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VAPOR-PRESSURES OF AMERICIUM
TRIF LUORIDE AND AMERICIUM METAL

Stephen C. Cérniglia v
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

November, 1953
ABSTRACT

The vapor -pressures of plutonium trifluoride, americium tri-
fluoride, and americium metal have been measured by a modification
of the Knudsen effusion method. The measurements on PuF3, made
to provide a basis against which to refer the other data, agreed
remarkably well with previously published results. The vaporization
equations obeyed by this substance over the temperature range

1220° K to 1450° K are:

log P(mm) = 12.018 - 20,520/,

or, assuming Acp(sublifn) = =14§ca1/mole/§egree,
108 P(1m) = 37.19 - 24,625/T - 7.046 log T.

The data for ArnF3 showed a detectable curvature. The points were

fitted by the equatlor}/s(:.assumlng also Acp(sublim) = =14 cal/mo‘le/degree),
log'p(mm) = 36.880 - 24, 650/T - 7.046 log T,

over the temperature range 1120° K to 1470° K. The vapor -pressure of

americium metal obeyed the equation,

log P(mm) 7.563 -13,162/T,
or, assuming Acp(vap) = -2,
log Pimm) = 11,092 -13,700/T -log T,

from the melting point, 1100° K, to 1450° K.

The apparatus, an opposed twin device permitting simultaneous
vaporization of a reference substance and the substance under study,
is described in detail. Derived thermodynamic quantities are presented,

and uncertainties attending each measurement are discussed.
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VAPOR-PRESSURES OF 'AMERICIUM
TRIFLUORIDE AND AMERICIUM METAL
| -Stephen . C. Carniglia
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California
November, 1953
1. INTRODUCTION

The desirability of accurate vapor -pressure measurements as
a contributioﬁ to the data of chemical thermodynamics needs no |
elaboration. Both the direct results and derived quantities are put
to practical use in selecting methods and conditions for preparation,
handling, and separation of substances; or to theoretical use as
additions to the knowledge of atomic and molecular structure and
properties.

“ > Consistent with interest of this laboratory in the chemistry

of the heaviest elements, it was desired to obtain this type‘ of
thermodynamic data for americium and ifs compounds, to the highest
degree of precision feasible under the restrictions imposed by the
limited supply and by the chemical and nuclear properties of this
élement, In addition, it was deemed of value to design and put into
operation 'an instrument with which continuing research might be
carried on, suited to the interests and resources of this laboratory,
i.e., employing radioactivity as a means of measurement.

In view of the occasional’.publication of vaporization data which,
~ although consistent internally, are of untested absolute accuracy, it
is sometimes hazardous to. infer relative volatilities of different
substances at a given temperature. Therefore it was decided to build

into the instrument the capacity to make simultaneous measurements

/
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on two substances at assuredly equal températures. This was
accomplished by constructing the equilibrium vessel as an opposed
twin, carefully m‘achined from a single f)ieée of metal to assure
perfect symmetry. This theme of symmetrjr was carried out from
the vessel through the surrounding furnace to the measuring equipment
placed opposite each end.

Measurements made to date with the device so constructed have
yielded vaporization data for the trifiuorides of plutonium and
americium, and for elementary arﬁericium. A brief account of

previous studies follows.

Plutonium trifluoride, -= The vapor-pressure of plu;coniﬁrn
trifluor.ide was reported in the open literature by Phipps, Sears,
Seifert, and Simpson1 in 1949. The authors interpreted thé data as
ob.eying the equations,

108 Py = 12-468 - 21, 120/T and

10g P () = 1. 273 - 19, 400/T,
in the temperatlire ranges 1200° - 1447° K and 1447° - 17700 K,
respectively. Th¢ assumption of a negligible diffeirénce in heét
~ capacities between the gas and the condensed phase ‘is implicit in
such expressions, " They inferred a melting-point at 1447° with a
heat of fusion of about 8 kcal/rnole. Bréwer, Bromley, Gilles, and
Lofgrenz fitted the same points by a curved line, impiying a FACP ((sublim).
of -14 cal/mole/degree; they estimated the melting point as 1680° K.
The latter estimate was verified by Westrum and Wallm'ann3 in 1951,

when they found the melting point to be 1699 + 2° K by direct measure-

ment. o ' _ /
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The work cited in reference 1 is generally considered to be
excellent experimental work. It was felt that a repetition of the
~vapor-pressure measurements on PuF3, verifying the earlier
results, would strengthen both the ‘existing data on'PuF3 and the
other work reported here. This substance was used for reference
in operation of the device as a comﬁaratdr.'

Americium trifluoride, -- The .vapor -pressure of solid

americium trifluoride was reported by Jones4 in 1951, over the

temperature range 1070° K to 14506 K. The author of the work

suspected a systematic error, although his sublimation equation,
log P(mm) = 10.89 - 20,030/T,

was reasonably well fitted by the data. Cause for suspicion of the

results lay in the calculated entropy of vaporization at the boiling

point, based upon an eitrapolation of the same data, which was

substantially lower than that of PuF, and lower than that predicted

3
by Trouton's rule.

Americium, -- The vaporization of americium from a dilute
solution of americium in plutonium was reported in 1950 by Erway
and Simpson, > the data extending over the temperature range 1450° K
to 1820O K. They calculated the equation,

1og P(rym) = 7+ 02 - 1L, 300/T,-

on the assumption that the plutonium-americium composition used by

them could be regarded as a perfect solution.
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II, THE KNUDSEN EFFUSION METHOD

A, Choice of Method

The minute quantities available and the physico-chemical
properties of americium rendered a microchemical mrethod of
measurement not only appropriate but inescapable., Technical
» difficulties associated With s,tatic methods on this scale were.
prohibitive; in addition, vapor-pressures expected were too low
for manometric detection. Of the flon methods in use {transpiration,
Langmuir evaporation, effusion) only the Knudsen effusion method, =
modified so as to emplby radiochemical techniques of estimation,
gave promise of absolute reliability as well as economy.

B. Description of the Method

In the Knudsen effusion method of vapor-pressure measurement,
a small fraction of the gas. molecﬁles in an equilibrium .chamber are
| allowed to escape. through a pinhole into a highly evacuated space, the
nnumber effusing per unit time through a hole of known area being
related to interior Partial pressure, temperature, and mblecular
weight of the gas_ by the laws of the Kinetic Theory. In consequence
of this flow, the Knudsen vessel does not enclose a system truly at
equilibrium; however the-d.eparture is under suitable conditions |
completely negligible.

In its simplelst form, measurement of vapor =préssure by means
of this device consists in fna_intain:ing a chamber at uniform known
'temperature for a measured time ‘interva_l, the total nﬁmber oAf
molecules effusing at all angles through the orifice _b.e:l:ng computéd

from weights of the chamber and contents taken before and after the
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experiment. In addition to requiring relatively large amounts of
sample and prolonged experiments for detectable vs}eightv differences,
this total effusidn method relies upon near;idea..lization of the orifice.

- The condition demanded by the total effusion equation, ,an infinitely
thin-edged orifice in a flat wall, is difficult to realize;. rnofeover,
departures from the ideal are not easily 4cornpensated ‘fpr quantitatively.
This and other aspects of the theory have been treated by Knauer and

8,9

Stern, 7 Clausing, Whitman, 10 and Johnston and Speiser. 1
The.criti‘cal nature of the orifice condition has promptgd some
workers to collimate and collect oﬁly a small portion of the effusant,
in a cone about the normal to the orifice. Theory and experiment
both indicate that moderate deviations from the ideal orifice have
only a small effect on effusion within such a cone, the effect increas-
ing with incfeas_ing angular départure from the axis. 8,12 Use of a
collimating system has, of course, a pronounced influence on the
means available and appropriate fof determining the amount of
rﬁaterial effusing per unit time. Some typical measurements and
typical effusion equipment may be cited for reference and comparison., 13-17
The radiochemical modification >descri,bed by Simpsor_lv and
co-workers, ! which has been employed in a number of determinations

in several laboratories, 4, 5’, 18-20 i

s made feasible by the fact that
extremely small amo'ﬁnts of radioactive substances may be estimated
‘with precision by counting the decay events. This quality permits
the use of smrallvs'amp].es and brief periods of exposure of each
collector, as well as collimafion to a very narrow beam.

Fundamentally, the equipment for this modified Knudsen method

includes a thermostatted equilibrium vessel with the effusion orifice,
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a collimator to define the beam geometry‘, a shutter to defiﬁe the
time of exposure, a receiver‘ upon which the béam of.mdlécuies

is condensed, and an enveiope maintained at high vacuum which
surr‘oundé all these units. ‘Rece.ivers a_fe later placed 1n a suitable
device for counting the radioactive decay of the éonaehsate. v The

" equipment is shown sch‘ernaticaliy in Fig. 1.

Applicability of the working equation for this type of measufeu
ment depends upon adhé.tl.enléei.to a rhountainoug:li'st of conditions,
'although in practice it is not difficult to realiz.e‘:v‘them ;.11 within a
stipulated error limitv, >nor to evaluate the r_’esu].tant error experimentally
for a number of cases. The conditions are: |

1. Temperature uniformity. -- The vessel should be truly

uniformly heated. In aéproaching this ideal it is desirable to have
the location of the sample élooler than the end beariﬁg the orifice
rather than the r‘e‘vers'e‘n,’ so as to avoid distillé,tion and subsequent
reduction in appa_rént volatility. Onv.the other hand“,. ;it is difficult.
to maintain the relativelv'y thin orifice-l;earing wall at the terhperature
of the vessel in .general; since this \x}all cannot be shielded to
prevent radiation losses and must rze1y> on i-ts"ownv conduction to
replace the radiated heat. |

It is possible to rﬁeasﬁre the temp'erétufe difference resulting
from this condition; one may also evaluate its influence c;n distillation
by observing whether the sample has condensed aro@d the orifice
d.uring an experimen't. In its effect on achievement of equilibrium
inside the vessel, the entire "cold" area around the orifiée may be

regarded as pertinent under Condition 2.
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Fig, 1: Essential parts of the radiochemical

Knudsen effusion system,




-12-

2. Evaporation surface area., -- Interior equilibrium is disturbed

by effusion through the orifiée; hence the orifice area should be small
as compared to the bextent of evaporating surface. Different
individuals have suggested different limiting values of this ratio,
ranging somewhere near the value 1:10 fo‘rb unit accommodation

9,21

coefficient of the surface; however, uniform results from
experiments employing different values of the ratio provide empirical

evidence of satisfaction of the condition in a given case.

3. Orifice condition. == The orifice should be reasonably thin-
’ t
edged. For angles of divergence of the collected beam of 5 degrees,
the length-to-diameter ratio of a cylindrical orifice may be as high

as 1:1 with only about 1% effect on the effusion rate,

4. Mean free path within vessel, -= The mean free path of the

molecules within the vessel should be larger than the dimensions of
the orifice. Departure from this ‘cénditi;ovn changes the nature of the
flow through the orifice from molecular streaming to hydrodynamic
flow, 22 rendering the kinetic equation used inaccufate. Although it is
possible to adjust data taken at hibgher pressures; operation in this
region was considered impr.acti’cal in the present case because the
rate of transport bec;omes so lérge as to exhaust the small samples

available.

5. Effusing species. =='=‘.The eff}lsing species must be known,
both for correct molecular weight assigﬁment and for correct
translation of radioactive counting data. For the simplest inter-
pretation of experimental results, it is desirable that the ‘effusant be

a single species, independent of temperature.
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6. Mean free path outside vessel. -= The external molecular
beam must be free from scattering, i.e., fhe free path of molecules
outside the orifice mu51; be larger than t}.1e aimeﬁsioné of fhe outer
envelope. The mean free path may be estimafed as a function of total
pressure in fhe systerh; in addition, the actual am%)uht of scattering
occurring may be evaluated by experiment.

7. Condensation. -- All effusant molecules must be condensed

upéﬁ their first impingement on a solid surface. This is an obvious
requirement for the receiver surface; reflection from the collimator
or from the envelope is also undesirable since it increases the effect's
of scaftering.

This requirement restri'cfs the use of over-lying furnace coils,
radiation shielding, or other obsfruction in view of the orifice, hot
enoﬁgh either to reflect molecules or to evaporate those condensed at
some previous time. An example of a failuz;e due to‘ such cause has
been reported-by Simpson, et al.

»Scatteri'ng from the receiver may be detected by placing a
‘second target close to and facing it but 'ou‘t'sid‘e of the Beam. ' :Scattering
from the envelope may be similarly disclosed. Use of overlying
obstructions close to the effusion vessel is _simply’avbidedb,

8. Collimator condition, == For the form of th‘e effusion

equation employed here, the defining collimator must be nearly
circular. The orifice may be of any'\shape provided it is very small
relative to the collimator and provided Condition 3 is met.

9. Alignment. == The orifice and collimator should both be
perpendicular -to the line joining their centers. Minor deviations

are tolerable and, if recognized, can be compensated. As an
t .
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exa,mi:)le, a .misalignment of the 'orifice or collimator plane by
3 degrees reduces the geometry of a5 degree divergent beam by
about 0 2 percent

10.” Chamber inertness. -~ It hardly needs statlng that the

container materlal must not affect the act1v1ty of the substance under
investigation, by either chemical interaction or solution phenomena.
The use of vessels of d1verse materlals as a means of test1ng this

cond1t10n is hlghly d651rab1e

11. Compos1t1on_of sample. —e Otherlsources of contamination
of the sample must be recognized, Besides reaction wrth the \ressel
material. All such sources should be minimized, :‘and their effects
should be ‘eyaiuat‘e'd where possible, | |

Effects oyf non«=conformity to the above‘list will be discussed
under Uncertainties, Section V

C. Equations

1. Total effusion. -- Making the ordinary assumptions of the

Kinetic Theory of Ideal Gases, one is led to the equation giving the
number of molecules passing at all angles within 27 through a 1 cm2
plane per second, under conditions of thermodynamic equilibrium in

2
an enclosed space:

n v
o

n = ——. — (1)
- Here, ng is the number of molecules present— per cm3; v is a
suitable average velocity.

For a single molecular species, v is the simple mean velocity,

derived from the Maxwellian distribution law as:
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x7=\/_§nf. 4 : T (2)

In equation (2), k is the Boltzmann Constant, T is the absolute
temperature, and m the weight of a single molecule in grams.
Combining equations (1) and (2) with the Ideal Gas Law, p = nokT,

so as to eliminate n and v, "yields:

n= —P | | (3)

A/ 27mkT

If now the number N is defined as the number of moles of
gas striking an element of area a cmZ of the enclosing wall in time

t minutes (60 t seconds), then,

.60atn

N -
o

N =

where N0 is Avogadro's number. Hence, employirig equation (3),

60atp . » (4)

Y2rMRT

If the area element a coincides with the effusion orifice, then

N =

equation (4) is the equation for total effusion under conditions of
ideality and equilibrium.

2. Angular distribution. -- Thermodynamic equilibrium also

defines the angular distribution of molecules passing throdgh an ideal
orifice:

dN = Nsin¢pcosdbdd, . . ; (5)
where ¢ is the angle of departure from the normal to the orifice plane.
.Equation (5) is the Cosine. Distributien Law24 stated in such form és
to include all molécules emanating in paths defining a conical region

between departure angles ¢ and ¢ + d¢.



-16.-

Employing a circular collimator and an orifice-collimator axis
normal to the orifice plane, it is necessary simply to integrate equation
(5) from ¢ = 0 to ¢ = <1>C, the limiting angle cut off by the collimator.
This yields:

’ el
N_- = Nsin~ ¢_;

which, on combining with the trigonometric relation,

: 2
. 2 _ . r
M Sy
-d” +r .
and with equafion (4), yields:

€ A20MRT 4% 42

Here r is the collimator radius and d the axial orifice-collimator
distance. Nc is the number of moles passing through the collimator

in an exposure t minutes long.

3. Radiochemical assay. -- The number N_ is determined in the
present work by counting alpha-decay events in the condensate, Employ-

ing the fundamental law of radioactive decay,

aal_ .,
&) o
given n, the number of radioactive atoms per molecule of effusant, i.e,,

A = oN; (8)

and employing a ''geometry factor,' g, for the counting device used, i.e.,

cg = [&%%{]I; . (9

it follows that:

e S
N = £, _ (0
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Consistent units are of course required:: if the counting rate c is
recorded in counts per minute, then the decay. constant A must be
in disintegrations per minute per mole.

4. The finished equation. -= Combining equations (6) and (10)

and solving for p yields:

2 |
P = gyl - VZUMRT - 1+7) (11)

Equation (11) gives the pressure in cgs units. For practical
purposes it is desirable to insert a unit conversion factor f, and to

arrange the terms in groups as follows:

) bed] B R e

In this equation, which was used for all work to be described,

p is the partial pressure of the vapor in the vessel in dynes/cm2
if f =1, and in other units for appropriate values of f; R is the gas
cOnstanf in cgs units; g is the counter geometry factor, defined as
cg = (—dA/dt);‘ a is the orifice area in cmz; d is fhe axial orifice-
collimator distance, and r is the vcollimator radius, both in cm;
M is the gram-molecular weighf of the effusant; n is the number of
radioactive atoms in a molecule of the effusant;_ N\ is the decay
constant of the radioactive element, in disintegfations per minute
per grarﬁ -mole; c is the observed alpha counting rate of an eiposed
receiver iﬁ counts/min; T is the vessel temperature in °K; t is the
vtime in minutes during which the receiver was exposed to the
collimated beam of effusant.

The significance of the grouping of terms is as follows: Ist

bracket - numbers and general physical constants; 2nd bracket -
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constants of the apparatus; 3rd bracket = constants characteristic of
the substance on which measurements were made; 4th bracket - raw

data taken for each individual target exposure.
. APPARATUS
A. Description

The entire assemblage of equipment for measuring vapor -
pressures is depicted photographically in Fig. 2.

1. Vacuum emvelope. ~=The effusion apparatus was contained in

a Pyrex air -cooled bulb 6 in. in diameter, bearing two opposed arms
about 1 3/4 in. in diameter and 6 in. long and ending in tapered
ground fittings., A sim.ilar arm forming a ''tee' with these made
connection to the vacuum line. The opposed arms carried the weight
of the furnace-collimator system to be descriged, its axis horizontal.
Caps to these arms céri‘ied thé shutter and‘receiver systems; one
cap bore also the furnace électrodes and thermocouple wires.
Following the work with PuF , and the first series of measure-
ments on ArnFB, this envelope was replaced by one beariﬁg yet
another arm, hanging vertic'a,lly below the bulb. This arm terminated
in a charcoal trap, used to assist in maintaining the high vacuum
demanded for work with americium metal. It can be seen in Fig. 2.
The vacuum line, of about 1 3/4 in. di'ametef Pyrex tubing,
led through a 15 mm stopcock to a liquid -nitrogen trap, thence to An
Eimac Model A-l, 3-stage fractionating oil-diffusion pump (Eitel-
McCullough, Inc., San Bruno, Calif.}, and finally to a Duo-Seal
mechanical forepump (W. M. Welch_Mfg.'Co., Chicago, Iil.), Valves

and fittings permitted the admission df.‘ar”gon, dried over phosphorous
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pentoxide and then passed over uranium shavings at '4000 C, for
purposes of opening the line.. Lubriseal high-vacuum grease and
ApiezonW wax \;vere used for stopcocks and bsemi—permanent joints,
respectively.

The pumping system produced an ultimate vacuum in the
‘envelope of 1 x 10“7 mm Hg, a maximum pressure during furnace
operation of aﬁout 10“5 mm without the use of a charcoal tfap and
<5 x 10_6 mm with the trap installed, Pressures were mea.-.sured by
means of aﬁ' RCA 1949 tube placed between the furnace and the main
stopcock note.d. above, and operated on a log ion gauge circuit
designed and built by the Electronics group under Mr. H. VIP. Robinson.

2. Furnace-collimator unit, -= This integral unit consisted of

a céntral cylindrical resistance-wire furnace within guides mounted

on two sturdy tantalum r'ails 1/8 in. x 1/4 in. x 8 in. long; a defining
collimator at each end of the rails; and rough collimators midway between,
All parts were firmly bolted to the failway, :;Lnd all were accurately
machined to ensure the alignment and symmetry desired for use as a
twin" or comparator. The collimators were 1/8 in. thick disks of.
stainless steel, the openings drilled accurately conical.

The furnaée consisted, in order from the inside out, of a thin-
walled alundum sleeve, 3/16 in. 1. D. x 7/8 in. long; the heating element;
“an alundum shell 1/2 in. O.D. x 7/8 in. long with a close-fitting
cylindrical molybdenum radiation shield; and finally an oute}r. shield
also of molybdenurr{. . The ends of the outer alundum sleeve and fitted
shield were suspended by means of poéitioning screws inside tantalum
fings which were a part of the rigid railway system. Tolerances within

~the outer sleeve assured permanent furnace alignment.
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The heating element consisted of fourteen evenly spacled turns of
0.030 in. molybdenum wire, making a‘bhelix 1/4 in, I.D. x 7/8 in. long.
The end turns and leads were etched with 8 M nitric acid to a diameter
of 0.022 in. to increase their heat output: in operation the end turns
wére some 200° - 300° C abox;e the temperature of the body of the helix,
thus éombating the effects of end radiation. To the leads were welded
short lengths of 0. 035 in, platinum wire, which were in turn spot-
welded to 0. 080 in. nickel bus-=bars leading finally in the cooler regions
of theksys’ce‘:m to bus-bars of copper. The latter passed through short -
porce%ain insulators set in the collimator disks, and were joined at
their (;nds by flexible, demountable'co.n'nectibns to heav&r tungsten
o “ele'_ctr-ody,es sealed.throu‘g\h a glass cap..

The furnace-collimator unit} is shown photographed in Fig. 3.

3. Shutter-receiver systems. -=-Simplicity was the keynote of

the shutter-receiver mechanisms employed in ''twin'" operation, since
one unit had to share very limited space with the emerging electrodes
and thermocouple leads. The devices at both ends were identical. A
glass rod passing through a well-greased tapered grdund fitting in the
Pyrex cap was used to rotate a 1/8 in. square brass rod ending in a
short round section, the tip of which rode in a cavity in the center of
the defining collimator disk., Thrust and flexibility were provided by
inserting the square brass rod, against a ‘compressed light phosphor
bronze helix, into a loose-fitting square brass housing which was itself
firmly strapped to the glass rotator. |

The shutter consisted of a circular opening in one quadrant of

a brass disk, the disk being mounted by a friction bearing in its center



3. F\trnacé-collfm ator assembly.

Fig.
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over the cylindrical section of the brass driving shaft. The shufter
disk was thus rotated close behind the collimator piece, its motion
constrained by a pin on the latter to exactly one -quarter turn from

-""full-closed" to ''full-open" position, -

The receiver was a.‘O° .().05"in. platinum disk, marked into
quadrants and provided with a 1/8‘ in. square hole to fit tHe driving
shaft; this disk was clamped to the shaft immediately behind the
shutter, after'w;.éhing, 'rins.i.ng.,. and flaming. .

In operation, rotation of the glass rod a quarter-turn in
either direction served to turn both receiver and s‘hutter together to
"open' or ”closed'.' position; continued rotation with the shutter against
its stop served to bring different receiver quadrants into line behind
the shutfer opening. In this manner it was possible to make four timed
exposures to the effusant from each end of the twin Knudsen vessel,
between shutdowns for receiver replacement. Receivers were lé.ter_
cut into separate quadrants with a razor for alpha particle counting.

Fig, 4 gives the external appearance of the assembled "twin"
system, including furnace, cpllimators, shutters, and receivers..

For conventional operation with only one end of the effusion
apparatus in use it wasv possible to employ a more elaborate receiver 7
magazine. In this unit the shutter and its operation were the same as
described above; however, the‘driving shaft was entiz_-ely of round{brass
rod, passing out of the vacuum enx}elope through a Wilson seal. The
housing for the latter was seated by means of a groove bearing a greased
"Owriﬁg" against the end of é. brass tapered fitting, which was in turn

waxed onto the end of its glass arm.



Twin effusion apparatus,

ig.
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Targets consisted of small disks of O‘-. 005 in. platinum, drilled
very near to the edge. A packet" of fifteen to twenty-five of these were
washed, rinsed, and flamed, then threaded over the driving shaft, which
was provided with a 1/80 in. pitch, left-hand thread. Guides and a
rider were employed which, when the shaft was rotated in one direction,
caused the disks to pass one at a time over a knife e.dge, whereupon
they swung down freely and hung below the shaft and in line with the
collimator opening. A q‘u‘artér=turn of the shaft in the other direction
then opened the shutter for exposure.

‘The shaft thread changed from 1/80 in. pitch to 1/20 in. pitch
at the position of the knife-edge, so that used targets were slightly
separated as they passed down the threads and were succeséively '
replaced from the pack. Contact between exposed disks was thus
restricted to their outermost edges, which were beyond the limits
of the beam. The disks were removed singly with forceps for
counting subsequent to a completed series of exposures.

Both twin- and single-type shutter-receiver systems are
sketched in Fig. 5.

4. Effusion vessel. -= Three types of crucible were used, one

Mtwin'" and two '"'single' modifications. The three types are sketched
in Fig. 6. All parts were of tantalum, except for platinufn gaskets.,
In order to ensure exact positioning of the crucible along its
axis, a centering pin of 1/16 in. alundum rod was passeéd through
matched holes in the furnace and into a shallow cavity in the crucible.
The pin rode in-a split tantalum tube fixed to the railway system, and
was held under pressure by a very light tungsten wire helix backed by

o

a tantalum collar screwed onto the end of the tube. An additional
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function of the centering pin was to drain heat off from just behind the
sample, preventing it from attaining a temperature higher fhan that
of the orifice wall.

In early experiments orifice foils of 0.0003 4n. tantalum, welded
under a hea&ier ring to the front face of the crucible, were used.
'I“his type of closure has been employed by Jones4 and others. It was
abandoned, however, after measurements on PuF3 yielded very low
results and appearance of sublimate on the interior of the foil indicated
gross transport of the sample by distillation. Th(\e type of closure used
throughout the work related here was similar to that described by
- Phipps, Sears, Seiferf, and’Simlpson:1 a piece of 0.006 in. tantalum
si’ieet was dimpled with an awl, then filed flat on the outsidé face;
subsequent alternating operations with a sharp steel needle from the
inside and with fihe crocus cioth on the outside produced a nearly
round, fairly smooth-edged orifice. The sheet was spot-welded over
the entire face of the crucible to ensure maximum thermal contact
as well as an permetic seal. Orifice details are included in Fig. 6.

5. Thermocouple. -- For measuring temperature, platinum

vs. 90-platinum, 10-rhodium thermocouples were used with all

crucible types, differing only in mode of insertion. A tantalum sleeve
1/16 1n O.D. x 1/8 in. long pressed the junction into the side of the

twin type, the sleeve being inserted by one -half to one turn of conventional
machine thread. The aftermost section of the single-type crucibles
pressed the th.errnocou.ple junction into place in a similar manner,

except that in the latter case the leads enrerged out the after end of the

furnace instead of transversely out the side.
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Figu:t shows the details of thermocouple insertion in the three

N
v

crucible types.

No protective tubing was permitted in the immediate vicinity of the
furnace, because local operating temperatures exceeded the safe limits
for" .the available ceramics in vacuo. Suitable means were employed to
prevent sagging and ”shorting”.. Where the wires were cooler, standard
porcelain protective tubes were used. Passing out of the vacuum envelope,
the thermocouple wires were sealed through a glass bead, the latter
being waxed into a tubulation in the same P}-rrex cap which bore the
furnace electrodes. A conventional ice-water bath cold junction was
e‘mploygd'. Radio pin-jacks connected the wires on one side of the cold
jL{il:nction to twisted copper leads which conducted the emf to a potentiometer.

The associated measuring equipment consisted of a Leeds and
Northrup Model 7552 slide -wire potentiometer (l.eeds and Northrup
Co., Philadelphia, Pa.), a Rubicon Model 3402 HH galvanometer
(Rubicon €o,, Philadelﬁ)hia, Pa. ) giving a sensitivity of about 0.5 mm
deflection per microvolt, and a standard cell of 1. 0.1887 volt emf
(manufactured by the Eppley Laboratory, Inc., Newport, R. I ).

6. Furnace power supply and control. -= The power for the

resistance-wire furnace was supplied as indicated schematically in
Fig. 7. Variac "A'" was used to fix the input approximately; the
operator used Variac "B’ to maintain constant temperature, keeping
the galvanometer in the thermocouple circuit as near as possible to
the '""'zero' position. By this means exposure times were varied from
1 minute to 100 minutes, yet maintaining less than *0. 50 to 1. 0o
temperature variation during any exposure. In addition, the operator

could balance an occasional fluctuation by a deliberate one of opposite
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sign and similar duration, thus reducing to a minimum the scattering
of points due to rand;)rn temperature changes.

| Air cooling of the external electrddes and of the b‘ulb and arms
was provided by suitably pla“ced fans, |

7. Dry-box. -- At the conclusion of .tv‘v.invoperation, when the
charcoal trab, new receiver unit,. and singlé =-typé crucibles were
installed,. a gloved dry-box was built and fitted over one arm of the
Pyrex furnace envelope. This box was equipped with hose to the
purified argon supply. | An airlock for entry and exit of materials,
which could also be s‘wept_: with argon, prevented admission of gross
amounts of air and moisture. In addition, a fan within the_bog circulated \
the contained atmosphere through a large ‘duct system which inciuded
a trap cooled by a dry-ice-acetone bath. Thus moisture from the
sui'bfaces of newly introduce;d materials, or intrudiﬂg bY. diffusion
throu;gh the gloves, was effectiveiy frozen out. Thivs system was in
continuous operation for‘over a month before the Arn‘easurernenﬁs on
americium metal were} ﬁade;

S. : Safety, .- The‘dfy—box .sﬁer‘ved as the i)oiﬁt of concentration
of activity} goiﬁg into and o.uvt of the vacuum system; it was operated
‘and treated in much the same manner as a '""Berkeley Box.'" The
enf;ire vacuum system and the dry-box were coﬁtaipedvin a large
housing designed and built by Messrs. W. G. Ruehle, W. D, Phillips,
and others in thé Health Chemistry group under Mr. N. ‘B. Garden.
This box wﬁs provided with three sliding safety-plate glass doors in
front and:‘.three separate' wooden doors in back, for acces'bs. A heavy-duty

exhaust and filter system gave about as much draft as a fume hood,
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although with the doors shut pbroté{ctionﬁin. case of 1mp1051on ‘v:vould have
been nearly complete, | o - |

Figure .2 shows this hous-ing with t§vo of thie :ffvo;lt‘doors removed; the
dry-box'is prominent among thé contéhts. - | |

9. Equipment for vmeasur‘ing other variables. -- The fourth

bracket in Equation II-(12) contains all variables p’ertaini.ng to a
given exposure, namely T, the absolute temperature of the sample
duriﬁg exposure of the target; t, the duration of the exposure; and
c, the alpha-particle counting rate of the e}iposed target. The
equipment used in measuring and controlling the temperature has
been described in a preceding paragraph. |

Exposure. times were clocked with ;a new1y=adjusteci watch
which was checked against an electric timer 'of‘ extremely high precision.

’ Alpha-»pa_rticle counts were regivvst‘ered with a.vstanda,rd high-

geometry parallel plate, argon-filled ionization chamber éf local
design, employing standard amplifying and scaling circuits and
mechanical registers. Counting time was clocked v;./ith aﬁ electric
timer. Counting equipment was supplied and éerviced,by the
Electronics group under Mr. H. P. Robinson.

Coincidence corrections were made to the alpha-particie

counting pates of plates carrying 5000 c/m and higher.

10. Auxiliary ¢quipment. -= Much adaitional equipment.was
employed in the many operavtion’s_prelirninary to the actual vaporization
escperiments. These devices included o‘ther‘vacuur"n lines, furnaces,
rx’;icroscopes, optical py‘rorr;e'ters, etc. Bemg incidéntal itéms, they

will be described onl';r brielfﬁlgr: and in connection with the operations in

which they were employed.
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B. Constants of the Apparatus

The accepted numerical values of the general physical constants,
as well as the values of the constants of the equipment, may be grouped
for convenience in this sectioﬁ,

It was indic’ated-follbwing the presentation of the Effusion
Equation II-(12) that the units in which the vapor-pressure p is expressed
fix the \'ralue of the conversion factor f. It will be convenient to state
- the preésure in millimeters of mercury, hence, |

= 0.750; x 1073,
The value used for R, 'ghe molal g#é vconstant', is:'w.
R =0. 8314 X 108 C.g.s. units.
The alpha-particle counter geometry factor was taken as:
g=1.92,

corresponding to the accepted counting efficiency of 52 percent for

“. . this type of chamber and thin radioactive sources.

The orifice area a was measured at room temperature Withb
the aid of a camera lucida attachment (Spencer Lens Co., Buffalo, N.Y.)
on a rnicroscope using a 44x objective and 10x eyepiece (Bausch and
Lomb Optical Co., Rochester, N.Y.). A stage micrometer with 0. 010
mm subdivisions (Bausch and Lomb) permitted the tracing of
rectangles of known area through the same 'optical system.

In practice, a tracing of the orifice image was rr;ade on a
piece of clean semi-gloss paper, then internally and/or externally
tangent rectangles were tracedvon the same sh.eet. Making accurate
cutouts to these liﬁés and weighing the pieces gave enough information,
with the known areas represented by the rectangles, for caléulation

of the orifice area. Numerous trials indicated that the method was
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reliable to better‘ thand:lO lper-cerllt., | rI“hwe; orifices used' were traced at
least twice in the fé.shion de}scribed, the average co}mpu:.ted area being
adoptea. The foém ;cemperature values so obtained are listed in
Table I.

The value of the orifice area actually employed for a given
expo.sure was corrected to the vessel temperature measured during
that‘e;xposure. The temperature correction was computed according
to the following expression, based upon a linear expansion coefficient

6,

for tantalum of 7 x 10

996 +0.014 T,
298 ™ To00 .

AT=A

Table I

Orifice Areas, Room Temperature Values

g;filgcrfation' ‘ Aress Aa98 | . ,Ran”
..C-2 W | (. 02, £ 0.005) x 10"% cm® PuF, V and VI
D-1. (1)  {1.16, % 0.005) x 1074 em? AmF, L-IV |

D-2 (1) _ (2. 968 + 0.012) x 10'=4 cm‘2 PuF, 1-1V

E (.83, %0.010)x10  em®  AmF, V.

K (III) = (0.722 + 0.003) x 1074 cm®  Am . I

L (I11) (0.771 % 0.002) x 10”4 cm‘2 Am . 1

aCr.u"cible type is designated by ((I)‘, (1I), or ((HI)), in accordance
with the notatién in Fig.. 6; érucibles were assigned letters A, B, C,
etc..‘, in ord'er as fabricated; orifices on Type I vessels weré numbered
| 1 a.nd 2 to match'fhe end-designation given in Fig. 6 and in the ensuing text.
Runs \;/.eir-ef :é.s signed numbers éor reépondi.ﬁg to sample loading,

or to each receiver set using the same loading in "twin' operation.
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The axial orifice-collimator distances were determined as
follows. The total collimator -to -collimator distance was measured
at least twice at each of five different operating temperatures, using
a 12-in. Vernier caliper (L.S. Starrett Co., Atholl, Mass.) and
aligning the jaws visually from outside t.he vacuum envelope. All
crucibles were maéhined to close tolerances and were accurately
positioned as previously described. When the temperature-corrected
vessel lengths were subtracted from the measured overall dimension,

- the difference was found to be substantially independent of temperature.
The two ends of the unit, designated as '1" and 21 did, however, have
slightly different orifice-collimator distances:

d;=9.10 £ 0.0l cm,

d, = 9.08 £ 0.01 cm.

The collimator diameters were measured to e%trerne precision
at room temperature, using a calibrated traveling microscope
(Pantechnical Mfg. Co., Berkeley, Cal.), ‘Their images were circuI.ar
within 40,13 percent. Mean values were téken of five different
diameters, each one measured twice. These gave for radii,

r;=r,=0.553, + 0.0002 cm.

2
No temperature correction was necessary, since the defining collimator

disks were protected from excessive heating.

C. Preliminary Experiments

A number of investigations were carried out parallel with the
development of the eqtiipment in its final form,

The design of the furnace and of the effusion vessels was
-é.rrived at following many observations with the optical pyrometer of

the temperature at various locations in dummy crucibles. Because of
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difficulties in obtaining optimum cdﬁditions for optical pyrometry, it
was not possible to rely heavily on the 6bservations; however, it
appeared that temperature variations over the length of the 'cru..cibles
used were not more than a few degrees, Similarly, apparent
“temperatures of the orifice-bearing face and of the interior read
through the orifice gave, upon correction for emissivity, values
which were close together,
. Thermocouple performance was exhaustively invéstigated.

The absence of protective tubing near the point of emergence from
the crucible exposed the thermocouple wires to p'oisbning.by materials
evaporated from the furnace at very high temperatures, which effect
actually fixed the upper temperature limit of operation of the
equipment. Thermocouples used after‘thes’e trials were completed
were not subjected to temperatures within 200° of that ét which emf
deterioration was observed,

The thermocouples were calibrated in place by the use of
standard melting point substances. In the process it was 1earhéd
that the emf-temperature relatibn' was constant (within £5 microvolts,
or #+0. 5o C) with time, with removal and re;insertion of the thermo-
couple, with replacement of the crucible, with replacement of the
hot junction by welding, and even with replacement of whole lengths
of platinum or platinum-rhodium wire from stosc_ks on hand. A standard
ice-bath cold juﬂction'was used as previously noted; the resulting emf
values fell rather consistently about 10 uv or 1° below the values in the
standard reference table quoted from Roeser and Wensel25 by Weber.

In ordef to establish this conformity to the tabulated values,

melting points of gold,_ silver, aluminum, and tin were taken. Subsequent
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calibrations were made‘employing only gold and aluminum or gold alone,
the conformity over.'a range of a few hundred degrees being assured.
| Crucibles employed for the calibration were regular effusion
vessels but with the orifice foil left off; th‘er'r'n'oc'ouple' insertion was
exactly the same as in later vapor -pressure work. Pure gfa’.phite
thimbles 0.060 in. O.D. x 0.030 in. L D. x 1/8 in. long were used
to contain tiny pieces of the standard metals _for.me'd into an "L" ~shape.
- The thimble with its metal strip_wés placéd far ‘r;ack in the tantalum
crucible in the position of the vapor -pressure sample, then the
temperature was raised graduia,lly (about lo/minute in thé vvicinity of
the melting point) while an‘operator kept the thérinocduple
potentiometer circuit constantly in balance. Melting of‘ the standard
metal was observed with the aid of a small telescope, a window
temporarily replacing one of the shutter-receiver units and suitable
illumination being supplied by a 100-watt spotlight. |
Since observéd melting rather than thermal arrest was taken
for the melting point, .NBS-=;:a;1ibrated metal samples were not required;
nor are such samples suppliea in 't.he form of sheets s‘ui'tabhva"for this
micro-scale method. Therefore the best metals ‘available in this
laboratory were uééd, and were handled with extreme c‘.are té_avoid
contamina;cion. : Thé freezing points as tabulated by Weberz? Awere
adoptéd as melting tefnperatures. | |
| | Data pert’inent' to these metals are as sv‘e’mbled 1n Table II. . The
sample '""Observed E. M. F.'s at Melting', _taken from the caiibration
dai:a for the Type I crucible, is included to indicate the reliability of

the method.
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_Of the metals used, .the silver was not of as high purity as
‘desired, although its 'melting‘charact_ervistics appeared normal.
Aluminum appeared heavily encrusted after melting, presumably with
‘Qxide; hence its apparent melting temperature is not necessarily reliable.
_ This difficulty was never entirely overcome, even loading within the
ar_gonravfi.lled equipment; it may be attributed to outgassing of the
graphite thimble.

’Scatteﬁng and ineornpleteness of condensation of the effusant
were investigated b»y placing extra targets outside of the beam but
| in key pdsitiens to indicate these types of interference. Counting of
the targets always indicated alpha particle activity insignificant in
comparison with the amounts of material collected during exposures.

A conservative limit of 0.5 percent may be placed on the error so caused.

Table II
Standard Melt1ng=P01nt Metals Used in Thermocouple Callbratlon

Metal . u - Gold Silver  Aluminum Tin
: S5.S. White Handy-  Johnson-  Hiiger

. Dental Mfg. Harmon Matthey C

Source
Company _ v

Purity (Original Anal,) 99.99+% 99.99%  99.99+% 99.995%
Pur1ty (Spectrographic - . 99.99+% = 99.9%:; 99.99+%  99.99%
Anal. ® on Prepared Strips) 0.1% Cu
Melting Point”’ 1063°c 961°C  660°C 232° C

Thermocouple E.M.F,
at M.P., Ref. Table2b

Thermocouple E.M.F. at 10,285 9, 095 5.860 1.707

10.300 mv 9, 120 mv 5,840 mv 1. 710 mv

Meltings Observed--. -10.293 - 9,110 .. 5,860

Example 10. 295

Spectrograp}uc analyses were performed on the prepared
strlps, or solutions made from them, by the Spectrochemical Group

under Mr. J. G. Conway,
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IV. DATA .

A. Plutonium Trifluoride

All of the data reported in this section were obtained from two
samples of plutonium trifluoride, which are most conveniently
identified by reference to the crucible and chamber into which each

was loaded, viz.,
' Sample C-2,

Sample D-2.
(It will be noted that these designations coincide w‘ith those of orifices
listed in Table II) |

Sample C-2 was employed in expoeure series V and VI of a
group of vapor -=p1;essure runs originally designed to verify p'roPer
operation of the equipment, and series I-IV with sample D-2 §vere made
subsequently.r While bo.th samples were ruh in. Mtwin" eéuipment, only
sample D=2 was involved in cemparative measurements:. AmF3 sample
D-1, referred to in a follewing section, was run s'imulta_neously.

Each run de‘signa‘.tioh, e.g., "III'", refers to a particular twin-
vtype platinum collector disk, ‘fhe .furnace having beeh cooled and the
‘vacuum broken between runs for replacement of disks; Each individual
exposure is denoted by reference to the particular quadrant ef the
collector which was pleced in line with the beam, e.g., "III-2."

1. -Preparatioh and purity_. -=The samples used were taken

from a batch of several hundred milligrams of PuF prepared by

Mr. R. D. Mc Laughhn from a carefully purified Pu(IV) stock solutlon
The trifluoride was prec1p1tated from the aqueous system with hydrogen
fluoride, after reductlon of the pluton1um to Pu(III) with sulfur dioxide.

The prec1p1tate was air-dried after washing with acetone, then finally
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vacuum-=-dried at room temperature and stored under cover in ordinary
atmosphere, t |
Spectrochemical analysis, performed under the direction of

Mr. J. G. Conway, indicat.ed that the mater-ial was 99_. 9-i; percent
pure as regards cat’iontsv.. iAbpprox‘imately 0. 02 percent alum1num, 0.01
percent lanthanum, and 0. 02 percent magnesium vwer.er detecte.d,

A powder sample was sent to the X-ray Diffraction group
under Dr. D. H. Ternp_leton‘. lhe dilfractio_n pattern indicated a

single phase, with normal lattice parameters for PuF, (hexagonal).

30

2. Preparation for measurement. -~ Both samples were

handied and measurements were executed in the same manner, as
follows. | | |

The tantalum cruclble, after prolonged boiling in aqua regia
and r1ns1ng in water,v was placed 1n a vacuum furnace and held at
about 1500 C for an hour After a suitable cooling per;od, the crucible
was removed to the dev1ce~set up l‘or orifice measurement, and two
traclngs were made as described -preyv.io_uslyv. Earlier experiments
" had indicated that orifice dimensions did not change subsequent to a
single f1r1ng ' M o |

The sample, an :estlmatedll m1ll1gram of PuF3 powder, .was
loade’d into the cruc1ble 1n air, and the gasket and set-screw were
assembled f1rrnly . Exterlor surfaces we.re checked for alpha activity.
The furnace=coll1mator assembly was rem0ved to a fume hood from
the vacuum 11ne, the latter under a contmuous flow of dr1ed argon

'whlle open. The cru’c1b1e was frxed into place in the furnace, the

thermocouple junction was installed, then the assembly was returned
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" to the vacuum line and swept Qvith a,I.'gon; .Aftcla.r a brief purﬁping down,
the systém was flushed a second time with argon before the final
evacuation was beglin.

Following prolonged pumping, drdinariiy oV_erhi'ght, the furnace
was heated very gradually to operating temperatures. This 'operation'
normally requi.red four hours or more. ‘Equilibration“ from a few )
minutes to half anvhour préceded each ré.corded.exposure.

Manip_ulatiohs for makiﬁg exboshres have been described in
an earlier séction. After the four quadraht; hady been exposed; the
system was allowed to cool at least two hoars before opening for
removal and replacement of receivers. Pumping dowﬁ fc.>rvs'u.b:sequent
runs followed the same routine.

Receivers were cut into separate quadrants and counted for alpha

activity as previously noted. Over 10, 000 counts were recorded

for all samples, many times this number for the most active ones.

3. The numerical equation, == In addition to ._physical constants
-~ and consyta_nt‘s of the equipment, the Effusion ‘Equatio.n I1-(12) contains
certain numbers pertaining to the sample itself, namely the molecular
weight and composition of the effusant and the alpha decay constant of
the pluﬁ:onium.

Brewer; et al. 2. have .employed thermodynamical calculations
t§ show that PuF3(g) is stable against .dec‘ompbsiti‘on af temperatures far
in excess of the maximum encountered here. The "exte:ndéd'temperature
v rahge covered by Si}npson,. et g,_lal, with no anomalous curvature in the
plbt of log p vs‘ 1/‘T, indicates that t.he cémpositién of the effusing

species does not vary detectabiy with temperaturé; nor is the existence

of a dimer at these high temperatures energetically very reasonable.
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, He’n_.cre‘ther molecular formula P-uF3;,f‘6r t_he_effusant_ may be assumed
with confidence.
This formula fixes the number n in Equation II<(12): n.= 1.

‘ The plutonium emplqyed may be regarded, to a close
gpp.r'oxvima.tion, .as pure isotope 239. Taking the atomic weig;ht of
this isotope as 239. 1,' and that of fluorine as 19.0, gives:

M = 296.1 grams.

: »"-"rquF-3 S SRR
The best value for the half-life of Pu%39 is taken from Hollander,
Perlman, and Se‘aborg'zl8 as:

- --Tl/Z = 24,400 years.

From this is calculated the value of the decay constant:

Ap,239 = 3.253 x 10" disint/min/g-mole.
.Inserting all appropriate constants into Equation. 1fI-(12), and

including the temperature-correcting function for orifice area, yields,

7 VT [ 1000 -
996 + 0. 04T’
7 VT~ [ 11000

(C-2): p(mm ‘= 7.65 x 10
(D-2): F"(mmﬁ_ 2 638 % 19_ B 996 + 0. 01471

) Tt

~ 4. Data and results. -- Table III includes for each exposure the

measured coun’t;i‘ng‘_ra‘t_e,_ the measured exposure time, and the absolute

temperature as computed from the thermocouple emf by the use of

the table supplied by Weber?(): and the appropriate calibration

correction. Shown also are. the values of the vapor-pressure computed

‘by thev equations\ gi\{gn i_n the preceding par‘jajgvr_aph,' and the correspond-

ing values of log;lO, P.(mm) apd-104/'If for purposes of plotting the data.
A_‘convven_tionall- 1_31°t of log p vs. 104=/T for PuF3 is given in

Fig. 8., The experimental points obtained from Table IIl have been

numbered in chronological order, no other distinction appearing justified.
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The solid curve is the best-fitting straight line, The straight line
fitted by Simpson, et al, 1 to their data over the same temperature
range coincides almost perfectly with this curve.

Derived quantities will be presented under Discussion of

Results, Section VI.

Table IiI
The Vapor-Pressure of Plutonium Trifluoride: Data and Results
Exposure c{c/m) t{(min) T(°K) p{mm) ldg P -IO‘TTT
(Sample C-2) .
V-l 999. 10.00 1413  2.827x 107> -3 4+.451 7.08
T aV-2 333.9  20.00 1338 4.61x107% 4+ .664 7.47
V-3 176.6 50.00 1280  9.53x107°  -5+.979 7.8l
V-4 47.7 100.00 1214 1.255 x 107> -5 +.099 8.24
Vi-1 245.7 50.00 1292 1.332x10°% -4 4.124 7.74
VI-2 329.0 20.00 1335 4.53x107% 44 .656 7.49
VI-3 683. 10.00- 1393 1,921 x 107> -3 +.283 7.18
VI-4 1031, 5.00 1444 5.90x 107> -3 4.771 6.92
(Sample D-Z)*
1Al 1105, 5.00 1392 2.143x1073  -3+.331 7.18
1I-1 1579. 5.00 1414 3.084 x 1073 -3 +.489 7.07
1I-2 911, 10.00 1360 8.73 x 1074 -4 +.941 7.35
11-3 267.3  14.50 1302  1.730x10°% -4 4.238 7.68
M-l 2615, 15.00 1385  1.686 x10™° -3 +.227 7.22
II-2 819. 30.00 1311 2.572x10°%  _4+.410 7.63
IV-1 - 143.0 15.00 1274 8.86 x107>  -5+.947 7.85
V-4 1369, 4,00 1412  3.340x 107> -3 +.524 7.08

%
‘Certain quadrant numbers are not included, either because

technical difficulties prevented making the exposures, or because the

temperature was set so low as to render accumulation of countable

amounts of activity impractical.
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Fig. 8. Vapor-pressure of plutonium trifluoride.
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'B. Americium Trifluoride

‘The data on AmF3 are also based upon two safnpiés. The first,
designated as sample D=1, was run simultaneously with PuF3/,' sample
D-2, in use of the equipment as a twin, in exposure series i-IV.

The second sample of AmF ,, designated as sample E, was
run after the equipment was modified to include the single-chamber

“effusion crucible, the multiple receiver unit, the charcoal trap and
dry-box, all described in Section III of this paper. All e;:'posdres to
Sample E were taken in a single heating, in series V.

' Exposure numbers in series I-IV refer to quadr'ants’a‘s
. before. In series V the numbers refer to receiver plates stacked
- ‘consecutively in the magazine.

1. Preparation and purity. -~ Americium trifluoride and

americium being the p'rinc’ipal subjects of this work, their p’feparation
and‘characterization wiil be descrvibe‘cfl iﬁ detail.

According to Hollander, Perlman, and'Sévaborg,28 the
is-o‘cope-Am241 acéOmpa‘nies plutonium in prolonged neutron-irradiation

of uranium:

238 (n, ) 0239,

239 - 239
Zm> NP

. 239 B~ .. 23

Np??? 2_..p§_d_> Pu®?;

Pu23‘9 (n, y) Pu240;

'Pu240 (n, y) Pu241;-

241 @B- 241
Pu Am .
TT—"y >

The americium so produced is essentially isotopically pure.

18]
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A solution .of americiqm_-_rl;it:t"ap_g, separated from the bulk of the
.- accqmpanying;plu_tonium; but conta_in%ﬁg some Pu(IV), iLa+++, Fe+++,.
~and other impurities, was received by this.laboratory in 1951, Its
purification was undertaken at the time of receipt by Dr. B, B.
Cunningham, Dr. _.I._,C. ~Wallmann, and Mrs. . R. Heppler, employing
..,a combination of precipitation and ion-exchange reactions. The
\am_éricium trichloride sol‘utio,.n-.whi,ch resulted has served as stock
for both nuclear and chem-ical'ex'pe-rimehtatvion,' -and is the source of
"the americium used in the present measurements. -

A recent specfrogr‘aphic analysis of a sample.taken from this
stock indicated the americium to be.;94. 6 percent pure, indicating
contamination of the solution since its purification in 1951, Impurities
of aluminum (0.1 percent), .cal.c‘iu‘r_p;: (0.1 Pe»r'cept)},ﬂ.-‘inron (0. 02 percent),
lanthanum (0. 2.percent),.and plutonium (5 percent) were founci, in
addition to an estimated-trace, of tlue-N}f’)'Z?’-'7 daughtér of .Arn':241.

The solution remaining on hand at the time this work was under-
fake_n contained approxizﬁatély: twenty-three milligrams ‘of americium.
‘'The estimated purity being somewhat beiow that desired for physical
measurements, a ;j.ep‘lir_i'fica\,tion prozgi-"am was drawn up for the entire
stock.

After conversion to th-e': .nifrévt‘e,.jfche Am(III) was oxidized
electrolytically to Am(VI), t‘his_:step being performed by Dr. S. R. Gunn
in a system developed By,him‘; 2? Overall efficiency of the oxidatioh
was about 65 percen’t? as judge:d by the americium hold-up on a Dowex=50
(Dow, Cher_n-.ical Co, ,: Midland, :Mich. ):cation-exchange i'e-sin column

employed next. The column, operated at 2-3 M HNO3, effects a clean
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separation of tripositive ions such as LaH_"I- and Am*tTt from Am(VI).

In order to hold americium los-ses to a minimum, _all of the
wastes from the oxidation and first column pass were combined,
converted to the chlor1de inl2.5 M HC1, placed on a second Dowex-50
column, and washed through w1th 12.5 M HCl The elut:rlantﬂwas |
carefully momtored for amer 1C1um, so as to effect a separation
’from lanthanum based upon the d1fferent elution rates.

| The amerlcium fractions were cornb1ned and subJected to
.further chemistry for isalation from‘plut.onium and‘ neptunium. The
final product’was assayed spectrographi’cally and radiochemically.

: iTheI overall yield of americium .vvas‘ 95 3 percent, considering
analysis samples as losses.v The purity of the final p.roduct was 99. 8+
:percent as regards cat1ons, ‘the 1mpur1t1es detected be1ng alurn1num
(0.1 percent) anld iron (0. 05 percent)

An estimated 10 8 mg of the remainlng Zl 8 mg of purified
" americium vvas precipltated as AmF3, us1ng aqueous hydrogen fluoride.
v.After several washe.s with dilute hydrogen fluoride and water, the
prodﬁuct )wa—s washedtwice with acetone and_let stand in air to dry. About
'lr‘percent of the amerilcium.was lostl in the precipitation and washes.
Estimated purity was 99. 8"percent
o The X- -ray d1ffract1on pattern obta1ned on a sample of the
product 1nd1cated a 51ngle phase, thevlattlce parameters belng normal
for AmF ((hexagonal)

This mater1al was not vacuum dr1ed as was the plutomum trifluoride.
Instead, efforts were d1rected at vacuum drylng each sample 1n the
early stvages of each vapor -=pressure run‘-and»of each m‘e_talepr‘oduction

run described in a following section. Americium trifluoride samples
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D-1 and E, of an estimated 1 mllligram each, were taken directly
from this stoc‘k.‘

2. Preparation for measurement, == ArnZF3 sample D-1 was

’ handled'in,essentially the same ‘marlner_as was lts“ mate, PuF,
sample D-2, described previously-r..l | |
Sample E requ1red some changesﬂ m~ techhlciue occasmned by
the changes in equipment. | ‘The newly 1nsta11ed charcoal trap was
baked at 400° C under high vacuum for several days, and the glass
envelope was then flamed with a hand torch. After the fur.nace-=
collimator unit was degass‘eduby heatihg, it was neverv_ again exposed
"to atmosphelre other than dr.ied argon, either vin the vacuum line or
~ when in the attached dry-box for load1ng and unloadmg During
storage periods between runs the furnace was kept in the vacuum
- line with the pumps operatlng coht1nuot1s1y | |
| Crucibles of Type II were deS1gned and bu11t ‘the f1na1 form
adopted as the result of further exper1ments with thermocouple insertion
‘and protect10n. Vapor =pressore.measure‘ments were resqmed after
satisfactory performance was i.ndicayted by the ternperature calibration
experiments. - | - | | |
Crucible E was cleaned and fired and the 'vorrific'e rheasured as
v.'des’cr.i.b’e’d'for the VPuF3 runs, it Was placed in the. dryebox under argon,
however, immediately after rneasurernent. Loadlng of the AmF3
sample; of an estimated one milligram or less, was executed within
" the dry;box. The routine of an 1n1t1a1 pump—down, followed by an
argon flushlng while the receivers were 1nstalled then a prolonged
‘pump=down before 1n1t1at1ng the .run., was carr1ed out as 1n_ the

previous cases.
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The early staées of heating were pursued with care, on
account of the sﬁspected incomplete pre~drying of the sample. The
advantage in pui'nping speed afforded by the charcoal trap per mitted
a more rapid later approach to operating temperatures in spite of
outgassing of the alundum furnace éleeves, 'so that the total warm-up
required less than four hours.

Detéiis of exposure and counting of the single-type receivers
ha?ve beeﬁ outlined. All plates, ".’totailing.,.frioi'e than 10, 000 registered
alpha decay events, were cbunted, although a group of the more
active ones were permitted to. a,ccumuléte over 100, 000 counts in
order fo determiné tile effect of stat‘istica,l variation in counting rate |
upon the écattering of the data. - Coincidence corrections were applied
to all‘v cbunts of 5., 000 c/m or more.

3. The numerical equation. -= The same energetic considerations

which justified the assumption of the single gaseous species PuF3
apply here also,. since the plutonium and americium tripositive ionic
radii are not far apart.

The formula AmF3 fixes the number n:

n=1.
. . . 241 .

Taking the atomic weight of Am as 241.1, and that of fluorine

as 19.0, yields:
MAmF3 = 298.1 grams.
The best value of the half -life for Am241 obtainable from

-Hollander, Perlman, and Seaborg, 28 is:

T1/2 = 475 years.
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From this is computed the decay constant:
Mo =L 67_1 x 1077 disint/min/g-mole.
- The effusion equation embodying these and the other appropriate

constants, reads,

) . _Cf‘ 1000
(D-1): p= 1. 327 %10 ~ - — [996 + 0. 014T]

(E): p=0.841 x 10 — -'[996 0. 04T

" 4. Data and results .- Table IV glves for amer1c1um trifluoride

the same data and computed results listed in Table III for plutomum
trifluoride.’ | o

The po1nts obtained from thls table are plotted in Flg 9,

series I-IV as c1rcles,' series.V.as crosses. The two sol1d curves

are the best =fitting stralght lines to the respectn}e groups of'lpomts,
the fit is improved by a shght downward concav1ty | The dashed

:‘curve is the "straight line of M. E" Jones;—4 1nc1uded for comparison.
- Derived quant1t1es w111 be presented under D1scuss1on‘of

Resuits, Sectlon VI.
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Table IV

The Vapor-Pressure of Americium Trifluoride: Data and Results

Exposure - c(C/m) | t(min) T(QK) p(mm) log p 104/'55

(Sample D-1) : 3
1-3 7, 280. 3.00 1392 1.183x107° -3 +.073  7.18
-1 10, 530. 3.00 1414  1.725x 107> -3+4.237  17.07
-4 8,246, 7.83 1360  5.08x10%  -4+4.706  7.35
11-3 2,796.  13.00 - 1302 1.038 x10"% -4+ .016  7.68
Wl 24,470, 13,00 1385  9.15x107% -4 4.962  7.22
-2 8,783,  28.00 1311  1.486x10% -a4.172  7.63
111-3 791.  30.00 1233  1.213x107° -5+.084 8.1l
II-4 34,9 30,00 1140  5.15x107  -7+.712  8.77
-l 1,284, 13.00 1274  4.61x10"° <5+ .664  7.85
Iv-2. 77.1  30.00 1160 1. 150 x107° -6 +.061  8.62
V-4 7,344,  2.00 1412  1.803 x107> -3+.256  7.08

(Sample E)
V-3 21.0 10.00 1145  5.90x10°'  -7+.771  8.73
V-4 805. 5.00 1275  4.77x107°  -54+.678  7.84
V-5 5,198.  3.00 1363 ., 5.30x107%  4+.724  7.34
V-6  36,710.  2.00 1469  5.82x107> -3+.765 6.8l
v-7 11,000,  2.00 1414 1.710x10"> -3+4.233  7.07
V-9 3,284, 5.00 1330  1.984 x10"% -a+.208 7.2
V-1l 248. 10. 00 1216 7.18 x 107 64856 8.22

7

V-12 22.3 . 20.00 1126  3,112x10°' -7+4.493  8.88
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Fig. 9.  Vapor-pressure of americium trifluoride,
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-53.

C. Americium Metal

Two runs with e]lementary_americium were made, Run I on
‘Sample L and Run II on Sample K, both in the single-type equipment.

1. Preparation and purity. ~= The metal samples were prepared

individually .from portions of the pure americium trifluoride, by a
mefhod ih common use>for‘ microgram-to-milligram-scale metal
production. The technique is due to Baumbach and Kirk, 30 and is
déscxv'ib.ed in detail by Fried and Davidson. 311

The AmF3 reduction is effected by the following reaction,
which was carried ovufc in this work at 1100° C:

2AmF, + 3Ba - 2Am + 3BaF;.

3
Tﬁe, a_mveficium trifluoride charge was lightly tamped into a
fin? crucible of sintered t}lofia. This, with a thin thoria platf_e for a
lid, Was piaced inside a larger crucible with a piece of carequy cleaned
Bé_rium; tﬁen the outer crucible was closed with a.tight ~fitting conical
stopper, and the entiré assémbly was fired in a“vacuum vfurnaceo After
pumping dpwn for an hour, the loaded charges were warmed very slowly '
to drive off trapped moistﬁre and gases before firinig for the reduction.
'The outer crucible in which Sample L was prepared was made of
sintered beryllia, while thoria wa.é used in 'rnak:ing Sample K. The
thofia behaves thé same as beryllia in this application, but has far
sui;erior mechanical strength. Use of thoriaiinner cont‘ainevrs has been
found‘tov yield less contamination of the product on a mole basis than
is the case with‘ sinter‘ed beryllia., The ceramics were baled at
_117000 C for two hours in high Vaéuum immediately before use.
The americium metal appeared in each case as a sing‘]i_.eA,

shiny, approximately hemispherical button, adhering tightly to the
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wall of the inner crucible. 'Meas:t;rerfxent of the dimensions under low
magnification, using an eyepiece micrometer, indicated that Sample

" L weighed about 400 micrograms and tbhat Sample K was over a milli-
gram if the density was. about 10 g/cm.3. | Because the éleaniﬁg ’
operations were part of a caréflilly planned regirhen 'prec>ed'invg

vapor -pressure measurement, they’ will be desbcribe‘d‘in that
connectionﬁ the purity achieved, as determined.s'prectrographic::ally

on a piece cut from Sample K' after clé.az-iihg, wé..é 99. 8 percent.
Contaminants found were: aluminum (0. 16 perceﬁt), calcium

(0. 02 percent), iron (0. 02 percent), maénes'ium ((0.‘02 per cenf).

2. Preparation for measurement. == The entire furnace,

collimator, receiver, and vacuum equipment having been maintained
at high vacuum almost continuously for many .days follov;/ing 'AmF3
Run V, no special prep.a_ravtion.s were undertaken beyond. a briéf
flaming o.f.the glass envelope. By the time of the fifst méfal run,
the charcoal trap had been cycled many times between 400° C under
atmospheric préssure of argon and =19OO C at higﬁ vacuum; the
argon-filled dry-box had been in continuous opefation for over a
month.

The two runs were conducted in essentially th-e‘sarhe manner,
The tantalum effusion vessel was prepa_l;éd and t}Al.e ’o.r-ifice rﬁeasured
as described previousiy; this time, hdwever, the vachun»].fiAring was
of more than four hours' duration, ’arl1d- was followed, after‘ the‘orifice
measurement, by a second firing for over ohe ‘hour. The veésel was
stored in high vacuum until loading time, when it W.a.s‘transferred

quickly to the argon atmosphere of the dry-box.
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Cleaning of the americium sample was performed manually,
ﬁsing steel forc‘eps and shérbéned ftingétgn wi-fe'fqr s.c.raping‘under
tolueﬁe. The oper'ati_on was very painstakiﬁgl? do;1e, going over the
entire surface many times, with.severé.l replacements of the immersion
liquid, untilvthe sample appeared as a flawlessly shiny bead under
low magnificatibﬁ. Much metal was cut away where t_hehbutton had
vbeen fused to-its containe‘r in reduction, so as -to insure against
local contamination. |

The saniple‘v was trénéferred, still under tolueﬁé, to the dry-
box where it was removed, dried on lens tissue, .exa‘-m'ined, and
placed in the effusion veSsel,_ The latter was cloéed, the thermo -
couple was inserted_? the apparatus was assembled, flushed,.
evécuated, flushed again during receiver installation, and pumped
dofvn for several hours, all essentially as described under AmF3
Run V. |

Initial heating was conducted with extreme caution so as to
avoid reaction of the metal with traces of toluene or oxygen. - Pressure
was maintained at less than 10-6 mm throughout this period.

. The exposures were executed withput undue delay, once
operating tel;nperatures were reached, so as to minimize the period
of reaction of the molten charge with even minute amounts of
atmosphere. The maximum external pressure in Run I (Sample L)
was 5 x 10‘_6 mm; in Run II (Sample K}, 3 x 10‘=6 mm, In each cas.e
the average pressure throughout the run was (1-2) x 10“6 mm.

Counting of receivers for alpha activity was conducted as

. before, totalling at least 13, 000 counts for every one.
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3. The numerical ecjuatibn. . ;I‘hé éff&één’c 1s ;"ega:rded with
“confidence as monatomic amer1c1um gas,b i{éﬁcé, | o
. 1.;., ) :

M =/241.1 grams; |

= 1671 x 10 P disint/min/g-mole.
. These aﬁd the other >app1.'opri‘ate. constants deterfnine.tilé .nl;l"n(ver'ical
effusion equation,. ‘ ' o
(L): p=1.800x10"2. C—t-‘/_-T- : '[79—(9—6—1-5_9‘-)(%()—1?14;

. -8 VT 1000
1.920 % 10 =+ == ‘loge=oomaT !~

(K): p

-4, Data and results. -- Table V gives for americium ‘the

same data and computed results listed in Tables III and IV for
PuF3-.and AmF3-, respectively. -

The points obtained from this table are plotted in;F*i"g.".‘lO,
Run I as circles, Run II as crosses. The two solid curves are the
best-fitting straight lines to the respective groups dfv"'points; the
~dashed curve is a linear extrapolation of the calculated curve of
Erway and Simpson, % inclided for comparison.

Derived quantities will be presented under Discussion of

Results, Section VI.
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Table V

Data and Results

Exposure c(c/m) t(niin) T(OK) p(mm) log p 104/T

(Sample L)
I-2  39,970. 1.00 1453  2.699 x10°° -2, +.431 6.88
1-4 44,390, 2.00 1416  1.480x10°° -2, +.170 17.06
1-5 23,660, 5.00 1313 3.044 x10™>  -3. +.483 7.62
1-6  15,800.  12.00 1233 8.22x10"% .5, +.915 811
1-8°  3,771.  25.00 1151  9.10x107°  -5. +.959  8.69
I-9 686, 50.00 1043 7.89 x 1070 -6. +.897 9.59
110 1,885,  25.00 1103  4.45x107° 5. +.649 9.07
I-11  11,380. 15.00 1212  4.69x10"% 4. +.671 8.25
1-12  42,960.  10.00. . 1300 2.75x107° 3. +.439 7.69
I-15 73, 600. 5.00 1375 9.68x% 107>  -3. +.986 7.27

(Sample K) ‘ .
II-2 1, 599. 5. 00 1171 2.074 x10™% .4, +.317 8.54
-3 10, 040. 5.00 1269  1.354x107° 3. +.132 7,88
II-4 16, 280. 2.00 1343 5.64x107° 3. +.751 17.45
II-5 57,510. 2. 00 1422 2.049 x10™° -2. +.311 7.03
-6  22,270. 2.00 1367  7.79x 107> 3. +.891 7.32
1I-7 9, 930. 2.00 1307 3.399 x 107 -3. +.531 7.65
-8 -3,321. 3.00 1229 7.36x107% -4 +.867 8.14
11-9 906. 5. 00 1150  1.166 x107% -4, +.067 8.70
II-10 5, 820. 2.00 1280  1.972x 107> -3 +.295 7.81
II-11 37, 160. 2.00 1399 1.314x10"° -2, +.119 7.15
1I-12 79, 560. 2.00 1446 2.861 x 10" 2. +..457 6.92
13 7, 264. 2.00 1301 2.481 x10™° -3, +.395 7.69
11-14 1,479. 4.00 1171 2.399x10°° -4, +.380 8.54
11-16 10.00 1043 8.53 x _10‘=6 6. +.931 9.59

139.
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V. UNCERTAINTIES
A. General

.It is convenient to éonsider érfoi's -and ﬁncertaint.i‘e.s ‘in two
groups: those arising out pf failure to con.foi:'r.n "‘co the idéai éonditions
listed in Section II, and fhose arising out of the fr;;eaSurements due to
fallibility of the worker and his measﬁfing devices. Further distinction
is made between errors affecting the ”magnitude”( of the vapor -
‘-pr.e'ssure, i.e., reSultin-g in verficai'disﬁlécemeht of‘the log p vs.
104/T'curve, and those affecting thé ".'slope“ of that 'c‘u;r\‘/e( and thus
~ the heat of vaporizafidn. | | .

Those sources of error which were cornrhon to all the vapor-
pPressure measurements will be discuséed in this secli':yion; Pé_‘ragraphs
lto l‘l below, and their captidns, conform to the listing of ideal
effusion conditions in Section II. Pa.ragraphs 12 to 14 relate to errors
in the measured values of terms in the Effusion Equation II-(12).

‘1. Temperature uniformity. -- Efforts to maintain all parts

of the effusion chamber at t'erhperat‘ures sli‘ghﬂy higher than that of
the sample have been described elsewhere. Fé.ilu,re 'to' find evidence
of transport within the crucibles upon examination subsequent to the
runs may be cited in support of the optical pyrofnetervrfihdingé; that
these efforts were successf'ul.' It seemsk certain thaftheirnaximum
temperature variation from place to place within the vessels was
less than‘5° C, excepting 'pe.rhaps the edge.s of the orifice. The
resultant magnitude’ uncertainty should be considerably léss than

+5 percent,
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2. ‘Evaporation surface area. -= There is different evidence

relating to this condition for each of the substances measured;
hence the discussions will be postponed.

3. Orifice condition. -= A systematic error in effusion

~of at most 0.1 percent below the ideal may be attributed to the
orifice profile. This is a '""magnitude' error.

4, Mean free path within vessel, -- Vapor -pressures did

not exceed about 3 x 10“’2 mm in any of the experiments. At these
pressures and at terhperatures near 1400° K, the mean free path
is computed23 to be of the order of 1 - 5 cm, far larger than the

orifice dimensions,

5. Effusing sEecie_s. =-=-Thve possibility of vaporizing
foreign species as a result of contamination will be ‘disc‘;u_‘ss.e‘d later.
Pﬁenorﬁena such as decomposition and dimer‘i:zation have been
ché.racterized as highly uniike_ly, rendering the molecular formulas
3 AmE .
in this pgragraph.‘

PuF and Am quite certain in the restricted sense intended

6. Mean free path outside vessel. =='At maximum envelope

pressures of about l0=5 mm Hg and at average temperatures near
400° K, the mean free path is computed to be ofi the or,der_of ten
~meters. In early experiments, targets placed so as to collect
scé.,ttered molecules showed only 0 - 1 ¢/m alpha activity while

at least; 103 c/m were t_réqqurted in the beam. ;The error in vapor -

pressure due to this cause is estimated to be less than 0.5 percent.

7. Condensation. -= The same experiments which denied
appreciable gas-phase scattering also indicated a very high general

condensing efficiency. In spite of the fact that interior metal and
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glass surfaces ‘were by physiologiéal criteria quite hot, they were of :
course far below furnace temperatures and apparently reflected a
negiigible_ fraction of the incident condensible molecules:

The term ""accommodation coefficient' is avoided in
describing this type of condensation; since it seems desirable to
reserve for that property some thermodynamic significance and to
assign it a numerical value in terms of well-defined experimental
conditions. Thus it is claimed that the:'"condensing efficiency' in
this system was >99.9 percent, in the operational sense that no
appreciable activity was collected on targets Iplacved outside the
collimated beam.

Condensing efficiency of the platinum térgets was-also high.

In early experiments a secondary target was used 6n thé back of the
shutter; after the second americiurﬁ metal run waslmade, the back

of the shutter was swabbed and the s"wab monitored for activity. In
neither case was reflection of as much as 0.1 percent from the receiveré
indicated. These conclusions are in‘agreement with the findings of
others who have used clean metallic targets for condensing metals

and inorganic salts.

. 8.. Collimator condition, -= No significant error can have

-resulted, since the collimators were accurately circular.

.. 9. Alignment. --Pains were taken to measure the effusion
orifice under proper alignment, within about 3°. Alignment of t.he
effusion device and the installed vessel was much moreé precise than
this, although the érifice plane may have been out of line with the
. crucible face by up to the same amount. The resulting "magnitude"

uncertainty is *0. 3 percent.
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'10. . Chamber inertness. --Simpson, et al. 1have reported some

early control work with tantalum and concluded that its use as.a
containing material for inbrganic halides introduces no error.

Control experiments with americium metal were impractical
on account of the limited amount of the element available; observations
. have been made, however, on other similar metals in tantalum, 5,16
with no contrary indications. It seems unlikely that the solubility of
tantalum in molten americium is sufficient to disturb the ac'tivit'y of

the latter by as much as 0.2 percent.

11. Composition of sample. -- There is different evidence

relating to this condition for each of the three substances meaSured;
- hence the discussions will be postponed.

12. Errors in measured quantities: constants. --The entire

first bracket of Equation II-(12) is excluded as a source of appreciable
uncertainty. Terms of the second bratket are next discussed one by one.

'The counter geometry factor g is reliable to xl.percent as
regards counter -to-counter variation in this laboratory; its absolute
ce,rtai»nt'y; is not better than x2.percent, however. The resultant
error is one in.'""magnitude',

. The uncertainty in measurement of the orifice area a due to
problems of resolution and optical distortion in the making of tracings
and to non-uniformity in the density of the paper images, is
. estimated to. be £0. 7 percent. 'This results in a "magnitude'’ error
in vapor -pressure.,

The uncertainty in the square ofv d, the orificeacollimatOr
. distance, is about %0.3 percent, includilvug errors in measuring the

length of the rail system, in fabricating the effusion vessels, and in
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positioning the vessels in the furnace. Since the collimator radius r
is much more precisely known, and since d‘z/r >>1, the uncertainty
in the entire term, (1 +d°/r") is also %0. 3 percent. This is an
uncertainty in "magnitude".

13. Prbpe’lrties‘ of the ché.rge‘. -«The squaré rob‘.c'o‘f'M, the

molecular weight of the effusant, is known to bettér than +0. 05 percent,

The decay constant A, derived from publiéhed half -lives, is
probably accurate to %1. 0 percent in the case of americiurh, and even
more precise than this in the case of plutonium. The resultant error
in the vapor -pressure is one in‘-”magnitude”.

14. ‘Raw data. --In addition to an uricertai_nt"y in counter geometry,
the measured counting rate is subject to a minor systematic uncertainty
‘inherént' in the coincidence cor rectioﬁ-. This is a functic;ﬁ of the counting
rate and therefore appears primarily as a small uncertainty in 'slope'!;
its maximum effect on the computed Vaporapressufe is about +0. 4 percent.

Random or statistical variation in countihg rate has been held
at £0. 7 percent (probable error) or less Dby counting more than 10, 000
alphasdecay events on every plate.

Uncertainty in exposure time is estimated to be +0. 2 second,
dde to the human error and the time réquired to turn the shutter
" control. In the shortest exposure, of one minute duratidn, thisv
random error is about £0.3 percent; in most exposufés it is much
smaller,

Systematic errors in chamber tempéfature, ‘as judged by the
behavior during thermocouple’ calibrations, were of the order of 1° C.
Errors in .ndeashring the thérmocouple‘ emf during runs were

comparable, while temperature fluctuations averaged much less than
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this, These statements apply, of course, to the temperature of the
thermocouple junction. During runs, variation in external conditions
might waxl‘*raht putting a random uncertainty of +2° C on the
temperature of the sample, which translates into £5 percent' of the
vapor -pressure,

1t Ic\:a.n be judged from the foregoing that the equipment
should be capable, in principle, of making vapor-pressure measure-
ments accurate in absolute magnitude to 6 percent of the vapor -
pressure; in the slope, d lbg p#d (104/T), to £0.5 percent; and with
lscattering of points about the best curve within 5 percent of the
vapor -pressure.

B. Plutonium Trifluoride and Americium Trifluoride

\X=»rary diffraction patterns obtained on AmF3 Samples D-1 and
Euafter completion of the vapor=preésure runs indicated conversion
to fthe oxyfluoride AmOF, severe in Sample D-1 but only minor in
-Sarﬁple E. The plutonium trifluOrideﬁsé..mples must be regarded as
having been similarly affected.

Two consequences of this conté.mination, its effect on composition
of the sample and reduction of effective eizaporating' surface area, must
be taken into consideration. There seems little doubt that both the
Pu.}3‘~3 and the Am}?‘3 measurements were actually made on samples
saturated with oxyfluoride, These compounds are plrobably much less
volatile than the _t_rifluorides, hence their contribution to the vapor
phase is insignificant. However, dissolving of oxyfluoride in the
trifluoride lowers the activity of the latter and thus lowers the vapor-

pressure. The extent to which this takes place at 1200° K is unknown

but must be small, probably less than 1 percent.
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The depletion of evaporating ‘surface area by'v;coating with
oxyfluoride appears negligible when the results "obtvai'ned on PuF,
are ‘compared with those of Simps’on,_f_t 21 1 The rlatte:r' workers
employed samples twenty to fofty‘ times larger than theseh," and
orifices essentially the ‘same size, yet obtained the same vapor -
pressures within the exp'e'ct'edv'uncertéihty.

The scattering of points about the best curves representing
log p vs. 104/T averages appl;oxirhately +5 percernt of the vapor -
pressure (vertical displacement), or approximatély £2° C temperature
" -uncertainty (horizontal displacement), for either PuF3 or AmF3.
Prolonged counting to reduce statistical variations in counting rates
“improved matters but little, as might be "expe"cted’. Thus the
average scattering actually obtained matches the maximum scatter -
ing expected of-the equipment. 'The discrepancy is nét'c.leta,rlir
-~ attributable to any single cause..

The appearance of the data and the foregoing treatment of
‘errors warrant the assignment of 'thé’fdllowing uncertainties to the
Pu»F3 and AmF3 mea.surem'ents: absolute vapor npres'sure's', :Eé percent;
slope, d log p/d(104/T), “£0. 5 percent; average scattering of points,
. %5 percent of the vapor-pressure, or +2°C in temperature.

'The occurrence of oxyfluoride contaminant in the trifluoride
samples prompts some reflections as to the possible cause and
appropriaté remedy.  Oxidation of Samples D-1 and D-2 was

primarily due to technical difficulties encountered dufing the funs.
Conduct of AmF,;, Run.V, with Sample E may be considered as

representative of this type of work, however, and it is fruitful to

base some comments on. this run,
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The amount of AmOF found in the AmF ., sample may be

3
crudely estimated as between 1 and 10 percent, containing between
0.03 and 0.3 microgr;am -atom of oxygen. It is c:alcul»ated23 that,
at 10“,15 mm externz}ltpre;sgre of oxygen, it would take from 15 to 150
hpurs for the_ r(uequiz‘_'ted ampunt of contaminant to enter the orifice;
thus it is vvclea,r that the source.of oxidation must have been present
when the effusion vessel was loaded and closed. This corresponds
to about two,;nigrqgr.am.é of oxygen or water impufi’ty. R
The admonition follows that the most impressive external
vacuum cannot insure against sample contamination if the techniques
of _p?e_p»_arationjqf the sample and vessel are not adequate. In fact,
it is instructive to note this striking contrast: .to produce a mono-
. m'olecglarl_llaye_r of oxide within a vessel of the type used -here requires
about ten hours' diffusion through the orifice at an external oxygen
- pressure of 10,6 mm, 100 hours at 10=7v mm; but may be accomplished
» by 0.04 microgram of oxygen as impurity in the sample. Efforts
were rpad¢ tqflminimi‘ze the possible sources of contamination in the
ha;rndling of americium metal.

C. Americium Metal :

T}xe_ p,r‘oble-‘m. of sample contamination is especially serious
‘when ’ghe sample is_a molten, extremely reactive meta‘l. Granted
that contamination was much léss_ in the metal runs than in the
trifluoride runs due 'go refinements in technique, it still must be
supposed that some oxide was present. Assuming the oxide to have
the formula AmO, the following questions ari_se:’

Is AmO more or less volatile than americium?

Is it appreciably soluble in Am,  ,?

(£)°



-67-

Is the reduction of evaporating surface of americium by

coating with AmO serious, éither by virtue of diréect exclusion

~or through the prevention of wetting and spreading on tantalum?

.The answer to the first question would appear to be; at most
vetry little more. It is a simple matter to compute the rate of transport
of material through the orifice as a function of .vapor-p'reésure, and to
shbw that reasonable amounts of an AmO phase would be exhausted
in the higher temperature exposures, with the result that subsequent
points would establish a new vapor-pressure curve at:a lower level.
This is not the case experimentally, |

The solubility of AmO in ameri¢ ium at 1200° K is u'nknown, as

is also.the degree of interference with evaporation. Unfortunately,

it was not possible to make any definitive observations on the samples

after heating, since sticking of the set-screws prevented‘ldcal access

and examination down the bore of the crucibles (after cutting away the
orifice foil) proved futile.
~Thorn, in effusion measurements made on a larger sample of

molten base metal, ‘émploying a more highly refined furnace and vacuum

.system and deliberately bleeding in oxygen to controlled steady-state

pressures, has demonstrated a marked dependency of the apparent
vapor-pressure upon degree of-contamination.‘32 If the americium
system behaves similarly, it'is not impossible that the vapor-
pressures reported here be more than 100 percent low and that the
slope, d log p/d (104/'1‘),, .be in error by more than 5 percent. On the
other hand,v for measurements which are subject to such gross
unc’értainties, the agreen"lent between Runs I and II would seem

fortuitous.
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- Validity.of ‘the present americium vapdr —pre'ss‘ures as

fundamental thermodynamic data depends upon elaboration of Thorn's

.. findings by specific experimentation on this eleément. It is highly

. desirable to obtain vapor -pressure me asurements under conditions such
-that the evaporating surface is 'continuou-sly-replénisHéd"méic‘hanically
and the resulting data are essentially independent of oxygen pressure.

The requiremén_ts of such an 'expe.rirn'ental progr’ém'on the
.americium supply will no doubt delay its execution somevtirnve, during
which period the present data may enjoy at least a temporz{,r'y' respectability.
The scattering and other aspects of the data alone warrant thevfollowing
_statements of uncertainty in‘the vapor -pressure of arnericium: absolute
vapor -pressures, 10 percent; slope, d log p/d(104/T)), +1 pe-rc;ent;
average scattering .of points, %7 percent of the vépor'-pres‘s'ure, or
+3° C.in temperature.

V1. DISCUSSION OF RESULTS

A. Plutonium Trifluoride ’

. The agreement between the present measurements and those of
Simpson, et al. 1 is gratifying. Because of the short temp“er}at"ure range
over which the data extend, it is futile to attempf to fit oth"er' than a
~ straight line to the points; the curve in Fig. 8 fits the equation,

log P(mm) = 12,018 - 20,520/T.
From this equation is derived a AH of sublimation constant with
. temperature:
AH((sublim) = 93,9 kcal/mole.
If the data are fit by a curved line employing a ACp of '

sublimation of =14 cal/mole/degree, 2 the-equation is:

log p = 37.119 - 24,625/T - 7.046 log T.
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This equation yields for the sublimation,

A 94.9 kcal/mole;

Hi273° x =
AH =112.7 kcal/mole;
-.AFO = 112,700 -169.9 T - 2.303 (-14) T log T.
Extraéolation of this curve to the melting point, 1700° K,
yields a vapor-pressure at the melting point of 0.75 mm Hg.

- Assuming a AH of fusion of 13 kcal/mole and a: ACp for evaporation
c_>f tbe %iquid of -16 cal/mole/degree, the vaporization equation is
derlved

log p = 39.12 - 22,500/T - 8.05 log T.
‘The extrapolated boiling point of PuF3 is obtained from the above
equations as:
- Ty = 2550° K.
. The AH and AS of vaporization at this temperature are computed:
AH oo 2550° K) 62 kcal/mole;
..'Asv('v.ap,- 25506 K) = 24 cél/mole/degree. |

B. Americium Trifluoride

The mérkedly higher values for thé vapor -pressure obtained in
‘this work, as compared with the data of .Iones,‘.1 are regarded as much
the more accurate. The difference is attribufable mainly to the use of
very thin orifice foils by Jones. Errors in the sarﬁe direction and of
zq-ough}ly fhe same rnagnitude were discovered in the preli1.'nina_ry work

3

with PuF uéing the same type of foil, and are explained in terms of
the obsérvatidn cited of gross vdistillation within the effusion vessel:
the very thin foil fails ,td maintain a temper'ature near that of the rest
of the cavity, due to inability of its co nduction to keep pace with heat

loss by radiation. Jones was aware of the necessity of supplying
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additional heat to combat this effect, and attempted to accomplish
this by winding his heating coil more tightly near the oriﬁce.
Although this precaution sufficed to prevent gross distillation in
his experiments, it now appears to have been inadequate to prevent
substantial errors in his results.

The displacement of the two curves.in Fig. 9 is approximately
equal to the thermocouple calibration correction for crucible E, which
had the abnormal value of 4° C. In the absence of more than
circumstantial evidence, however, correction of Run V on:this basis
is not justified; the absolute vapor-pressures on which the following
calculations are based are taken as the simple average between the
two best curves,

The points are best fit by curved lines. ‘Analy'sis of the
.curvature yields aﬁ estimate of the ACp of sublimation,

ACp <16 8 cal/mole/degree,

((subh ) =

in essential agreement with Brewer's2 estimate for PuF3.
Using the following estimated values:

.ACP(Subliin) = ;.14‘ caI/mole/degree;

TF = 1700° K;

AH((fu.smn)

ACp

13 kcal/mole and

(vap) = =16 cal/mole/degree,

" the fOllOWlng equatlons and functlons are calculated For sub11mat1on,
log p= 36 880 - 24, 650/T - 1. 046 10g T

AF = 112, 800 - 168, 8T. - 2 303 ( 14) T log T;

(sublim) ~

AH1?.73 K-~

AH_ = 112, 8 kcal/mole

= 95,0 kcal/mole,
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Vapor -pressure at the meltin_g;point,
| 1700° K; 0.42 mm Hg.
For vaporization of the liquid,
log p = 38.86 - 22,500/T - 8. 65.1og T.
Extrapélated boiling point; |
T, = 2690° K;

B

AR ap;, 2690° K) = ©0 kca_l/m.ole;

AS o) = 22.3 cal/mole/de rfee.
(vap, 2690° K) g

C. Americium Metal

Erway a'.nd¢Sirripsonb5 suggested that a systematic uncertainty
existed in their work with aﬁueriéium, owing to ﬂa lack of precise
knowledge of the activity 6f the americium in thé solutions employed.
This prébébiy’ explains the Bulk of t‘he displacement between tl‘1‘eir
curve and that of the present work, Fig. 10, although the preceding
discussion of uncertainties attendant upon the present méaéuvre.z.'nents
throws a shadow also on them,

While there is no experimental justification for weighting the
results in favor of Rur; Ior of Run II, the most important possible
‘source of error causes a decrease in apparent vapof-priessure;

~hence it may be prudent to base estimates of therr.nodv}vrn>ami;c"
quantities upon the second run. | |

The equation for the straight line determined in Run II is:

log p = 7.563 = 13,.(162/T.
This equation yields a AH vOf.vaporization independent of
‘temperature:

"AH, | = 60.2 kcal/mole.
(vap):
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A linear extrapolation leads to estimated values of the Bdiling point
and the entropy of vaporization:

: o
TB = 2810 K;

AS((va.i), 28100 K) =21.4 cal/mole/d.egree..

It is less naive to estimate a ACp of vaporization and baseé the
extrapolation upon this. Assuming,

ACp(vap) = -2 cal/mole/degree, .

based on tabulated value for the lower rare earths, the following are
computed:. For vaporization of the liquid:
log p = 11.092 - 13,700/T - log T;.

AF = 62,690 - 50.76 T - 2.303 (-2) T log T;

(vap)

AH = 60. 2 kcal/mole..

| 1273° K
Vé.por -pressure at the melting point, estimated to be 11000 K33
| | _ | 4.0x10-5mmHg,
| Ex__trapolvzvltec_iv boiling point:
Ty = 2880° K;
:AH(vap, 2880° K).= 5? kc»al/molve;
- AS((v;ap,‘ 2880° K) = 20 cal/mole/degree.

o Using the data at the melting point, and assuming a AH of
fusion of 2.5 1_<_ca_1/rnolek and a ACp of sublimation of 4 cal/mole/
degree, the sublimation equations can be Kestimated:

log p =15.04 - 14,700/T - 2 log T;

- - _ 4y PR

AF(sublim) 67,400 68.82 T - 2.303 (-4) T log T;
OH = 67.4 kcal/mole.

That the data may truly be in error is indicated by the estimated

entropy of vaporization at the boiling point, which is significantly lower

than that predicted by Trouton's Rule. An increase in the absolute
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vapor -pressure of 100 perbcent, ‘or in the AH of vaporization of about

4 peréent, would lead to a more reasonable value of the entropy.
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