 - -—— -— - 23.0

600 9.9 0.00795 745 0.464 0.467 4l1.2
" 3.8 0.00782 739 0.413 0.417 37.9
" 5.6 0.00854¢ 739 0.385 0.401 32.3
" 4.6 0.00642 744 0.360 3,362 38.6
" 3.1 0.00738 739 0.383 0.385 36.7
" 0.0 - - - - 39.0

825 B.4 0.00388 744 0,355 - 70.7
b 4.54 0.00366 744 0,384 . 386 70.9
" 0.0 —— —— —— ——— 71.0

650 &.6 0.20206 744 0.348 - 107
" 4.4 0.00231 744 0.385 —— 103

0.0
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L X X ]
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Heat of fusion: AH = 18,000 cal/mol,
Boiling point (cale'd) = 761°C.

Trouton's constant, the entropy change on boiling,

BE/T,,

¥Fildebrand's constant is similar to Trouton's constant, but

is 31.0, and Hildebrand's constant is 32.8.

the boiling temperature 1s replaced by the temperature at
vhich the equilibrium vapor concentration is 0.05 mols per
liter. Both Trouton's and Hildebrand's constants are
higher than for normal substances, & characteristic usuelly
assoclated with strongly polar liquids.

In these experiments it was discovered that below the
melting polnt the measured vapor pressure gradually decreased
with length of time the sample had been in the hot furnace.
This decrease was not quantitatively measured, but was
observed repeatedly. It may have been due to the acoumula-
tion of impurities at the solid surface. Scheldberg and
Thompson (19) observed the same effeot in the determination
¢f the vapor pressure of uranium tetrabromide by the
effusion method. 1In the present experlments data were
discarded when the decrease in vapor pressure was observed,
&nd the sample boats in the furnace refilled with fresh
uraniun tetrabromide. The effect of decreasing vapor
pressure with time was much less noticeable above the melt-

ing point.

£.22 The Direct Deteriiination of the Bolling Point of




T'ranium Tetrabronlde.

vhile the determination of the wvapor pressure of uranium
tetrabromide by the transpiration method gave values which
were useful both above and below the melting point, it was
deslirable to check the accuracy of the vapor pressure data
and to observe the thermal stability of uranium tetrsbromide
by & direct determination of its boiling point at atmospheris
pressure,

No standard technigue was found for the determination
of a boiling point at such a high temperature, so a technique
and apparatus were devised. It was felt that the simplest
and possibly the most useful plan was to boll uranium tetra-
bromlde and plasce a thermocouple in the>saturated vapor to
measure 1its temperature, wWhile this method needs no
special precautions at ordinary temperatures, at high tem-
peratures secondary effects come into play which influence
greatly the accuracy of the determination. Pirst of these
effects 1s that of radiation., Since the amount of radiation
from a body is proportional to the fourth power of 1its
absolute temperasture, the thermal transfer by radiation at
761°C, the boiling point of uranium tetrabromide calculated
from the vapor pressure data, is about 59 times as large as
&t 100°C. This indicates that great care must be taken to
insure that as nearly as possible all radiating bodies which
the tip of the thermocouple '"sees™" must be at the temperaturs

of the seatureted vapor. 1f this 18 not entirely possible
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the apparatus should be arranged so the errors approximately
cancel each other.

A second cause of error which must be avoided is the
superheating of the liquld uranium tetrabronide in the
botton of the container, and of the bromide vapors above
the liquid. The temnerature of the pure, saturated vapor
18 reguired. Since uranium tetrabromide undergoes some de-
composition at its boiling point the liquid phase remaining
in equilibrium with the uranium tetrabromide vapor constantly
becomes more and more impure. As its impurities increase,
its temperature rises to permit it to exhibit a uranium
tetrabromide pressure of one atmosphere.

Several modifications of technigue were tried before
developing the one desoribed below. An upright resistance
furnace with a closed bottoin and a chember 4 inches in
diameter and 7 inches in depth was used as the source of
heat. A firebrick cap covered the wmouth of the furnace and
extended about 2 inches inside., Through a close-~fitting
hole in the center of the firebrick, & one-inch dianmeter
Vyeor tube with a'closed end was extended slightly more than
en ineh below the brick, where the bottom received direet
radiation from the inner walls of the furnace. This tube
was charged with a 5-to 20-gram sample of pure distilled
uraniun tetrabroaide, and a guartz thermocouple sheath and
ean evocuation tube were fltted through & rubber stonper at

the end of the Tycor tube. The thermocouple sheath was
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placed so its bottoxn was level with the bottom of the fire-
brick.

It was observed in a previous experiment that some
decomposition of ureanium tetrabromlde occurred at the bolil-
ing temperature, and that the observed boliling temperature
thus increased with time. The above design was used, there-
fore, in order that the thermocouple would measure the
temperature of the refluxing vapor rather than the tempera-
ture of the liquid itself. Radlation errors were minimized
by the insulating layer of firebrick between the furnace and
the portion of the Vycor tube which held the thermocouple.
The position of the thermocouple in the refluxing vapor was
chosen in an effort to equalize radiation losses to the
colder region above by a smal; radiation gein from the hot
furnace below. A balancing of these effects would make it
possible to measure the temperature of the saturated vapor.
The depth of immersion of the Vycor tube in the furnace was
arbitrarily chosen to provide surface for sufficient heat
transfer to reflux the vapor and to avoid superheating the
vapor in the region immediately above the liquid level,

In the experiment from which the data in Flgure 14 were
obtained, a 10—gram charge of distilled uranium tetrabromide
(analysis UBrz oo) was placed in the Vycor tube and the
tube evacuated and filled with dry nitrogen. A cotton plug
was placed in the evacuation outlet and the apparatus was

essembled as described above. The furnace was heated at a
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fairly rapid rate, not messured, and the thermocouple tem-
perature was recoried as the heating progressed. Yhen the
vapors reached 1/2 inch above the ton of the firebrick the
furnace was shut off and allowed to cool, Some bromine and
hydrogen bromside were evolved during the heating and the
fused residue at the end of the run had a composition of
{?'Brg‘ﬁ5 as shown by an analysis for uranium and brouaine.

The initial steep portion o the curve (Figufa 14) was
interpreted tovbe the ranid rise in tempseraturs as the uran-
jun tetrabromide began to reflux up to the thermocouple
sheath, Then there was a steady rise in temperature as the
refluxing uranium tetrabromide decomposed and thus increased
the boiling temperature of the mixture. There was vigorous
boiling in the tube, and some superheated molten material
may have splashed up on the thermocouple sheath and over-
heated it. Finelly, soon after the furnace was turned off,
the temperature began to drop.

Because of the decomposition of the uranium tetrabromide
taking place during the heatling, the initial boiling temper-
ature more nearly represented the true belling voint than
eny other. Accordingly, stralght lines were drawn through
the points representing the periods before reflux and
during reflux. The point of intersection of these lines was

called the initial boiling point, 765°C at 740 mm pressure.



2¢5 Discussion 82

The vepor pressure data determlned by the transpiration
method are plotted graphically in Figure 15 together with
the data from the bolling noint and the effusion data of
Thompson and Scheldberg (18, 19). The data determined by
the transpiration method check well with the observed boil~
ing point, 765°C, and give a break at the observed melting
point, 519°C. These data agree with one set of the data of
"hompeon and Scheldberg (18) but are conslderably lower
than others (19).

The most serious limitetion of the effusion method is
its tendency to give low results at higher vapor pressures,
when the nmean free path of the gas becomes comparable to the
orfice diameter. Its other limltations rest chlefly in the
fact that the orfice in the effuslion cepsule may not be
calibrated correctly, and may thus glve results which are
conslistently too high or too low. Thompson and Scheldberg
used a l-mm diameter orfice. At 450°C and 0.3 mm-pressure,
their highest pressure reading, the mean free path of uran-
fum tetrabromide vapor 1s 0.12 mm. Thus their orfice dia-
reter 1ls ten times as great as the mean free path of the
vanor, and the reading was tagen well be&ond the reliable
range of the method. The slopes of the log P versus 1/T
plots of their data agree falrly well with that from the
transpiration method in spite of this fact.

' The data from the transpiration method are limited in

accuracy by three main factors, Firs;,the temperature in-
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8lde the furnace was not cownletely uniforn throughout the
length of the furnace, in snite of the fact that winding was
modified to correct for "end effects™ and a thieck metal
core was used to nminimlize smell local hot svots caused by
8lightly irregular winding. However, the temperature was
uniform to ¥59C in the center 7 inches of the furnace, and
the attainment of equllibrium at the desired temperature
should have been reached in that region. The temperature
control apparatus was attached to a thermocouple whose
Junction was placed about an inch from the center of the
furnace, between the furnace wall and the Vycor tube. Two
inches away, opposite the center, another thermocouple
measured the temperature inside the Vycor tuhe. TDoth
thermooouples indicated exactly the same temperature, and
the tip of the collector tube was placed brtween then at the
center of the furnace, assuring the raliability of its
temperature control. A gas inlet at each end of the fur-
nace tube permitted a slower rate of gas flow across the
sample, a nodiflcation fro:: the s paratus of Jelllnek and
hosner {(20) who used only one inlst. %Evidence that vanor
equllibrium was reached lies in the fact that there was
l1ittle change of observed vapor pres-ure with increased
flow rate.

The second source of error lies in the limitation of
the temperature control apparatus. The teumperature was

maintained constant to 22°C, and it is probable that the
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error which this irregularity caused was small compared to
unexplained variations from one determination to the next.

The third source of error arises from the fact that
after samples have been in the hot furnsce for some time,
the observe:d vapor pressure decreases, either due to the
formation of some surface oxide or the concentration of non-
volatile impurities at the surface. ‘'‘hen this "age effect”
vas8 observed, the data were discarded and the determination
was repeated with a fresh charge. This effect is also
cbserved with the effusion method, and is to be avolded by
frequent recharging of the furnace.

No precise way of evaluating the magnitude of these
errors 1s avallable, but the check determinations et any
temperature did not usually differ by more than 5%. The
correlation between trenspiration data, direct boiling point
data, and the sharp break at the meltlng point are indica-
tions of the acocurascy of the determination. Probably the

date are accurate to within 5%.
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PART III

STUDIES ON THE HYDRIDES OF URANITRI
AND THORIUM

3.1 Introauction

Uranium and thorium metals both combine readily with
hydrogen to form stable hydrides. While it is true that
uranium and thorium hydrides ere pyrophoric and their
reactions are typical of the sietals themselves, the physical
and cheumical properties of uranium and thorium hydrides
have made them the most useful intermediates in the study of
the dry chemistry of these elements.

Hydrogen is comparasble with metals in many respects,
g0 that some of the products of the reactions between
hydrogen and metals may be considered as alloys. According
o Ephraim (23) there are, however, at least four different
types of hydrogen-metal corpounds, and only one of these
has the character of an alloy. The four kinds of hydrogen-
retal comnounds are: 1) gaseous compounds, 2) alloy-like
cormpounds, 3) field valency compounds, and 4) saline con-
pounds,

Gaseous hydrides are formed by boron and all elements

which occupy the four pnositlons immedliately preceeding an
inert gas in the perlodic system. Among them are elements

which are quite metallic, such as germanium, tin, lead,
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arsenie, entimony, bismuth, and polonium.
Allox~11ke eompounds with hydrogen are given by many
of the heavy metals. The compounds produced are mostly
interstitial compounds. These metals are further divided into
two subgroups: the first, in which the extent of hydrogen
abgorption at constant pressure incresses with rise in
temperature, includes iron, c¢opper, nickel, and platinum;
the second group, in which the hydrogen absorption decrecases
with rise in temperature, includes palladium and tantalum.
The above elements absorb hydrogen when they are kept in
the gas. (n the other hand, Cd4, T1l, &n, Pb, Bi, Sn, Sb, An,
and Rh cannot absorb hydrogen gas, but seem to be able to
form an alloy under certain conditions; thus & leasd sheet
bscomes roughened when used as a cathode in electrolysis.
These alloys all have & metallie appearsnce, and the
hydrogen whieh they contain is in the monstomic condition,
playing the part of a metal. The free hydrogen atoms alone
are generally absorbed; when absorption of gaesecus hydrogen
occurs, it takes plage by ebsorption of the smell amount
of monatomie ges always present in the gas phase (23).
Although a considerable amount of work has been done on
the hydrides of this class, chlefly on palladium, the pleture
is not epmpletely clear for any one element and it 1s even
less consistent from one element to another. The palladlum~
hydrogen system has been considered a solid sclution, a system

of immiscible =0l1d solutions, and a solid solution system also
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involving & true compound. Ephralm indicetes that the

number of slements which give hydrides which behave as solid
solutions is much larger than formerly supposed, including
‘the rare earths, Ti, Zr, Th, V, Cb, and Ta; in general, these
are elements which occur in the long perlods frowm three to
five places after a rare gas element.

Field valency hydrides are probably the extreme members

of the serles of absorption products. They are formed only
in special precipitations from solution, and are not formed
by the direct reaction of hydrogen with a metal.

Saline nietallio hydrides are true crystalllne compounds

of a metal with hydrogen. All of the alkall and alkallne
earth metals form white crystalline compounds upon heating
with hydrogen. The formulas of these compounds can be
derived from the ordilnary valense of the metals, e.g., XH,
Caﬁz. These substances are true compounds and the hydrogen
eacts as a negative element, 80 that they deposit metal at
the cathode and yield hydrogen at the anode when they are
electrolyzed in the molten condition.

Saline metallic hydrides are formed by the reaction of
metal with hydrogen. The alkaline earth metals react rapldly
¢r even burn when heated to several hundred degrees in an
atmosphere of hydrogen. The absorption of hydrogen by the
alkali metals ls exceptionally slow and cannot generally be
brought to completion at atmospheric hydrogen pressure

unless the hydride which is formed is sublined off or the
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hydrogen is allowed to react on the vaporized or finely
divided metal., These hydrides conduct elesctriclty only at
high temperatures, when they are molten. The alkall hydrides
all decompose into the metal and hydrogen at 400°-500°C.

The hydrides of the alkaline earths and of lithium behave
gqulte differently upon dissoclation., First, their disso-
clation temperatures are considerably higher than those of
the alkall hydrides and second, they have no sharp disso-
elation point but the temperature of decomposition rises
with the quantity of hydrogen evolved. The remeining hydride
forms solid solutions with the metals set free. Probably

as a result of the formation of sclid solutions and mixtures,
the pressure-temperature equllibrium in hydride systems is
only very slowly attained.

Because of the usefulness of uranium and thorium hydrides
it was lmperative to know more about thelr physieal and
chemical properties in order to use them nost efficiently
and safely and possibly to extend their uses. The following

gootions consider each element in detall.

3.2 Uranium Hydride

3.2.1 Historlcal Survey

The first attempt to prepare uranium hydride was mede
in 1912 by Sieverts and Bergman (24) who found that 100

grams of impure uranium metal sbsorbed 1.6 milligrams of
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hydrogen. Driggs (25) of Canadian Westinghouse Co., Ltd.
patented the formation of uranium hydride by the heating of
uranium metal powder in hydrogen at a temperature greater
than 225°C, and a pressure of hydrogen greater than the
dissociation pressure of uranium hydride. He gave the
dissociation pressure as 15C mm at 225°C, and 760 mm between
350° and 400°C.

Other workers have probably prepared uranium hydride
inadvertently before 1943, e.g., in an attemnt to cast
uranium metal in a hydrogen atmosphere (26). However, the
gystematle study of uranium hydride was begun in March,
1943, At this tine wWarf (27) prepared the hydride in an
attenpt to separate calcium from uranium metal via the
hydrides. The finely divided character of the hydride
Iumediately suggested its use in leaching nrocesses for the
removal of impurities from the uranium, in chemical resctions,
end in the removal of inclusions in the metal for metallo-
graphic work.

The preparation of pure uranium hydride required clean-
ing of the uranium and purification of tank hydrogen. For
the highest purity, uranium turnings or lumps of pure uran-
jum metal were freed of o0il by washing in triehloroethylene
or carbon tetrachloride and then in acetone. They were then
rinsed in water, and the surface oxide on the metal was
removed by a treatument with 1:1 nitric acid. When the metal

showed a bright surface it wess washed carefully with distilled
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water, rinsed with acetone and, finally, dried. The smallesgt
emcunt of oxidation occcurred if the metel was dried by eva-
cuation in the apparatus in which 1t was to be used. To
obtain pure hydride, tank hydrogen was purified by passing
it over & "getter" of uranium turnings at 700°C (21) to
remnove oxygen and nitrogen and probebly neerly all other
reactive gases.

Uraniw: hydride heated to 430°C, its decomposition
temperature, is a source of very pure hydrogen, but its use
is practical only for small scale preparations, or tc meet
an intermittent need for small amounts of very pure hydrogen.
For this purpose 1t 1s convenlient to have a pyrex bulb con-
taining several hundred grams of uranium bhydride seeled
directly to a vacuum systen.

To prepere uranium hydride, slean uraniua wetal is
placed in a bulb large enough to accornodate the ten-fold
volune expansion in hydride formation, and the system is
filled with nure hydrogen, either after evacuvation of the
g¢ir, or by flushing it out with hydrogen. The retal is
heated to 2509--300°C in hydrogen, and the first evidence of
reaction is & blue coating which forms at about 200°C. This
becomes dark as the temperature is increased to 250°C, and
then uranium hydride begins to flake off. The time lag for
the initiation of the resction 1s greater when unpurified
hydrogen is used. The uranlum hydride powder continues to

flake off in tiny particles, most of which pass through a
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400 mesh sleve, untll the entire metal piece has been con-
verted to powder., The color of the powder ranges from
brownish-gray to blue-gray and black, and there is some
dispute concerning the color of pure hydride. It is probable
that particle slize has much to do with the observed color.

In the original report (27), the fornula of uranium
hydride determined by weight galn upon hydride formetion was
reported to be approximately UH,, but subsequent work (28)
showed the true formule to be UH3. Apparently, oxygen
impurity in the hydrogen ceused an error in the original
experliment.

The first reesonably accurate determination of the
disscciation pressure of uranium hydride was made by Newton
{27). A pyrex bulb containing 9.8 grams of uranlum hydride
end sttached to & manometer system was heated in a resistance
furnace. Vapor pressures were measured as & funetion of the
temperature of the furnace as determined by a Chromel-
Alunel thermocouple. Pressure readings were taken as the
furnace was slowly heated from 253°C to 436°C, and again as
the furnace was cocled. The pressure readings obtained as
the uranium hydride cooled were from two to three times
greater than those obtained during the heating.

The slow epproach to equllibriur, the difference in
pressures shown by heating and cooling samples, and the
pressure-composition studies of other hydrides all indicated

that & study of the dissoclation pressure of uranium hydride
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$.8.2 FPressure Isotherms of the Uranlum-Uranium Hydride-

Hydrogen System

Theoretical Approach: The pressure-composition isotherms

¢f the uranium-hydrogen-ursnium hydride system, when inter-
preted according to the concepts of the phase rule, should
give a definite key to the nature of the system. The two
extremes possible in the system are 1) a sharply defined
three-phase system consisting of pure uranium, pure uraenium
hydride compound, and hydrogen, mutually insoluble, or 2) a
golid solution system consisting of either hydrogen dissolved
in uraniun to form a perfect solution, or uranium hydride
dissolved in uranium to form a perfect solution. Inter-
mediate systems may 2lso be interpreted even though they are
more complicated.

If the system is one conslisting of uranium and the
oompound UHgz, mutually insoluble, the dissociation pressure
of the systen will be a function of the temperature alone,
troviding all three phases are nresent and equilibrium
exlsts., A pressure isotherm would then be a constant
pressure line extending between the extremes of 0 to 100%
uranium hydride in the so0lid phase.

When neither of these extremes is attained, the pressure
would be & function of both temperature and composition.

~qpparatus
Experlmental Purt: A satlisfactoryjfor determining a
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pressure isotherm must provide a constant temperature which
produces a measurable dissociation pressure of hydrogen
above uranium hydride, and it rmust provide for the measure~
went of the pressure. The temperature control unit used in
this study is dlagrammed in Figure 16, It is a modification
of the famllisr ibderhalden drier. Mercury was used as the
refluxing liquid, and its vapors bathed the bulbs of uraniua
hydride and kept their temperature oconstant at 355.5 20.5°C,
excepi in severe changes in atmospherlc pressure, when the
temperaturse varied as much as a degree., Three of these
apparatus were mounted on & vacuum rack and attached to a
pyrex manifold together with hydrogen storage bulbs, s
hydrogen source (UHz), and connections to a vacuum pump.

The volumne of each portion of the apparatus was determined
by £illing it with dry nitrogen at a known pressure and
teuperature, evacuating the gas by a Pressovac pump, and
colleoting the pump exhaust above water 1ln a Mariotte flask,
The calculation is simllar to that used for the vapor
pressure experiments, Part II. The volumes were accurate to
about one percent.

The compositions of &ll uranlum hydride-uranium samples
were determined by weighing the amount of uranium involved,
sbout 10 grams per sample, and measuring the pressure and
volume of the hydrogen admitted to and removed from the
gystem. These compositions were accurate to about the same

degree as the volumes of the apparatus, i.e., about one
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TRRY

Figure 18, Constant Temperature Apparatus Used for the

Study of the Dissociation Pressure of the U - UHz =

H; Byetem at 356°C, A, U - UHg samples, B, Glass
wool plugs, O, Constant temperature chambers wrapped
in aluminum foil, D, Insulating packing. E. Meroury
return, F. Water-oooled condenser. G, Meroury boiled
by gentle flame, N, Conneotion to individual manom=
eter and main manifold.
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percent.

Preliminary pressure measurements were completely
erratic (28). Pressure readings taken when the pressure
appeared to be reasonably constant varied by more than 5%.
¥hen hydrogen was introduced at a pressure greater than the
equilibrium, i.e., with foruation of the hydride, the
pressures obtained were 10% higher than the values obtained
eés equlilibrium was approached by dissociating hydride into
e vacuum. Experiments carried ocut for long periods of tine
showed that in cases where the pressure appeared to be con-
gstant there was still a rise after seversl days. TFigure 17
shows the slow approach to constant pressure of a number of
samples of varying compositions. The approach both from
above and below equilibrium preassure indicates that for many
samples constant pressure had not been reached at the end
of 48 hours,

To eliminate the effects of variations in the treatment
of the samples, it was decided to make a non-equilibrium
study of the pressure-composition lsotherm at 357°C by
érbitrarily taking pressure reedings 30 minutes after the
hydrogen content of the system had bsen changed either by
eddition or removal (29). The data obtained in this way are
glven in Teble 5 and plotted in Figure 18. The curves for
formation and decomposition are different, but have reason-
ably flat portions in the composition range 10 to 80% UBgz.

Naturally the curves do not represent true eguilibrium
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Table 5

Hydrogen Pressure of the Uranium-Hydrogen
System at 356°C. |

{Pressures reached 30 minutes after each change in
contents of the system.)

4. Decomposition of UHz B. Formation of UHsz
Composition Pressure Composition Pressure
(Mol % UHs)  (om Hg) (Mol % UH,)  (om Hg)

99.3 13.4 0.1 13.5
99.0 10.1 3.0 18.0
98.7 10.2 8.9 16.7
7.8 10.8 18.5 16.6
86.9 11.0 22.8 16.5
96,0 11.1 28.6 16.4
94.7 11.3 34.6 16.4
92.2 11.5 41.6 16.86
89.5 11.6 48.4 16.6
85.8 11.6 54.8 16.7
83.0 11.7 61,0 17.1
79.3 11.7 67.1 17.3
74.6 11.9 73.1 17.9
6800 11.8 79.2 1809
60.6 12.1 85.7 18.7
52.4 11.8 92.0 21.8
47.5 11.7 97.3 31.8
31.0 11.9 99.4 57.1
21.9 11.2 100.0 78.6
16.5 11.1

11.9 10.8

5.75 10.8

1.73 9.1
0.32 6.0




35
30
8
535
&
]
o
& [o]
s 30
o
o 15 C!I
a 5 |
= D —r O
& 10 )/T— (2] o d d -~ O-O—OPN
4
o
=2
5
o 10 30 30 40 50 60 70 80 90 100

Composlition of Solid Phase, (Mol % UH;)

Figure 18, Non-equilibrium Pressure Isotherms of the System U - UHy - Hz. Pressures
Measured 30 Minutes after Change in Hydarogen Content of the System. A. Inoreas-
ing hydrogen content. (formation). B. Decreasing hydrogen content (decomposition).

98



87

conditions, but they do give an idea of the behavior of’the
uranium-hydrogen system under practieal conditions when it
is iwmpossible to walt for true equilibrium to be attainedL
Since these data are not equilibrium data, they will not
apply exactly to other systems with different amounts of
metal and hydride, different volumes, etc. An unexpected
mnomaly occurred in the system at a composition of about 97
to 98 mol percent uranium hydride. Solid of this composie-
tion showed a smaller dlssocliation pressure than solid
whose domposition was 50 mol percent hydride. This anomaly
was surprising, but has been checked repeatedly, and is
quite real.

True equllibrium pressures were dctermined by studying
8ix samples simultaneously in the bolling mercury constant
temperature systems, where each could be used for &
particular composition range, and the sample allowed to
stand until equilibrium was reached. A sample held at
constant temperature was considered to be under its
equilibrium dissoclation pressure when the pressure did not
change for 24 hours, Usually 1t was necessary to measure &
sample for 48 hours before 1t was certain that equilibrium
had been reached. In a number of cases, the sample was
allowed to stand at constant temperature for as long as two
weeks with no further change in pressure. The region of the
dip in the decomposition isotherm was investigated parti-

cularly in this regard. The equilibrium pressure-composition
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data are presented in Table 6 and are shown graphically in

Figure 19.
Table 6

Equilibrium Hydrogen Precsures of the

Uranium-Hydrogen System at 356°C

Decomposition of UHn Formation of UHx
Composition Pressure Coniposition Pressure
(Mol % UHz) (om Hg) (Mol % UHz) _(om Hg)
99.8 20.4 98,6 23.7
99,5 19.5 98.1 17.3
99.3 15.2 96.8 14.8
99.0 - 14.7 96.0 14.5
98.1 11.7 94.5 14.4
88.0 11l.8 91.6 14.4
9705 12.1 89.0 1509
97.4 12.1 40.8 14.3
96.6 12.2 3.2 14.9
96.4 12.2 0.15 13.2
93.3 13.1 0.10 12.7
92.8 13.1 0.10 14.4
89.8 13.0 0.02 11.4
89.5 13.0
71.3 13.4
44.5 13.4
10.1 13.4
4.1 13.3
3.0 12.9
1.0 12.7
0.1 11.3

In a constant temperature apparatus like that employing
saturated mercury vapor 8s the heating bath, benzophenone

was substituted for wercury as the refluxing liquid. At the
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boiling point of benzophenone, 307°C, the decomposition
equilibrium pressure of 3.25 cm was obtained et a composition
of 50 mol percent uranium hydride, 3.0 cm was obtained at
2.7 mol percent uranium hydride, and 2.9 em at 97 mol per-
cent uranium hydride. These meager data indicate that a

d1p occurs in the decomposition pressure isotherm at 307°C
sinllar to the one at 356°C. No systematic study has been
wade of the egquilibrium pressures of formation at 307°9C.

It was suggested by Dr. F. H. Spedding that diffusion
of wmersury vapor froxn the mercury manometers into the
hydrlde bulbs might affect the behavior of the hydride.
fceording to Dr. Spedding's suggestion, the dip in the
dissociatlion pressure-corposition curve and the slow rsate
of attainment of pressure eguilibrium might be caused by
surface formation of amalgam on the metal and hydride
rarticles,

An apparatus was constructed using the usual boiling
mercury constant temperature control, but modified especially
to prevent mercury contamination of the metal-hydride
gsample., The sample chambers were carefully freed of mercury
by a nitric acld wash, the metal sample‘was introduced, and
the apparatus was assembled. Double 1liquid air traps were
placed between the sample chamber and the mercury manoueter
to protect the sample from the mercury vapors in the
manouneter. The metal samples were converted to hydride and

dissociatlion pressures were obtaiued at comnositions of 97%
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uraniun hydride and 51% uranium hydride. 1In each case the
same slow rate of approach to equilibrium was observed and
the same equilibrium pressures were attained as was the case
without the protection from meroury vapor. It may be cone-

¢luded that mercury does not cause the observed anomalies.

$.2.3 The Volume-Composition Relationships of the Uranium-

Uranium Hydride and the Urenium-Uranium Deuteride Cystems

Introduction: If uranium hydride is a compound end

——

forms a separate phase from uranium metal)then the volunme
of a system of uranium hydride and uranium metal is the sum
of the separate volumes of the two components. If a sample
of uranlum metal 1s converted to hydride in stages, the
volume of the system, metal plus hydride, 1s a linear funec-
tion of the mol percent conversion to hydride. On the other
hand, if a solid solution is formed, the volume-percent
conversion relationship may be, but need not necessarily be
linear.

Irregularities in the dissociatlion pressure-composition
isotherms of the uranium-hydrogen system, and particularly
the unexplained dip in the 90-88 mol percent hydride composi-
tlon range suggested that a volume-composition study might
ve enlightening. Furthermore, the absolute density of the
hydride had previously been determined only under hexane
(27) and a determination uslng a gas densltometer was

expected to give better results.



Experimental Part: Tor these volume-compositions

studies, a gas densitometer using heliw: as the pycnonmeter
fluld was eunloyed. It was a modifi=d form of the ilnstru-
sient deseribed by Schurmb and Wttner (31). The modifications
vere in desligning the epparatus so the useful sample volume
wag inereased from 1 to 10 milliliters, and in attaching

the sample chamber horizontally instead of vertically. In
addition, the sample chamber had a capillary stopoock attached
to the end oonposite the ground glass Joint, for greater ease
in c¢lesning the chamber and to provide =n additional support
for it. A semple chaiiber was required whiech could be *illed
with a sam>le of uranium metal and which could then be sub-
Jected to the heating, evacuating, and cooling which are
necessary in the stepwlse conversion or uranium to uranium
hydride and in the stepwise decomposition to metal. Becausas
of the increased helium requirements of the large sample
¢chamber, it was found more convenient to rely for pure
heliw: on & heliuu tank sttached to the apparatus through a
purifying tube of uranium turnings heated to 700°C, rather
than on a storage bulb.

The pycnometer volume was calibrated by the use of
welghed mercury samples, according to the directions of
Schumb end Rittner. The mercury sawmple was nlaced in the
sanple chamber, and the calculation procedurs normally used
for determining the volume of unknown samples was reversed

for determlning tae volwuie of the apparatus. The caloulation



was made according to Boyle's Law, using the equations
derived by Schumb and Rlittner, The volume vy in & bulb
between two marks on & capillary tute was used &s & standard
in the czleculations, &nd the following deterrninetion of thils

volume indicates the likely accuracy of the s=ubseguent

measurenents,

’Sampla Wt. of ¥ercury taken {g) Vol. of Veroury (ml) V,{(ml)
| 1 34,32 2.9532 13,09
2 57.01 4,215 13.17

3 68,99 5.093 13.10

4 62.40 4.605 13.18
Average 13.14

In the calibration of the volume of the apparatus, and
in the determlnation of the voluues of samples, & ninimum
of five separate determinations were nmade on each gample.
Tith the use of capillary menometers, &s was the cuse with
this appsaretus, there wzs a tendency for the mercury level
to stick in the caplllary, causlng a pressure reading to be
in error by as much as several millimeters. The use of
additional readings diminished the probeble error of the
average result,

In the experiments determining the ssuvle volume of &
uranius-uranium hydride sample as a functicn of the mol per-
cent conversion to bydride, the arparatus was arranged so

the sample~-contaluing pycnometer bulb could be hested in a
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small resistance furnace which was hinged on one side to
permlt its being fitted over the bulb. Because the bulbd
was of pyrex and its volume was c¢ritical, great care had to
be taken at all times to insure that 1t did not become hot
enough to permit the glass to be deformed. The temperature
in the furnace was measured by a 400°C thermometer. Hydride
formation was carried out at 250°C, and decomposition was
carried out under a vacuum at temneratures never exceeding
400°C. Because no glass wool or other plug could be used
to hold the sample in the bulb, evacuatlons had to be made
with great care to prevent blowing particles of the sample
frou the bulb into the other parts of the systen.

The compositions of the systems were determined by
welghing the sample of metal used and neasuring the volume
of gas added to or withdrawn from the system, following the
technique used in the study of the pressure isctherms
(Section 3.2.2). To prepare the system for a measurement,
the desired composition was established by hydrogen additions
or withdrawals, with the sample at the required temperature.
Then the sample was cooled to room temperature and the
apparatus completely evacuated. It was filled once with
helium and re-evacuated to flush out the last traces of
hydrogen gas, and then refilled with purified helium to the
proper pressure. When the volume determlnation was completed
the helium was completely evacuated and the proper change

was made in hydrogen content of the sample.
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A sample of 42.195 grams of uranium metal was converted
stepwise to hydride and decomposed to metal to glve the
composition-volune relationships presented in Table 7 and
drawn in Figure 20. In the same manner, the same nmetal
sample was converted to uranium deuteride and decomposed to
uranlum metal to give the data shown in Teble 8 and Figure
&1,

The densities calculated from the volumes are 10,95
:6.1%éc for uranium hydride and 11.20 $0.1%ec for uranium
deuteride. These are in agreement with X-ray densities of
10.90 20.01 (32) and 10.91 *0.05 (33) reported for uranium
bydride and 11.16 *0.05 (33) for uranium deuteride. The
denslity of uranium hydride determined by hexane displacement,

11.4%0, (27) seems to be too high,

$.2.4 The Separation of Hydrogen and Deuterium by the Use

©f the Uranium Hydride-Uranium Deuteride System

Introduction: It has been shown (34) that the equilib-

rium decomposition pressure of uranium deuteride is 1.4 times
&8s great as that of uranium hydride. This fact, as well as
ihe difference in reaction rate of formation expected due
to the difference in zero point energies of hydrogen and
deuterium, sug -ested the use of uranlur hydride in the
geparation of deuteriwn from hydrogenm.

The experiments reported here have been practical ones,

retiher than ones which can be given detailed theoretical
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Table 7

Volume of Uranium-Uranium Hydride Mixtures

Containing 42.195 grass Uranium

Formation of Hydride Decomposition of Hydride
Mol %» UH Volume (co Kol % UH Volume (co
0.0 2.21 89.8 3.87
7.1 2.32 65.2 3.23

30.5 2.68 35.2 2.78
66.6 3.27 11.5 2.43
80.5 3.72 0.0 2.20

100 5.88
Table 8

Volume of Urenium-Uranlium Deuteride Mlxtures

Containing 42.195 grams Uranium

FPormation of Deuteride Decomposition of Deuteride

Mol % UDs Yolume (cec) Mol % UDs Yolume (ec¢)

St——
——

0.0 2.21 93.7 3.75
11.9 2.41 80.3 3.53
35.5 2.73 53.5 3.07
56.5 3.08 24.1 2.59
79.7 3.53 2.4 2.24

100 3.85 0.0 2.21
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treatment, end the results are summarized and interpreted
primerily from & practical point of view.

Experimental Part: Mlixtures of uranium hydride and

deuteride were made from mlxtures of heavy water and ordinary
water by the method developed by Newton (35). This method
consists of releasing the hydrogen~deuterium gas from heavy
water uixtures by passing the water vapor over uranium
turnings heated to 700°C. The following reaction teskes plase.
DZG s HZO + U —> UDB + Hy » Dz
The hydrogen~deuterlum gas mixture is then passed over
uranium powder or uraniuw turnings et 250°C to form the
uranium hydride~deuteride wmixture,

A series of experiments was performed in which these
pixtures of uranium hydride and deuteride were fractionally
decomposed. The ocompositions of the gas fractlons were
measured with a quartz-fiber gas density balance bullt by
br. I. B. Johns and similar to that described by Stoek and
kitter (36)., These gaus density measurements were made at
09C, and the instrument was calibrated with pure hydrogen
&nd deuterium. It was sensitive enough to deteet a few
tenths of & percent deuterium in the gas phase, but its zero
point drifted slightly, and its rellability was less when
&n experiment took a considerable length of time.

In a small pyrex bulb a sample of uranium hydride con-
taining 3.0l wol percent deuteride was fractionally decom-

posed into ten fractioms. fTae Lfirst pgas fraction contuined
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4.8 mol percent deuterium and the final (tenth) fraection
contained only 1.4 mol percent deuterium. Becsause the
slgnificance of the gas analysis wass less with such low
deuterium concentrations, further experinents were carried
out with seamples richer in deuterium.

It was believed that the greetest awount of fraction-
ation of hydrogen and deuteriur would be obtained when the
gas withdrawn from a system was 1n complete equilibrium with
the remaining so0lld ohase. %With hydirlde samples in small
bulbs, the amount of gas in equilibrium with the san-le was
small compered to the total amount of ges reqgulred for an
enalysis by the ges density balance, 1l.¢., about 250 cc.

In this case the deuterlum-hydrogen ratioc in the gas phase
was believed to be determined more by the dynamies of
decouposition of uranium hydride and deuteride than by the
ratios of their equilibriun vsjpor pressures. On the other
hand, if & hydride-deuteride sample were heated in a bulb
vhose volume wasg large co:upared to the volume required for
en analysis by the gas density balance, the observed separa-~
tion factor would be more nearly a measure of the equilib-
rium conditions.

Accordingly, two experiments were carried out on a
hydride sample containing 19.8 mol percent deuteride. 1In
experiment A the bulb containlng the hydride-deuterlde
mixture was of liter size snd was kept hested at 410°C for

two hours between withdrawals of gus samples for analysis.
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In experiment B the gas bulb was about 50 cc in volume and
samples were withdrawn at about 15-minute intervals. The
hydride~-deuteride samples were completely decomposed in each
experiment to give the serles of frections of gas listed in
Table 9. ZTach fraction contained aprroximately 10% of the

gas in the original sample.
Table 9

Fractionation of Hydrogen and Deuterlum

by Decomposition of UHz-UDy Mlxtures.

Experiment A Bxperiment B
gas Fraoction Mol % Do Gas Fraction Mol € Do

1l 21.6 1 23.2
2 21.0 2 22.0
3 20.0 3 21.5
4 19.2 4 2l.3
5 18.3 5 21.0
é 17.4 6 20.6
7 17.86
8 19.2
9 18.1
10 18.8

The hydrogen-deuterium ratios in the solid phases from
which these samples were withdrawn were calculated from the
original contents and the amounts of hydrogen and deuterium
removed in the gas fractions. The separation faector,

N N
Do (gas)/ _D (polid), was calculated for successive with-

Hﬁg NH
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drawsls. It was found to be nearly 1.2 both for experiment
A and for experiment B.

To determine the rate of interchange between the gas
phase and the =so0lid nydride, and see if lack of equilibrium
were lowerlng the separatlion fector, the following experi-
rient was performed. To a sample of uraniun hydride In a
large pyrex bulb at 300°C sn amount of deuterium gas was
admitted equal to the amount of hydrogen in the solid. Five
minutes later a ges sample was withdrawn and was found to
contain equel percents of hydrogen and deuterium, Apparently
interchange between the ges and the solid was complete in

five minutes.

3.3 Thorium Hydrides

8.3.1 Historical Survey

The resction of thorium metal with hydrogen to form
thorium hydride was first reported in 1891 by Winkler (37),
who claimed to have produced ThH, from thorium metal con-
vtaining ThO, and souwe magnesium. DMatignon and Delepine (38)
clained the production of 'I‘hH4 and ThH3’8 from metal cone
taining 26% Thoz, while Gieverts and Roell (39) and Katz and
Vavidson (40) were unable to get hydrogen contents greater
than approximately ThHS.l’ based on the weight of free
thorium in the sanple as determined by chemlcal analysis,
The latter workers (39,40) made extensive dissociation

pressure-gosposition-temperature studies of the Liorium-
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hydrogen system, and plotted the hydrogen content of the
s80lild under constant hydrogen pressure as a function of
temperature., They found a rapidly decreasing hydrogen
content with increasing temperature in the 1000-200°C ranse,
then a slower decrease, and a sgharp decrease in the hydrogen
content between 800°C and 1000°C. They also plotied nressure
isotherms and obtained widely varying results, denendine on
whether hydrogen was being added to or removed from the
£olid, These workers favored the concept that the thorjum-
hydrogen system was of the solid solution type and was sinm-
llar to the palladium hydrogen system.

Klauber and von ¥ellenheim (41) olalined to have dis-
¢overed a gaseous hydride of thorium, but this was disproved
ty Schwarz and Konrad (42) who showed that the material
thought to be a hydride of thorium contained only Has, PHg,
and SiHQ.

The first positive evidence that the assoclietion of
hydrogen with thorium metal involves compound formation
rather than the formation of a solid solution was presented
by Zachariasen (43). A sample of composition ThHS was sub-
jected to X-ray analysis and proved to have a unlique, cuble
structure not related to that of thorium metal. The structure
excludes the possibility that thls hydride 1s an interstitisl

compound or a solid solutiom of hydrogen in metal.

8.3.2 Pressure Isotherms of the Thorlum-Thorium Hydride-

Hydrogen System
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In a study similar to that carried out on uranium
hydride, the equilibrium dissociation pressure of the
thoriun~hydrogen system was measured as a funection of tem-
perature and composition. The equilibrium was approached
from both sides by studylng the pressure developed when a)
thorium-thorium hydride was partlally decomposed into a
vacuun, and when b) hydrogen at a higher prescure was added
to the system and the pressure was reduced to the equiliv-
rium pressure by the reaction of the lower hydride or metal
with the excess hydrogen.

The dissociation pressures were determined in the
gpparatus shown in Flgure 22. A quartz sample bulb was
sealed through a quartz-to-pyrex seal to an all-pyrex
system. This system contained a small-bore mercury mano-
meter and a connection to a larger manifold to which were
attached & large manometer, an Ace comnpact-type LcLeod
gauge, a 500-e¢c gas bulb, a vacuum connection, and a
uranium hydride bulb for generating hydrogen. The small
manometer system contained as small a volume as possible to
pernlt a more rapid approach to eguilibrium. The vacuunm
connection was to & mercury diffusion pump backed by a
Genco Pressovac pump. The volumes of the wvarious parts of
the system were carefully determined by evacusating thiough
tge Pressovac pump a&nd collecting the'gas as with the uranium
Lydride studles, section 3.2.2.

The sample of thorium hydride in the guartz bulb was
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Figure 33, Apparatus for Determining Dissociation Pres-

sures of the Thorium=Hydrogen System. A, Kydrogen
storage buldb. B. Uranium hydride hydrogen source,
C. Main vacuum manifold. D. Ace compact=type Moleod
gauge, E, Chromel-Alumel thermocouple with cold
Junotion, to temperature control. F. Sample bulbd,
G, Quartz-to=pyrex graded seal,
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heated by a resistance furnace whose temperature was
measured by a Chromel-Alumel thermocouple with an 1ce—water
cold juncticn. The temperature was controlled to an
accuracy of $2°C by the tenperature control apparatus used
in the study of the Vapor pressure of uranium tetrsbromide
{Part II).

A known welight of c¢lean thorium metal, about 12 grams,
was placed in the gquartz bulb and the bulb sealed to the
aepperatus. The composition of the system was determined by
the amount of hydrogen introduced or removed, so the system
was fiiled with a known amount of hydrogen, calculated from
the volume of the system, the pressure and temperature of
the gas. The sample bulb was heated and the formation of
hydride usually began at 300°-3500C. The samples were
heated to 450°-500°C, and then allowed to cool slowly by
shutting off the power to the furnace. If the hydrogen
pressurs in the system dropped very low (10 to 20 cm) in
¢ooling, additional measured smounts of hydrogen were ad-
mitted to maintain the pressure at nsarly ocne atmosphere.
The hydrogen content of the solid phaese was consldered to
he equal to the total hydrogen content of the system less
the uncombined hydrogen in the gas phase. A thorium metal
sanple heated to 500°C, and then cooled slowly to room
temperature under an atmosphere of hydrogen contained its
maximum hydrogen content.

Two techniques were used to obtaln the equilibrium
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pressure as a function of composition at various tempera-
tures. The first, ylelding the results plotted in Flgure
£3, was to isolate inside the small manometer system the
s0lld of maximum hydrogen content by closing the conneeting
stopceosk, and then to hest the sample to succesgsively higher
temperatures. The equilibriwn oressures at this composition
were measured after holding the temperature constant to 2200
until a constant pressure was reached. The temperature of
the sample was lncreased by regular intervals until the
pressure was too large to measure on the manometer, and the
composition of the system was then changed by withdrawing

&n appropriate amount of hydrogen from the system through
the Pressovac punp and measuring it in the Mariotte bottls.
The system was cooled to room temperature and a new series
of readings was made at the new composition, again with
progressively increasing temperatures. Thus, all pressure
values in Figure 23 were obtained by the dissociation of
preformed hydride. The composition values indicate the
conmposition of the solid phase, and 4o not include the free
hydrogen in the system.

When 1t wes necessary to measure low pressures, 0 to §
nm, a Mecheod gauge was used. In this cace the gas occupled
the necessarily larger volume, but the conneoting stopeoock
was closed a8 soon as the pressure reasched a value which
¢ould be messured on the small nanometer. When the dissocia-

tion pressure wag largs, the hydrogen in the gas phase was



. moo N A ]

f 300°¢'

\

101

Hydrogen Dissociation Pressure, (om Hg)

.| 550% I, ' '
0.1
{ ' 100°C_»
’ —T as°c—~1r
450°C
0.01, 0.5 1.0 1.5 ) 3.0 3.6

3.0 o5
Oomposition of 80114 Phase, (Atom Ratio, H/Th)
Pigure 33. Equilibrium Pressure Isotherms of the Thorium-Hydrogen Bystem (by Decomposition).

30T



109

subtracted from the total content of‘the gystem to find the
composition of the solid phase.

The pressure values in Figure 23 are elther constant
values reached by the system after standing at the given
temperature, or are ranges through which the system fluc-
tuated when the temperature was held constant. In most
cases in the ThH,-Th Hy-H, system (x = 3.75 or 4), nearly
constant readings were obtained after 1 to 5 hours' heating
at & constant temperature. 1In the Th-ThH2~H2 system, con-
stant pressures were obtained in from S5 to 10 minutes at a
constant temperature.

The isotherms in Figure 24 were obtained in a different
penner., In this case the teuperature was held constant
throughout the experiment. Powdered thorium, obtained by
pumping hydrogen from a thorium hydride sample at temperatures
&8 high as 9509C, was used as the starting materiel. The
desired temperature was establlished, and then hydrogen was
adnitted in appropriate amounts to establish a desired
composition. After each addition of hydrogen the system
was allowed to stand until the pressure became static. These
additions were continued until hydrlide formation was complete.
®hen by a simllar process of isothermal decowposition, the
material was taken back to powdered metal. Of course, since
the two different hydrides had to be studled at different
temperaturcs, it was necessary to change the temperature

vhen going from the Th-ThHa range to the ThHB-Tth range.
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Again with this procedure constant pressure values werse
reached in 5 to 10 minutes in the Th—Tth—Hg systen at 700°C,
and pressures obtained on formation of the lower hydride
ecualled those on decomposition. With the ThH,~ThH, ~Hp
system at 300°C, the approach to constant pressure was much
slower; & nearly counstant reading wes reached only after
the temperature had been held coastunt for 30 minutes to
24 hours., It can be seen froum Figure 24 that even at the end
of these tlues the formation pressures of the hlgher hydride

were much greater than the decorposition pressures.

fen

$.3.3 Thermodynamic Properties of the Thorlum Hydrides.

The dissocclation pressure curves of Figure 23 can be
analyzed to give the heats of reactlon for each of the steps
in hydride formation. The plots of Log P(qpy) ¥S. 1/T%K are
shown in Figure 25 for ths composition ratios 0.5 H/Th and
1.5 H/Th, in Figure 26 for the composition ratios 2.4 H/Th
end 3.2 H/Th. The slope d(log P)/d(l/T) glvesAH/2.303R,
where A H is the heat of formation per nol of hydrogen added,
end R is the molar gas constant, 1.987 cal/mol. In this
manner the heats of reaction listed in Table 10 were

calculated.
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Table 10

Heat of Formatlon of Thorium Hydride

Reaction Composition AH (formation)
' (Atowms H/Th) (cal/mol Hy Added)

At Compogltion Itated| Average

-34,720 -35,200

Th + H, = ThH, 0.5
1.5 -35, 670
ThH, + (2-1)H, = T 2.4 -19,120
e ’ -19,300

The dissociation pressures of the two compounds are
£iven by the following equations, celculated for the center
flat portion of the isotherus.

Th-Tth system:

Log P(mp) = 27190 4 9,54
T
ThHB—Tth’systam: (x = 3.75 or 4)

Log P (1ny = _-%?____30 + 9.50

It is to be noted from the ocaloculations of AH that the
differential heat evolved upon hydrogen absorption is greater
st an H/Th ratio of 1.5 than at 0.5, and greater at an H/Th
ratio of 3.2 then &t 2.4. Figures 2Y and 26 1llustrate this
difference in AH graphically.
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3.3.4 The Effect of Impurities on Thorium Hydride Formation

The maximum amount of hydrogen which a thorium sample
wlll absorb varies with the sample and its method of pre-~
paration,

Recast thorium formed hydride whose maximum hydrogen
content was ThH3 19, the 1100°C biscuilt formed ThH3 52, and
the 1600°C biscult formed ThH3.62, all based on the total
‘welght of metal sample taken. The increased power of com-
binatlon with hydrogen with increasing purity leaves little
room for doubt that the higher hydride, with completely pure
metal, has a formula of ThH3 75 or ThHy (See discussion,
section 3.4).

In a partially completed pressure isotherm using a
cast thorium sample, the pressure values were much less
sharp and the "flat" portions of the curves were narrower,
more sloping, and in general much more poorly defined. It
is probable that the previous 1nve8tigators have worked
with thorium of this type, and 8o did not detect the more
subtle characteristlics of the pure thorium-hydrogen system.

In this laboratory 1t was found that thorium samples
could be converted to hydride, completely decomposed under
a vacuum at 900°C, and completely converted to hydride again.
This is contrary to the previous reports (39, 40) which
indicated that heating to a high temperature lessens the

amount of hydrogen whlch a sample can absorb, Explanation
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for the latter behavior might 1ie in the impurity of
the samples these Iinvestigators used, or the possibllity
that preﬁious investigators had decomposed thelir samples
only to ThHp. The total amount of hydrogen which a given
thorium sample will absorb when cooled slowly to room tem-
perature in hydrogen does not depend on previous heating
to high temperatures, except when the temperatures are hilgh
enough to cause reaction with the walls of the vessel.
Powdered thorium reacts lmmediately wlth hydrogen at
room temperature, becomlng red hot. ThHy reacts very
slowly with hydrogen at room temperature, but the rate
gradually 1lncreases and after a few minutes the sample

begins to get warm, which increases the rate rapidly.
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5.4 Discussion

The rapid interchange of hydrogen and deuteriu: between
the gas phase over uranium hydride samples and the solid
rhase of the samples glves u definite insight into the
pature of the uranium-hydrogen system. At 300°C the system
must be in dynemic equilibriuw, with hydrogen fro: the gas
phase constantly replacing that combined with the metal.

The aluost complete equiiibriuwa reached between deuterium
ges and uranium Lydride in five winutes at 300°C indicates
that the dynemic interchange wust be rapid. Yet, a true
equilibriun pressure is not astiained, for the prescure
requirea for formation of uranium hydiride is consistently

1 cm grester than that reached upon decorposition of uraniun
hydride in systecms where the hydrogen content of the solid
is identicel., This anomslous behavior remains without
explanation.

The dip in the dissoclation pressure isotherm et the
uranium hydride end is of special interest because this
behavior is theoretically irmposslible for a system of two
£01id phases, of low ana high hydrogen content. A system
in which a single solid phase is possible throughout the
composition range from U to UHg could possibly exhibiti a
greater dissoclation pressure st an intermeulete composition
than at either extreme of composition, but such a systen
would be in & metastable condition tending to disproportion-

ate into two s0lld phases of lower and hlgher hydride
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content whose discociation pressures equal that at the
ninimum., If the hydrogen transfer involved in this solld-
phase rearrangement must be made through the gss phase, then
the rearrangement would probably be prevented by the fact
that the hydrogen pressure required for absorption in this
region 1s greater than any developed by dissocliation. This
explenation, while tenable on the basls of dissociation
pressure measurements alone, 1s not acceptable in the light
of X-ray findings (33) which indicate only two phases, uran=-
ium metal and uranium hydride, throughout the entire ocom-
position range. The single-phase solld solution hypothecatad
by the explenation does not exist.

Rundle and Wilson (33) have shown that uranium hydride
has a simple cubic structure with 8 uranium atoms per unit
cell and a lattice constant of 6.650 2. The uranium hydride
structure is entirely unrelated to that of uranium (486),
which 1s rhombie and has the lattice constants: a = 2,582 :;
b = 5.885 3; ¢ = 4,945 X. Only slight solubility would be
expected between substanceswith suech different structures.

The slow approach to equilibrium was observed 1in both
the U-UHz-H, system and the Thﬁz-ThHI—H2 system and 1is
probably a characteristic of such hydride systems at moderate
temperatures and pressures. Both of these moderate-tempera-
ture systeme showed a slow attalnment of "equilibrium” and
different "equilibrium™ values when approached from higher

and lower pressures. On the other hand, at 700°C the Th-
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ThH2-52 system showed a rapid approach to egullibrium, and
the same true equilibrium wes reached frox lower and higher
pressures. The slow approsch to equilibrium at wmoderate
temperatures may be & general ocharacteristic of systems in-
volving solid-gas reactions. Gas diffusion in the solld
phase is undoubtedly san luiportsnt factor,

The pressure~composition relationship loses its line-~
arlty near pure uraniuu or pure uranium hydride, & bhehavior
which 4s probably due to & slight interaction or solubility.
Thie is of nminor importance, however, because of the small
portion of the system which it affects. The constanecy of
the equilibrium pressure over most of the composition range,
the linear volume-composition relationshlip, and the X-ray
data all point to the existence of a system consisting of
two solid phases, uraniuwn and the compound uranium hydride.

In the partial separation of deuterium from hydrogen
by the fractional decomposition of uranium hydride-deuteride
mixtures, the separation factor 1.2 which was obtained was
less than that expected. The dissociation pressure of

UDg is 1.4 times as great as that of UH Johnson (51) has

50

measured the total dissocletion pressure of UH.SA-UD3 mixtures

at 356°C. While the pressures which he observed above

mixtures of UHz and UD_ were slightly less than the values

3
represented on a stralght line drawn between the extremses,

pure UHz and UDy, he interpreted the difference to be within

the 1imits of experimental error and eaasidefad the diszocla~



tion pressure to be & linear function of the solid composi-
tion. Thls would be expected from an ideal s0l1id solution
of UHz &nd UDz. On this basis one would expect a separation
factor of 1.4 from the partial decomposition of UHS-UDs
mixtures.

The uranium-hydrogen~dcuterium system is complicated
in that 1t involves such Interwedlate compounds as UHyD,
UHD,, and HD as well as the substances UHs, UDﬁ' Hg, Da,
and U, It is not known how these intermediate substances
behave, and it is difficult to determine experimentally
because thelr differences are subtle and they are almost
certainly in heterogeneous equilibrium with each other at
elevated temperatures. Since hydrogen and deuterium are
isotopes of the same element, their compounds would be
expected to form perfect solutions in esch other and thelr
priixtures would be expected to behave very nearly according
to random distribution.

The separation factor 1.2 is not in agreement with
Johnson's work. If, with low D/H ratios, the preponderance
of HD over D2 influences the separation factor, it also
should have influenced the observed dlssociation pressures
of the UHp-UDy mixtures.

The separation of hydrogen from deuterium by the use
of the hydride system snd the separation factor 1.2 requires
& great many fractionations for e separation (more than 25

fractionations for a 100-fold concentration}. It also has
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the disadvantage that since uranium deuteride has the higher
dissoeiatlon pressure, if any pure deuterium is obtained
from such a system, the hydrogen from which it wsas separated
would have to be retalned as uranium hydride. Either the
frectionation would have to be obtained batchwise, which is
a tedious procedure, or it would requlre a counter-current
golid flow of uranium-uranium hydride. The separation would
require very largé amounts of uranium or a process whose
details have not been devised.

The pressure-composlition isotierms of the thorium-
hydrogen system are much more sharply defined than those
obtalned previously by other investigators. They substan-
tiate the faot that there are two thorium hydrides. The
nature of these hydrides and of their pressure lsotherms is
clarified when they are considered in the light of their
J~-ray structures.

The lower hydride has the formula ThHp, as evidenced
both by the pressure isotherms and X-ray analysis. Wilson
end Kundle {(45) have shown the structure of ThH, to be very
simllar to, if not isomorphous with, the structure of ThC,
and Zroz. The latter compounds are generally consldered
68 interstitial compounds or interstitlal solid solutions.
They are derived froin the cubic, closest-packed metal
gtructure by introduecing Cp radicals into the octehedral
interstices.

- At the composition Thc2 all the octehedral interstices
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are occupied by Cg groups., Similarly st Thﬁg all the octe-
hedral interstices Bhould be occcupled by H2 groups, but the
lower hydrlde phase should be stable over a considerable
composition range of lower hydrogen content if ThH, is to
be regarded as an interstitial solild solution. Actuelly
the cormposition range of the lower hydride phuse seems
rather narrow both frowx the X-ray and dlssociation pressure
studies,

What varistion there is in the ocomposition of the lower
hydride phase seems to increese with temperature. Thus,
from Figure 25 it appears that ag the temperature is in-
creased, the lower hydride nhase becomss atable at lower
hydrogen contents. BRecause of thls there 1s a greater
ratio of nressures at two different temperatures at the
higher hydrogen compositions, and consequently AR (formation)
of ThHp appears 1o become more negative with composition
es noted in Tadble 10.

Because of the similerity of ThC. end Thﬂz, it has been
essumed that H, groups are involved in the lower hydride
structure (45). 4ctually the evidence for Hy groups is
slight, since even for the carblides having a Thcz strueture
the positions of the carbon atoms are ostly a matter of
gonjecture. It is difficult to understand the nature of
the Ho groups, if they exist. The lower hydrids does not
gppear to be a solution of hydrogen molecules in thorium
netal. If the Hp group is an ion, it sould presumably

possess & negative charge, yet H* is impossible ana Hp”
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would require a relatively rare three electron bond.
Drs. Rundle and Newton have suggested that it should
be possible to determine if the Hz unit remains unseparated

in Tth by subjeocting ThH_ to an atmosphere of deuterium at

2
& temperature high enough to obtain interchange hetween the

gas and the solid. If the H, unit reteins its identity in
Thﬂz, Dz should interchange with H2 to give a gas phase

consisting of Hp and Dge If the H, unit is destroyed in

2
hydride formation, the gas should consist of a mixture of

Hy

taneous interchange of Hy with Dz alone should also be

» HD, and Dz in random proportions. Naturally the spon-

reasured at the same temperature. While this is a simple
experiment, it requires the use of a mass spectrograph,
vhich was not available in this leboratory.

Zacharissen (43) hes determined the structure of the
higher thorium hydride to be body-centered cublc, a, =
9.09 2 0.02 z, with 16 thorium atoms per unit. His calocu-
lations were based on the assumption of the formula ThH3.
Results presented in this paper show that hydrogen contents

&8s hlgh s ThH can be attained, so the formula ThHg

3.62
piust be in error. Rundle (45) has shown that with the space
group to which the higher hydride belongs, the compounds
Thﬁs.s, ThHs.qs, and ThH4 are theoretically possible. The
hydrogen content of hydrids samples has exceeded Thﬁs.s, end
“the amount of impurity in the metsl could hardly account for

& lowering of the hydrogen content fro.. the tieoretical Thiy
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to the observed ThHS.GZ’ so Rundle has coneluded that the
formulsa Thﬁs.qﬁ is the most likely. This higher hydride
has a structure unrelated to that of the metal, and in this
case there is no doubt that the hydride is a true compound.
Nevertheless, the higher hydride may be stable over a
rioderate composition range.

X-ray diagrams above ThHz 5 appear as to be one phase
(45); decomposition pressures and formation pressures of the
higher hydride diverge quite widely (Figure 24), and both
decomposition and formation pressures at a given temperature
inerease with hydrogen content of the higher hydride. Ais
in the case of the lower hydride, the composition range of
stabllity of the higher hydride seems to increase with tem-
perature, leading to an avparent increase of AH (formation)
with composition (Table 10).

An unequivocal classification of the uranlum-hydrogen
&and the thorium-hydrogen systems into one of the hydride
groups of Ephralm (section 3.1) 1s not warranted by the
experimental evidence. 4ctuslly, different properties of
the systems under different conditions can Jjustify thelr
elassification with either the saline compounds or the
¢lloy-like compounds. Since the compounds UHS, Thﬂz, and
Tth are all formed reletively pure, and have unique X-ray
structures different from the uetals (ThHg 1s probably
derived by the introduction of Hp radicals into the octe-

hedral interstices of the cuble, closest-packed etal
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structure) the classification of the hydrides as ssaline
compounds is fairly Justified. The relatively flat disso-
ciation pressure isotherms of the uranium-hydrogen system
also lend support to its olassification as a saline com-
pound.

The derivation of the ThH, structure as an interstitial
modification of the thorium retal structure indicates that
the thorium-hydrogen system posesses some alloy-llke or
solid solution tendencies. The increasing dissociation
pressures with inoreasing hydrogen content exhibited both
by'Thﬁa and Tth is typical of a s0lid solution or alloy.
The tendency of the thorium hydrides at higher temperatures
to become stable with lower hydrogen ocontents is also a
characteristic of solid solutions. A reasonable conclusion
is that the hydrides of uranium and thorium are borderline
compounds between the two classes, saline compounds and

alloy-like compounds.



126
SUMNMARY and CONCLUSIONS

1. A procedure is given for the detersination of bar-
fum and strontiwa activities in urasnium fission product
material which also provides for the recovery of the other
fission products. After the addition of insctive carriers,
barium and strontiuww are precipitated ss nitrates from 80%
HNOS. This provides a nearly complete separation from all
other fisslon product elements except antlmony, telluriunm,
and sometimes, cerlun. Bariwi and strontluw can best be
seperated frou the forelgn activitles which coprecipitate
frou 80% HNO by using & scavenger precipltation to remove
the contamlnants. Precipitation of barium and strontium
from a solution containing these forelgn activitles is less
affective as a separation of the pure radioactivities than
is the procedure involving preliminary removal of the
impuritises from the solution.

2. The precipitation of BaCrO4 fro. solutions con-
taining 1 gram per liter of bariws and varying amounts of
strontiun may yleld a preciplitate which contalnes as much
as 40% by weight of 5rerd,, or which may carry down as
much as 25% of the initial strontius in the solution,
depending on the initiasl strontium ccncentration. *hen
the inltisl strontium concentration is less than 100 mg/

liter, the percent carried down is practically constant,
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20 ~ 25%. ¥For other strontium concentrations, the amount
of coprecipitation is a continuous but non-lincar function
of the initial strontium concentration.

3. The isotope Sr90 has been discovered, and sr90
and Y90 have been identified in uranium fission product
raterial. Sr9 has a halr-life of sbout 17 years, which
is the longest half-1ife for any - nown strontium isotope.
£790 emits a beta rey whose range has been determined to
be approximately 130 mg Al/cm2 (0.04 1ev).

4. The vapor pressure of UBry hac been determined by
the transpiration method over the temperature range 450°C
to 650°C. The vapor prescurc of solid UBT, (M.P. 519°C)
can be expressed by the equation:

Log o Fon = :&Q;EQQ + 14,56 (sublimation)
The vapor pressure of liquid UBr, can be expressed by the

equation:

Log,, P = :24899 . 9.7 {boiling)

The followlng heats of change of state have been calculated:

1

AR (sublimation)
AB (boiling)
AH (fusion)

50,00C csl/mol TUBr,

"

22,000 cal/mol TUBr,

18,000 cal/wcl TRr,
5. The bolling point of UBr4 has been directly deter-
mined to be 765°C. 7This observed boiling point checks very

closely that calculicted frow vapor pressure data (?ﬂloc).
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8. The dissociation pressure of the uraniwa-uranium
hydride~hydrogen system has been studied at 55600, and the
equilibriun dissociation pressure is essentially constant
throughout the range of solid phase coumposition 10% - 90%
Eﬂa. However, the equilibrium pressure reached by absorp-
tion 5f hydro-en from a algher pressure ls avout 14.D cm
lig, wnlle that rsached upon partisal decomposition of solid
into a systen of lower aydrogen pressure 1s about 1%.4 om
Hg. with UHg contents below 10% the disscclation pressure
tends to decrease. T1lth UHS contents above 904 the
equilibrium precsure of formation 1s nearly constant to 973
Utz but the equilibriuw pre:sure of deccmposition shows a
dofinite winiwum at a cowpvosltion of about 97 mol percent
Ullz. Ko satisTactory explanation for this minimwi has been
fcund.

7. The volumes of the U—Uﬁs and U-Ubg systems have
been measured by a gas densitoiieter and found to be linear
functions of the hydrogen or deutcriws content. The
densities of UH:5 and UDg have been found to be 10.95 I 0.1
g/eo and 11.25 * 0.1 g/cc, respectively, at 259¢.

8. Hydrogen and deuteriua have beea fractionatsd by
a partial decomposition of UDs-UHS mixtures. 4 Mseparation

factor ", Ny N '
2 (gas)/ "D (solld), of 1.2 has been obtained.

o, Ty
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¥hile this method may be used for the senaration of Do from
Hs, i1t has not yet been glven practiczl application.

9. The thorium-hydrogen system has besn subjected to
a dissociation pressure-corposition-tenperature study and
the existence of two thorilum-hydrogsen cowpcunds has been
proved.

The lower thorium hydride, ThH,, is the more stable,
and the dissoclation pressure of a system whose solid
phase contains equal gmounts of Th32 and Th is given by

the equation:

T

1og P(pn)

The heat of formation of the hydride has been determined

for the reaction:
Th « Ha-—a— ThH,. AH = 35,200 cal.

The true equilibriun prescure of the systen Th-Tth-Hz is
reached in 5 to 10 mlnutes at 700°C, either by deconposition
or formation.

The higher thoriurx hydride, ThH, (where x 1s probably
3.75), 1s much less stable than Tth. The dissociation
pressure of a system whose solid shase consists of an ecul-
wmolar zixture of ThHg and Tth 1s given by the equation:

~4220

Log P(mm) = T + 9,50,
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The heat of formation of the higler hydrlie has been

determined for the reaction:

ThH, ¢ (X - 1) H,™ ThH,. AH = -19,500 cal/mol.

&

4t 3009C the "equilibrium" pressure on formetion of ThH,
is nmuch higher than that on deconnosition, and the true
equilibriua dissoclation pressure iz not reached.

10. The observed properties of uranium hydride in-

dicate that in most regerds this compound can be regarded

as belonging to the saline~couipound type proposed by Ephraim,

The properties of the hydrides of thorium indicute that
these compounds, too, heve some saline-compound tendencles,
but & consideration of @ll their properties leads to the
concluslion that clessificetion &5 an alloy-type compound
is equally justified. It 1s likely that the hydrides of
thorium and, toc & lesser extent, the hydride of uranium

are horderline cowpounds between the two clssses.
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