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Foreword

BN

v L . . . .- .

The Mound Laboratory Activities for the Division of Physical
Research report, issued semiannually, replaces the previously
published quarterly reports, Stable Gaseous Isotope Separation
and Purification Report and the Mound Laboratory Chemistry and
Physics Progress Report. Under the sponsorship of the ERDA
Division of Physical Research, Mound is responsible for furnish-
ing material to be used in the physical sciences to further the
progress of science and technology in the public interest.
Additional research activities of related interest under the
‘sponsorship of the Division of Military Applications are also
published in this report.

This report is submitted by W. T. Cave, Director of Nuclear
Operations, and R. E. Vallee, Manager of Technology Applications
and Development, from contributions prepared by W. M. Rutherford,
Science Fellow (Thermal Diffusion); W. L. Taylor, Science Fellow
(Gas Dynamics and Cryogenics); G. L. Silver, Senior Research
Specialist (Separation Chemistry); R. J. De Sando, Advanced
Development Manager; and from members of the Isotope Separation
Section: R. A. Schwind, Isotope Separation Manager; E. Michaels,
Leader, Isotope Separations Development; W. J. Roos, Leader
Stable Isotopes Production; B. E. Jepson, Leader, Metal Isotope
Separation; R. M. Watrous, Leader, Radioisotopes Separation;

and V. L. Avona, Leader, Stable Isotope Sales. ’

Theése reports are not intended to constitute publication in any
sense 'of the word. ' Final results will either be submitted for
publication in regular professional journals or be published in
the form of MLM topical reports.

.+ . iR. E. Fitzharris, Editor

ot
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COMPUTER OPERATIONS

’

- COMPUTER OPERATIONS IN HH-BUILDING . . . . . . . .A.-.,. .

A multiprogramming computer system has been installed in HH-Building. Work

\ is in progress for the development of real-time, interactive, and batch
programs for a variety of tasks. The main effort has been directed toward
the implementation of system software, development of a FORTRAN IV real-time
task for mass spectrometer control, and development of a data base program
for inventory and sales information. ‘

ISOTQPE SEPARATION

BRGON « v v v vt e e e e e e e s

' Production of greater than 99.5% argon-36 has continued, and productlon of
argon-38 intermediate material was begun during this period. .

Approximately 1800 STP liters of greater than 99.95% argon—40 were produced.

One special argon-37 enrlchment was performed for the Unlver51ty of Bern,

; Switzerland.
CARBON . v & v v v e v v e e e e e e e e e e e e e e e e e e e e e e e e e
Carbon dioxide, grading 99% carbon-13 and containing 210.8 g of carbon-13,
was produced. Carbon dioxide, grading 90% carbon-13 and containing 88.0 g
of carbon-13 was also produced. =, ’
Methane, grading 97% carbon-13 and containing 13.7 g of carbon-13, was pro-
duced. Other methane, grading 90% carbon-13 and contalnlng .264.2 g of
carbon-13, was also formed. . .
Barium carbonate, grading 97% carbon-13 and containing 13.4 g of carboﬁ—l3,
was formed. Additional barium carbonate, grading 90% carbon-13 and contain-
ing 405.0 g of carbon-13, was also produced.
Elemental carbon, grading 97% carbon-13 and containing 20.1 g of carbon-13,
was produced. Further, elemental carbon, grading 20% carbon-13 and contain-
ing 51.0 g of carbon 13, was prepared.
puring this period, 115 STP liters of methane with a carbon-13 concent:aﬁiuu
* greater than 99% were produced.

A total of 2136 liters of heclium, grading 99.9% helium-3 was produced. Another

263 liters of helium, grading 99.98% helium-3, was also produced.
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KRYPTON . . . . . .

NEON

OXYGEN. . . . . . . .

SULFUR. . . . . e

XENON . . + « « « « .

The operating pressure for the four column, helium thermal diffusion system
has been raised from 2750 torr to 3235 torr. This change has resulted in about
a 23% increase in the rate of production.

Transport calculations have shown that a 3~1 column configuration gives optimum
results in enriching relatively low concentrations of helium-3 to product grade
and in enriching helium-4, high concentrations, to 99.9% helium-4 or greater.
When the helium-3 concentration is 80% or greater, a 2-2 configuration gives
about a 50% higher product rate than the 3-1 configuration. The helium thermal
diffusion system is being modified to take advantage of these characteristics
and will be simply convertible from a 3-1 to a 2-2 configuration, that is,

convertible from producing product helium-3 to stripping helium-4 out of the
stored gas to simplify storage.

. - LY . .« e e . - - . . .

Two batches of 99% krypton-78 have been produced. Additional intermediate
material is being produced for enrichment to 90% and 99% krypton-78.

Intermediate material is being produced for subsequent enrichment of krypton-
83 to greater than 70%. Two batches of greater than 70% krypton-83 have been
produced, and a third batch is approaching product concentration.

The thermal dlffu51on cascade formerly used to produce enrlched krypton- 82
is being converted for xenon-124 enrichment.

During- this period, a third batch of aged krypton depleted in krypton-85
was produced, and processing of a fourth batch was begun.

. . . . . . LAY .« . . . - . .« = o o . . . . - . . . . - « e . . . . .

.Neon-20 and neon-22 are being enriched to product grade in a four-column
systemnm. ’

There were 326.3 g of oxygen-18 produced as oxyden gas by electrolysis.

During this period, progress was made in two major areas:
1. Review and updating of the detailed design.
2. Start of project construction.

Start up is planned for mid-calendar year 1976.

. . - . - . . . - . . . . . . . . . . . . . .

During this period, three thermal diffusion systems produced the following
quantities of product: 1.4 STP liters of greater than 20% xenon-124, 0.76

STP liter of greater than 40% xenon-124, and 6 STP liters of greater than
80% xenon-136.

The purification chromatograph purified 2.8 liters of xenon, grading 20%
Xenon-124. Another 0.89 liter was purified, grading 40% xenon-124.
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BORON STUDY. ¢ . ¢ & « ¢ ¢« o« o o o« o o o o o

BAND

PULSE NMR STUDIES. . . . . . . . .

EXISTENCE OF PENTAVALENT PLUTONIUM IN THE ENVIRONMENT. . .

LOW TEMPERATURE RESEARCH

. - . . . . . . . .

Cubic boron crystals produced in a plasma torch at Mound Laboratory were
tested for evidence of superconductivity at the Naval Research Labcratory.
A sample was cooled to 0.03 XK and subjected to 100 kbars pressure and
then warmed up to 4.0 K. No superconductlng transition was observed in
this portion of the P-T plane.

METAL HYDRIDE RESEARCH

THEORY AND ELECTRONIC STRUCTURE . .. . . . . . .
The development of the self-consistent plane wave.Gaussian (SCPWG) computer
codes for ‘the calculation of electronic properties of solids has continued
along the lines of increased efficiency and simplified operation. The
present area of program development is directed at generalizing the com-
puter code, which describes the crystal symmetry, for calculating more
complex crystal structures. Also, efforts have been initiated to perform
accurate Hartree-Fock and unrestricted Hartree-Fock calculations of

. . . . . e . . .« . . . .

clusters of atoms rather than perfect crystals.

. . . . « s e . . . . . 3

The temperature dependence of the proton spin-lattice relaxation times (T,)
have been measured for five samples of VHy. In g-phase VHg, T, is mainly
caused by interactions with conduction electrons; whereas T, for B-phase VH,
provides information on hydrogen self-diffusion. The hydrogen diffusion
activation energy (Ez) decreases and the diffusion constant increases

with hydrogen contents for temperatures near the T, minima. Nuclear magnetic
resonance (NMR) measurements of FeTiH, from a different batch of FeTi suggest

the inhomogeneous proton line shapes are caused by the intrinsic magnetism
of FeTiHy.

. SEPARATION CHEMISTRY

Examination of plutonium formal potentials does not provide adequate reason
to reject the possibility of pentavalent plutonium in the environment. '

. . o« e . . .

PROBLEMS IN PLUTONIUM CHEMISTRY (II): PLUTONIUM AS A CONCENTRATION "CARNOT" FLUIb.

PROTACTINIUM-231 AND THORIUM-230 . . . . . . . .

The possibility of using an aqueous plutonium solution as a concentration
"Carnot" fluid is presented.

. . . - . . . . . . . . . .

A chipment nf 4N.58 g of thorium-230 was made to the Heavy Elements Isotope
Pool at ORNL at the end of June. Currently, there is a totai of 44 y vuf
thorium-230 on hand. Protactinium-231 totaling approximately.l1l00 mg has
been partially purified. Test operation of the two Karr, reciprocating
plate, liquid=liquid, solvent extraction columns has been initiated.
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STUDY OF THE -REACTION OF PLUTONIUM WITH BONE CHAR. . + + +v v v v v o v vv v v . 29
The adsorption of plutonium by bone char appears-to be much greater at pH
values near 7 than at higher pH values.

STUDY OF THE REACTION OF URANIUM WITH BONE CHAR. e e et e e e e e e e e e 35
The removal of uranium from waste streams by contact with bone char is

studied along with the mechanism that involves the reduction of uranium in
solution to ultra low levels. In addition, experiments were performed to
determine the change in the removal effectiveness of bone char with respect

to the adsorption of uranium from neutral and alkaline agueous solutions.

THORIUM-229. . . . . .

e !

A total of 14.83 mg 22°Th has been separated from aged 233U during this
reporting period. In addition, repurification of the 1.68 mg previously
reported resulted in an increase to 2.85 mg. The total gquantity of 17.68
mg is - available for shipment. O0Of this amount, 11.04 m? is high purity
22%7h, which was obtained from previously processed 23%y. Final purifica-
tion was. accomplished by an anion exchange resin.

URANIUM-234. . . . . . .

T o & §

Analyses on product Al13-2 were completed, and the product was shipped on
June 18, 1975.

Recovery solutlons from Batch Al3, containing an estimated seven grams of
3%y, ‘have been prepared for recycle through the final purification step
Three uranium concentrates, containing an estimated three grams of Z34y,
are being prepared for the 1ntermed1ate Eurlflcatlon steg One solution,
containing an estimated four grams of U with 11.4 g 8 pu, has been
prepared for the initial purification step. Approx1mate1y 100 liters of .
waste solution, containing '‘an estimated 65 g of 23%7, has been concentrated
te a volume of eiyht liters with an initial separation from 23°®Pu and is
ready for preparation as feed to the intermediate.purification step.

SEPARATION RESEARCH

CALCIUM ISOTOPE SEPARATION . . ; e 4 e e e s e s ee s e e e e e e

o« e e . . 43

A prototype chemical exchange system for enriching calcium isotopes was
operated at total reflux using a Karr, reciprocating-plate, extraction
column and the calcium-dicyclohexyl 18-crown-6 isotope exchange réaction.

LIQUID THERMAL DIFFUSION . .. &« « « « & o o o o« o o o o v o & e e e e e e e e e v o a3
. The separation of 3ts by liduid phase thermal diffusion of carbon disul-

fide continued until September 22, 1975 when the cascade was shut down

for conversion to chlorine isotope separation. The total production of

enriched material was equivalent to 20.0 g of *%s. . )

Experiments. were completed on the use of chlorobenzene and l-chloropropane
as working fluids for chlorine isotope separation by liquid thermal diffu-

sion. A l4-column cascade using l-chloropropane was started up on
October 21, 1975.



MOLECULAR BEAM SCATTERING. . . &« « =« o « o o o o o o o o o o o o o o o o o o o« o 46

Total scattering cross sections have been measured for argon-krypton
scattering over two-thirds of the relative velocity range to be studied
in the current series of experiments. Good overlap agreement with other
literature data is shown by the present experiments that extend the
measurements into the low temperature region. A computer program has
been written to calculate theoretical cross sections using trial poten-
tials for correlation with the experimental data. The validity of the
semi-classical approximation, as applied to the present work, is dis-
cussed.

The quadrupole molecular beam detector tests have been concluded.
Results of these tests are given along with:-an evaluatlon of its capa-
bllltles as a scattering detector,

TRANSPORT PROPERTIES . + « « & v « o o o o o o o v e e e e e e e e e e e e e v v 52

The composition dependence at 250 K and the temperature dependence from
.250 to 750 K of the thermal diffusion factor are presented for the sys-
tems Ne-Ar, Ne-Kr, and Ar-Kr. The data are compared to the results
reported recently by.Grew and Wakeham. 3!



.Computer Operations

COMPUTER OPERAfIONS IN HH-BUILDING

Introduction

The new MODCOMP computer system operating

in HH-Building was developed to help satisfy
the varied computer needs of programs con-
ducted for the Division of Physical Research.
The objective was to develop a single,
integrated system with multiprogramming,
real-time capabilities. The resulting sys-
tem has been configured to support analyti-.
cal instrument control, real-time data
acquisition, data reduction, process moni-
toring and control, product inventory
control, and general batch-type computa-
tions. The hardware/software components
were described earlier.!

A room centrally located in HH-Building has
been constructed to permanently house the
computer system, related process I/0, and
communications hardware. The system has
just been moved to this location and is now
operational.

Current and Recently Completed Projects

Several software projects have been devel-
oped to the point where they can be used
routinely. These include a mass spectro-
meter program, accounting programs, and
numerous batch-type computational programs.

The first real-time program to be developed
. was for the operation of a CEC 620 cycloidal
mass spectrometer, an instrument which is
used for process control analyses of samples
from isotope separation systems. Hardware
and software have been developed concurrent-
ly. The software includes sections for
spectrometer control (not yet completed),
data acquisition, data reduction, spectrum
plotting, and report writing. Since all

of the separation systems depend on mass
analyses for control functions, this pro-
gram will provide the basis for future
automated process control applications.

This software is still in elementary form
-and will undergo further development.

A second mass spectrometer control program,
for. the operation of a quadrupole-type
instrument, is being developed. This pro-
gram will be-used with two current instru-
ments: one for separations research and
the other to be used as a detector in beam
scattering experiments.

"oped in FORTRAN IV.

A point that should be emphasized is that . -
these real-time programs are being devel-
They execute concur-
rently as real-time tasks, sharing common
subroutines, as memory space permits. -

Interactive programs have been written to
help with certain accounting procedures
such' as aiding in the development of tabu-
lar information on product inventory levels
and sales. Also near completion, is a data
base program that will process all physical
inventoryv and sales information. Data will

.be available on all product isotopes in-

cluding inventory on hand, enrichment,
selling price, etc. This information can
be accessed at any time in an interactive
mode. The program will also be used for
the preparation of weekly and monthly
reports dealing with this information.

Several FORTRAN programs have been modified

for operation under the MODCOMP executive .
system. For example, transient cascade
calculations and scattering cross section
calculations are now routinely performed

on the system. The IBM Scientific Sub- w
routine package and the IBM Commercial
Subroutine package have been added to the
system and are available for use.

.New Projects

Current plans call for further development
of real-time tasks for process control as
well as further development of data base
programs. In particular, the mass spec-
trometer programs will be enhanced for
more automatic operation.

A major project will be the automation of
a neon separation system. This will re-
quire substantial hardware and software
development and should provide the infor-
mation needed for the development of other
process systems.

Hardware has been acquired from MODCOMP

for a remote data acquisition subsystem -
(REMAC) to be used in conjunction with the
scattering chamber. This subsystem can be
operated up to 5,000 ft from the computer

and will handle all digital and analog <
transfers between the scattering chamber

and the computer. Work is now in progress

on the implementation of this system.

(R. E. Eppley)



Isotope Separation

ARGON

The 13-column, hot wire, thermal diffusion
cascade has continued to produce greater
than 99.5% argon-36. Production of inter-
mediate argon-38 was started when a suffi-
cient inventory was built up in the system.
The argon-38 concentration was approximately
6% when production was started, instead of
the previously estimated value of 25%.

This was done to simplify the control of
product flow rates as the system is changed
from one to two product streams. This
intermediate argon-38 will be collected

and saved for later enrichment to greater
than 95%. (G. E. Struber)

During this period, a 19-column thermal
diffusion system produced approximately
1800 STP liters of greater than 99.95%
argon-40. The system was also used to

; perform a special argon-37 enrichment for
the University of Bern, Switzerland. The
argon-37 enrichment factor in the enriched
sample was 90. (W. J. Roos)

CARBON
13c produced (g) Product !3C Grading (%)
210.8 ‘ CO, 29
88 CO2 90
13.7 CHy - 97
264.156 CHy 90
13.4 BaCO3 97
405.0 BaCO3 90
20.1 C 97
51.0 - C 90

Also during this period, a 115 STP-liter
batch of methane with a carbon-13 concen-
tration of greater than 99% was produced.
* Processing of a second batch is currently
in progress. Feed material for these
enrichments had carbon-13 concentrations
of greater than 90%. (W. J. Roos)

HELIUM

A total of 2136 liters of helium, grading
99.9% helium-3, was produced. Another
263 liters of helium, grading 99.98%
helium-3, was also produced.

The operating pressure of the four-column,
helium thermal diffusion system has been
raised from 2750 torr to 3235 torr. This
change has resulted in about 23% increase
in the rate of production. R

Transport calculations made for the four-
column, helium thermal diffusion system
reveal that a 3-1 column configuration is
good for enriching relatively low concen-
trations of helium-3 to product levels.
However, a 2-2 column configuration can
give about a 50% product rate increase when
higher helium-3 enrichments are used for
feed. Calculations were also made that
show that if the top and bottom of the
system in the 3-1 configuration are reversed
from their present arrangement; the helium-
4 content can be enriched to0-99.9% helium-4
and disposed of at a very high rate. :
Since there is a substantial quantity of
helium stored at low-to-middle enrichments
of helium-3, it would be advantageous to
reduce the total volume of gas stored by
disposing of the helium-4 content.
Therefore, design modifications are being
made so that by merely flipping one, four-
pole, double-throw switch and turning a

few valves; the system can be operated to
enrich and store helium-3 of any concentra-:
tion or to enrich and dispose of helium-4.
A useful by-product of helium-4 disposal

is the raffinate of this process, which

is enriched in helium-3. This raffinate

"can be immediately reused as feed for

helium-3 enrichment. (J. C. Liner)

KRYPTON

The 19-column thermal diffusion cascade
has been modified by isolating the top
column from the remainder of the cascade. -
This top column has been used to produce
two batches of greater than 99% krypton-78
from previously enriched material with 90
to 96% krveton-78. The remainder of the
system continued to produce intermediate
krypton-78 for later enrichment to 90%

and 99%.



The nine-column, five-stage thermal diffu-
sion cascade has continued to produce
intermediate material for subsequent en-
richment of krypton-83 to greater than 70%.

The 10-column, nine-stage cascade has pro-
duced two batches of greater than 70%
krypton-83. The system has been refilled
and is currently enriching another batch
of krypton-83.

The 19-column, seven-stage thermal diffu-
sion cascade formerly used for krypton-80
and krypton-82 production has ceased pro-
ducing these materials. It is presently
undergoing column performance evaluations
prior to beginning enrichment of light

" xenon isotopes.

During this period, the third batch of
aged krypton in which the krypton-85 was
depleted by a factor of greater than 1000
was produced. Processing of a fourth
batch was begun. (¢, E. sStuber and

W. J. Roos)

NEON

Quantities of neon-20 and neon-22 are avail-
able that do not meet product specifications
(namely 99.95% neon-20, 99.9% neon-22,

99.5% total neon). These materials are
being upgraded to product quality in a sys-
tem consisting of four, hot-wire, thermal
diffusion columns in series with an inter-
mediate reservoir connected to the system
by means of a circulating loop. The sys-
tem and reservoir are filled with one of

the isotopes that subsequently has its
.chemical and isotopic purities increased

as contaminants, and other isotopes are
transported out of the reservoir to the

ends of the system. (G. E. Stuber)

OXYGEN

There were 326.3 g of oxygen-18 produced
as oxygen gas by electrolysis.,
(J. C. Liner)

SULFUR

The detailed design for  the sulfur-34 pro-
ject has been reviewed and updated, and
construction is well underway.

In the review and updating of the detailed
design, five major areas were involved:

1. Overall process absorber

2. Materials of construction

3. Reboiler-desorber efficiency

4., Caustic delivery system

5. Oxidation prevention

10

In the overall process absorber, SO2
process recycle, 3% fresh feed) is absorbec
in 3M NaOH to make an NaHSOi: solution for
delivery to the isotope exchange columns.
The final design for the absorber consists
of a two-stage packed bed with interstage
cooling. This design was decided upon
because of heat transfer considerations;

if performed in a single-stage packed bed,

(97%

the absorption process could.release enough

heat to bring the temperature of NaHSO:
solution almost to boiling; and heat trans-
fer for interstage cooling is approximately
40 times more effective than heat transfer
to a packed bed.

A corrosion testing and a heat transfer
study caused two revisions to be made in
the materials of construction for the sul-
fur system. First, Hastelloy B was found
to be attacked in areas of moderate-to-
high SO, concentration; as a result, ceramic
packing and Teflon internals have been sub-
stituted for Hastelloy B in areas of moder-
ate SO: concentrations. Second, a heat
transfer analysis of the desorber revealed
that Kynar, with a temperature limit of
350°F, should be substituted for polypro-
pylene, with a temperature limit of 250°F.

For the reboiler-desorber.units in the
sulfur system, some questions were raised
regarding their ability to reflux all of
the concentrated®“sO. back to the isotope
columns. However, a mass transfer analy-
sis of 'each unit showed that mole fractions
of less than 10%° may be attainable in the
reboiler waste streams. This would re-
sult in decreases of less than 0.01% of
normal production rates from losses
through the reboiler waste streams.

Originally, the caustic delivery system
was designed to handle 3M NaOH directly
from a vendor. Since a savings of approx-
imately $10 per gram of *"S will result
from buying 12M (50%) caustic and dilut-
ing to 3M in-line, a system has been de-
signed to do this.

A possible oxidation problem can exist

in the isotope exchange system if oxygen
is introduced; SO: can oxidize to SO3
which does not participate.in the isotope
exchange. Consequently, nitrogen sparging
systems have been included in the NaOH

and H,S50, storage tanks to prevent the
introduction of oxygen.: '

During this period, actual project con-
struction was started and is now approx-
imately 50% complete. The major items
that have been installed are the outside
storage tanks, all of the system pumps,
and much of the system piping. Pre-
sently, the isotope exchange columns are
being installed, and soon the reboiler

1



desorbers will be installed. The construc-
tion should be completed in time for start
up in mid-calendar year 1976. (R. F. Cmar)

XENON

During this period, a 19-column thermal
diffusion system produced approximately
0.760 STP liter of greater than 40%
xenon-124. A 24-column thermal diffusion
system produced approximately 1.4 STP
liters of greater than 20% xenon-124.

An eight-column, hot wire, thermal diffu-
sion system produced approximately 6 STP
liters of greater than 80% xenon-136.

The purification chromatograph purified
about 2.8 liters of xenon, grading 20%
xenon-124. Another 0.89 liter was puri-
fied, grading 40% xenon-124. (J. C. Liner)

11



Low Temperature Research

BORON STUDY

Several years ago, samples of cubic boron
were produced in a plasma torch at Mound
Laboratory. This new form of boron was
one of several crystal structures produced
by dropping very pure boron powder through
the torch. The lattice parameters and
crystal structures for these forms have
been reported previously.? The cubic form
is of particular interest because of a pre-
diction® that if such a form were found,
and if it were metallic, there would be a
good chance it would be superconducting
with a reasonably high transition tempera-
ture.

The cubic crystals are very small, averag-
ing about 0.05 mm on a side. The first
test for superconductivity was made by
putting about 60 of the crystals in a
specially-made secondary coil of a suscep-
tibility bridge. The coil shown in Figure
1 was composed of 1200 turns of No. 55

(13um diam) copper wire wound on a stain-
less tube with a nine mil i.d. A piece of
pure indium wire was rolled between two
glass plates down to a diameter of about
three mils and was measured in the coil
system. The superconducting transition

at 3.4 K was easily detected by the Cryo-
tronics susceptibility bridge. The boron
sample was then measured down to 0.4 K,
and no superconducting transition was seen.
These measurements were done in collabora-
tion with W. R. Wilkes.

Then, a pair of fine tweezers was elec-
trically wired to measure the resistance

of individual crystals at 300 K and 77 K.
It was found the cubic boron was semicon-
ducting with a room temperature resistivity
of ~4 x 10°® Qcm. We also obtained some
samples of cubic YB,;, through MRC in
Everett, Massachusetts, which is also semi-
conducting with a room temperature resis-
tivity of 2 x 10* Qcm. At this point, the
search for superconductivity in these ma-
terials was temporarily suspended.

751195

FIGURE 1 - Specially-made secondary coil.
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FIGURE 2 - Photomicrograph of large boron cube.
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FIGURE 3 - X-ray fluorescence scan for calcium.
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FIGURE 5 - Photomicrograph of YB;, sample.




This past summer, at the ERDA Superconduc-
tivity Information Meeting, I met Dr. Don
Gubséer of the Naval Research Laboratory.
Dr. Gubser has a facility to look for -
superconductivity at pressures up to 100
kbars, and there was a chance that these-
pressures might produce metallic behavior
in the boron or YB,,. . )

- Thus, samples of cubic boron and ¥YB;, were
characterized at Mound Laboratory and taken
to the Naval Research Laboratory for the
superconductivity measurement. There, the
measurements were taken with Don Gubser in
his laboratory. An impurity analysis was
performed by Ran Zielinski on the scanning
electron microscope. A photomicrograph

of a large boron cube is shown in Figure 2.
The néarly perfect growth rings are quite
out of the ordinary and would be of inter-
est to study in themselves. It was found
that the principal impurity in this cube
was Ca, as.is shown in the scan of the Ca
x-ray- fluorescence in Figure 3. It is’
interesting to note, that the Ca concen-
tration is much greater near the cube
edges than inside the circles. This seg-
regation remained true after several ion
etches. This cube, labeled No. 1, is being
saved for further study. The characteri-
zation of the cube is shown in Table 1.

The density and lattice parameter are com-
mon for all the ¢ubes, whereas the impur-
ities and resistivity apply to Cube No. 1.

The lattice parameters were determined by
Don Sullenger. Impurity scans were taken
for two other cubes which are being used
in the superconductivity experiment. Cube
No. 2 is shown in Figure 4, and the im-
purities for all three cubes are given in
Table 2. It was first through that the Ca
impurity was what stabilized the cubic
phasc. The absence of Ca in Cube No. 2
indicates that the cubic form seems to be
independent of the calcium. The stabiliz-
ing mechanism for these metastable forms
of boron needs more study.

A sample of YB,p is shown in Figure 5, and
the physical characteristics are shown in
Table 3. It is seen that these materials
have a very large lattice parameter and

a very open lattice. In the case of the
YBs, the yttrium occupies holes in the
boron lattice. It was assumed that this
material would have superconducting pro-
perties similar to the cubic horon.

The apparatus at the Naval Research Lab-
oratory, which is used to obtain very high
pressures at very low temperatures, is a
diamond anvil press mounted on a *He-'He
dilution refrigerator. The system has
been described in detail in two Naval
Research Laboratory publications.*S The

Table 1

CHARACTERIZATION OF BORON CUBE

Starting Materialm; 99.99+ B

After Quench

. Density'— 2.367 g/cc

:l' Lattice Parameter-23

Impuritiés (2) Ca
) Al
S . si
ni

Cu

Fe

- 0.
- 0.
- 0.
- 0.
- 0.
- 0.

.472 + 0.006

41
23
17
08 -
05
04

Electrical Resistivity (Qcm)

"300 K - 4 x 103
.77 K --10°

Table 2

‘BORON CUBES

o .

A

Impurities (%) No. 1 No..2 No. 3
Ca 0.41 0.00 "0.20

Al 0.23 0.21° 0.00

Si 0.17 0.21 ~0.13

Ni ©0.08 0.10 0.15

Cu 0.05 0.07 - 0.04

. Fe 0.04  0.04 0.04

Table 3

CHARACTERIZATION OF YB-,

Lattice Parameter - 23.38 = 0.06 R

Impurities (%)

Al
Ca
Cu
Si
Fe

Ti

0.06
0.05
0.04
0.04
0.03

0.03

Electrical Resistivity (Qcm)

300 K - ~2 x 10%

77 K - -107
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dilution refrigerator reaches temperatures
of 0.030 K by pumping the 3He through a
phase separated mixture of 3He and “He.

On the bottom of the mixing chamber, is

a bellows chamber that is filled with
liquid “He. The “He can be pressurized

to ~25 bars before it solidifies at these
low temperatures. The bellows piston
presses on the top diamond in the anvil.
The diamonds' points have been ground flat
with a diameter of 0.5 mm. The ratio of
piston-to-diamond area ratio gives a
pressure multiplication of 10*. The sam-
ple is placed in a six mil hole in a Be-Cu
gasket that fits between the diamonds.
Above the elastic limit of the gasket

(~15 kbars), the gasket flows and then

the pressure on the sample is nearly hydro
static up to 100 kbars.

Boron Cube No. 2 was just the right size
to fit in the gasket hole. The gasket was
placed in the press and cooled to 0.03 K.
The pressure was applied to the liquid
helium in the bellows through a motor
driven pressure regulator. It was the
first try in an experiment to apply the
pressure in a controlled way.

The detecticn system was a superconducting
transformer linked to a SQUID (Supercon-
ducting Quantum Interference Detector).
The SQUID transforms small changes in mag-
netic field into voltage changes that can
be easily amplified and displayed. The
transformer consists of two coils wound

in opposition around the gasket and a
single loop in the SQUID. The two coils
have equal area times turns products so
that external changes in field tend to
cancel, whereas a field change within the

18

inner coil will be seen. The sensitivity
of the SQUID is on the order of 10~7 G-cm2.
Thus, when the sample goes into the super-
conducting state the expulsion of the

earth's magnetic field should easily be
seen.

In cooling the sample to 0.03 K, no transi-
tion was seen. As the pressure was applied
up to 100 kbar, no transition was seen.
This must be gualified in that a second
phenomenon was observed. Noise was seen

in the SQUID as the sample was compressed.
The noise was not random but systematic

in that the signal was always the same
direction of the order of.three or four
flux jumps (2 x 1077 G-cm ) and returning
to the null. On returning to the null, a
heat pulse was noticed on the thermometer.
Thus, a direct observation of energy stor-
age and release in compressing the Be-Cu
gasket has been made. It is possible, but
not very probable, that the superconducting
transition was masked by the compression
noise. : '

When a pressure 100 kbars was reached,
the sample and container were warmed to
4.0 K where the detection coil goes into
the normal state. In this process, no
superconducting transition was seen. A
second experiment will be run with Cube
No. 3.where the pressure will be run up
to 100 kbars at a temperature just under
4:0 K to close the path in the P vs.T
diagram. At about 4.0 K, the noise caused
by compression of the gasket cannot be
seen. An experiment is also planned for
the ¥YB,o sample. (G. T. McConville)



Metal Hydride Research

BAND THEORY AND ELECTRONIC STRUCTURE .

The development of the self-consistent
plane wave Gaussian (SCPWG) computer codes
for the calculation of electronic proper-
ties of solids has continued along the
lines of increased efficiency and simpli-
fied opcration. An effort has heen made
to develop a computational package that
could be used by other workers who do not
have a specialized background in. such cal-
culations. For this reason, two different
versions of the programs have been devel-
oped. The first version has considerably
larger dimensions of variables and is in-
tended for production runs in a batch mode
of entry. The second version has minimal
‘dimensions and prompting messages and is
intended primarily for interactive runs
under. the CDC INTERCOM system; it is ex-
tremely useful for development of basis
sets, computational parameters, and an
increased understanding of the programs.
Also, it can be used in a batch mode of
entry if desired. A continued effort to-
" ward the documentation of these programs
and their release through authorized ERDA
procedures is being made. Inquiries from
interested individuals concerning the status
of this effort will be welcomed.

The present area of program development is
to generalize the computer code, which
describes the crystal symmetry, so that
more complicated crystal structures can be
calculated. At present, the structures
that can be handled are: simple cubic,
face-centered cubic, body-centered cubic,
and zinc blende. Furthermore, program
restrictions limit one to two types of
atoms of each type per unit cell. Many of
the crystal structures of the transition
metals are relatively more complicated
(such as body-centered tetragonal, hexa-
gonal close-packed, etc.). Minor, but
somewhat time-consuming, changes will have
to be made in the computer codes to handle
materials of interest. It is expected
that these changes will allow one to per-
form calculations for systems containing
up to.four types of atoms and six atoms of
each type per unit cell.

Concurrent with this program development,
we are presently using the programs for
calculation of titanium and titanium hy-
drides in cubic phases. This work has been
hampered by several unforseen computational
factors. The first of these factors re-
lates to an initial effort to determine

the computer resources necessary for large
systems. We are finding that the initial
éstimates are not as favorable as originally
thought. Earlier changes in the codes,

which resulted in a significant decrease in
-computer time requirements have been found
to be in error. Although technically cor-
rect, some code changes resulted in an in-
tolerable decrease in computational accuracy.

It has also not been possible to improve
upon the local density exchange approxima-
tion to the Hartree-Fock exchange. Earlier
theories toward the reformulation of the
idea of a local approximatidn to the
Hartree-Fock exchange have not been ‘suc-
cessfully implemented into computer codes.
"When applied to test cases involving atoms,
they were found to be unsatisfactory in
reproducing Hartree-Fock results.

Efforts have also begun at Mound to perform
accurate Hartree-Fock and unrestricted
'Hartree-Fock calculations of clusters of
atoms rather than perfect crystals. Toward
this end, we have obtained a modified ver-
sion of an earlier program named Gaussian
70, which is an ab initio, self-consistent
field, molecular-orbital program for small-
to-medium sized molecules; - it is expected
that this program will enable us to make
calculations of hydrogen atoms and mole-
‘cules within clusters of metal atoms.

With this capability, one can simulate

such effects as hydrogen diffusion,
hydrogen-hydrogen intéraction in non-
stoichiometric hydrides, and hydrogen atoms
and molecules on metal surfaces. Because
of the possibly large amount of computer
resources necessary for such an effort,

we also have approximate Hartree-Fock clus-
ter programs that employ the iterative
extended Hickel method. Because of the
capability to "calibrate" the approximate
HlUckel method against the accurate Hartree-
Fock results, it is hoped that much .accu-
rate information can be obtained concerning
the microscopic behavior of hydrogen in
different environments of metal atoms.

This information is essential to an under-
standing of the statistical mechanics of
hydrogen in metals. Examples of the type
of information that is involved in statis-
tical mechanics treatments of hydrogen in
metals are: coordination numbers, vacancy
formation energies, and defect-defect inter-
action energies. It is precisely this type
of knowledge, on a microscopic level, that
"can be obtained from such an approach.

v(J. L. Ivey) . - :
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PULSE NMR STUDIES

Diffusion Studies in VHy

Nuclear magnetic resonance
are being used to investigate the interre-
lationships between electronic structure,
hydrogen atom locations, and hydrogen mo-
bility. Although considerable effort has
already been spent in evaluating metal
hydride behavior, many questions remain
unanswered. For example, numerous studies
of hydrogen diffusion have been performed:
yet existing theories cannot satisfactorily
explain the experimental results for struc-
~ture changes’, phase transformations, or
isotope effects. The vanadium hydride
system is interesting since three distinct
phases ( that is, bcc, bct, and fcc) are
formed depending upon the hydrogen concen-
tration and temperature. Hence, several
factors can be studied in a single hydride
system. ‘

The proton spin-lattice relaxation times
(T;) have been previously measured’ as a
function of temperature and resonance
frequency for a sample of VHy_ s3. During
recent months, these T; measurements have
been extended to several other VHy samples
over a wider temperature range. In addi-
tion, all of the T; data has been analyzed
to determine the correlation times (1) -
for proton self-diffusion constants. Van-
adium hydride samples with H/V ratios .
between 0.39 and 1.83 were prepared by
reacting hydrogen gas with zone-refined
vanadium metal. Subsequent room tempera-
ture x-ray diffraction analyses of these
materials verified the expected hydride
phase for each composition. The T; values
were measured using a three-pulse technique
at a resonance frequency of 23.3 MHz. The
proton T, values for VHyx are expected to
have two major contributions:

l/Tl = l/Tld + l/Tlel (l)

where Ti13 is related to hydrogen diffusion
and T,;e arises from the contact interac-
tions between protons and conduction elec-
trons. A general expression for relating
T4 to the diffusion correlation time 1¢
was given previously’ for metal hydrides.
T,e should obey the Korringa relation:

Tie.T = K, (2)

where T ie the absolute temperature and K
is a constant proportional to the electron
density of states at the Fermi energy.

The proton T, data for four VHx samples

are shown in Figure 6. The minima indicate
the major relaxation mechanism is hydrogen
self-diffusion. Breaks in the T, temper-
atures dependences are observed at ~450 K
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(NMRj techniques.

and coincide with the phase transition?®

from the bct B-phase (low temperature) to
the bcc o-phase (high temperature) Since
the hydrogen diffusion constants in a-VHy

are® £107°cm?/sec, diffusion cannot 51gn1f-
icantly influence the nuclear relaxation
rates and T, is caused by the hyperfine
interactions with conduction electrons.

The concentration dependence of the Korringa
constant (Ky) for o-VHy is given in the
second column of Table 4. The increase K
with hydrogen content agrees with the recent
measurements of Kazama and Fukai®, who in-
terpreted the increase in terms of positively
ionized protons donating their electrons to
rigid vanadium electron bonds. However,

"this behavior for Kg is also consistent

with more rigorous band theory calculations!
where the hydrogen electrons go into primar-
ily metal-like states and tend to fill the
metal conduction band.. Since the emphasis
of the present study is to evaluate the
diffusion characteristics, the T, results
for a-VHy will not be discussed further.

Diffusion is believed to be the major con-
tribution to T, for B-phase VHy above .200 K.
Hence, analysis of the T, data should pro-
vide information on B- VHx diffusion para-
meters. Previous work?, indicated the van-
adium-proton dipolar 1nteractions should
dominate T,q; and 1, can be evaluated using
the BPP model!! expression:

_2Cs 110.2
/Tia = 3 W ao°

—YI/3 . ¥I ., __ 2¥1 ]

[1+(y1 vs) 2T Tayr?’ TR(yTHYs)? (3)
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where Cg is a constant, wr is the proton
resonance frequency in radians-1, wg is

the vanadium resonance frequency, a, is the
lattice constant, y; = l1/wy yc, and yg =
1/wgTe. In practice Eg. (3) is not used

to determine 1. Instead, the ratio of

T3 to the experimental minimum for T,q4
(that is, T ) is used to obtain the
expression:

S = y1/3
Tig = 1.4913 Ty, [1+(YI'YS-T +

Y1 -, _2¥1 ]-l
l+yg°® 1+(y1+tyg)”® (4)

.

imin

A computer program has beern written to
calculate 1¢ from Egqg. (4). Although this
program currently applies only to the van-
adium-proton interactions, it can be readily
modified to determine t1¢ for either proton-
proton or other metal-proton interactions.

The 1, values for B-VHy have been determined
from the experimental T, values after as-
suming the T,;, contributions are negligibl
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Table 4

SUMMARY OF NMR DATA FOR

t

PROTONS IN VHy SAMPLES -v =

Sample (SK%) TTé? (23)
VH, 3o 59 -380 0.38,
VH, . 54 56 367 ' 0.30
VHo . 66 119 291 0.29
VHy . 70 114 282 0.29
VHg 75 -——- 276 0.27

Te—1
(Hz)

3.2 x 10'2
3.5 x 10!
1012
1012

107

23.3 MHz‘
D (300 K)
(cmz[secX
8.2 x 1071°
2.2 x 1o~°
2.7 x 10-°8
108

10-8
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(which should be valid near the T; minima).
The temperature dependence of Tc~?! is shown
in Figure 7 for five VH, .compositions.

Near T, mifiima, the 1, appear to obey the
Arrhenius relation: "

Tc = Twexp (Ea/kT), o (5)

where Ea is the proton diffusion activation
energy, T, 1s the frequency factor, and k
is the Boltzmann constant.
are given in Table 4 along with the calcu-
lated diffusion constant (D) at 300 K
obtained using: . .

oy 1 <A2> ' (6)
B =1 €1

Here, T1c({300) is the diffusion correlation
time at 300 K and the mean squared hydro-
gen jump distance <A2> is assumed equal to
the shortest distance between the octahed-
ral sites along the c-axis of the bct vana-
dium lattice. |
VHyx composition do not follow a single
Arrhenius equation throughout the measured
temperature ranges. Although this behav-
ior may be partially due to inadequacies

of the BPP mOdeli particularly at lower
temperatures, !!-!?% the complexities of

the VHy phases-are also responsible. The
sharp breaks in 1o for VHg, 39 and VHg 53
above -~385 K may indicate the presence!®"

of a new phase between a and B-phases.
Also, below -~200 K, the B-phase hydrogen
atoms reorder!'%:'® to form additional
phases with complex superstructures.

Since the sites occupied by the hydrogen
atoms probably change during these phase
transformations, significant variations

in proton mobilities are expected. Unfor-
tunately, the current T, data is not suf-
ficient to evaluate these complex effects.
Nevertheless, .the parameters in Table 4

are believed to be representative of the
diffusion behavior in B-VHyx at temperatures
near the T; minima. Here, increases of
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Their parameters

However, the .to data for each

‘(R. C.
‘W. E.

the hydrogen content in B-VHx decrease Ega
while increasing D (300 K) by a factor of
~50. 1Increases in the hydrogen content
in a fcc metal hydride such as TiHx'2s17
produce no change in E;5 and a decrease in
the hydrogen diffusion rate. Since a va-
cancy mechanism?!? adequately represents
proton diffusion in the fcc case, the
significant differences for 8-VHx suggest
another type of process may be responsible.
However, due to the complexities of the
VHx phase relations, additional study is
required. Consequently, the T, measure-
ments are being extended to lower temper-
atures as well as the use of other NMR
techniques ( that is, determinations of
T, and T,p) to evaluate the influence of
phase changes on hydrogen diffusion.

Studies of FeTiHy

Previous NMR measurements’ of the two
FeTiHx phases indicated that the proton
resonance signals were inhomogeneously
broadened. Since impurities could be
responsible, additional FeTiHy samples
were synthesized using FeTi obtained from
Alfa-Ventron rather than material prepared
at Mound. Preliminary NMR measurements

of these new FeTiHx samples, indicate
little difference for either the proton
line shapes or relaxation times from the
original material. Hence, the inhomogen-
eocus fields are probably caused by the
intrinsic paramagnetism of FeTiHy. NMR
investigations of FeTiHy are being hampered
by the severe restrictions placed on the
equipment by the very rapid signal delay
times. However, improved techniques and

"modified equipment are currently being

used to evaluate both proton structures
and diffusion in the FeTiHx phases.
Bowman, Jr., A. Attalla, and
Tadlock) ) )



" Separation Chemistry

EXISTENCE OF PENTAVALENT PLUTDNIUM
IN THE ENVIRONMENT

Recently, an interesting paper -describing
many experiments on the behavior of plu-
tonium in various soils has appeared.

This paper concludes that a likely form

of plutonium in environmental circumstances
is tetravalent plutonium, a conclusion
which appears at present to be very reason-
able. This paper also concludes that the
existence of pentavalent plutonium in the
‘environment is most unlikely because the
formal reduction potential of the

PuOt - Pu(OH) .,

couple has the high value of about +1.1 V.
It may be that pentavalent plutonium is

an unimportant and negligible form of
plutonium in the environment, as the
authors of this paper suggest; -but the
absence of pentavalent plutonium in the
environment is likely to derive from rea-
sons more diverse and profound than im-
pressions that may be derived from examin-
ations of one value of one formal ‘potential.
Although Pu(V) may be absent from environ-
mental systems, mere examination of the
"Pu0} - Pu(OH), formal potential is insuf-
ficient to establish this conclusion be-
yond all further doubt. -

The formal reduction potential of the

Pu0t - Pu(OH) 4 couple refers to the imagin-
ed equilibrium between solid hydrous plu-
ténium (IV) oxide and pentavalent plutonium
ions, the latter at unit (one molar) con-
gentration. This is an equilibrium that
is most unlikely to ever be encountered
under environmental circumstances. The
actual potential of the PuO} - Pu(OH),
equilibrium in. other circumstances depends
upoh the particulars of the other circum-
stances. Many of these particulars cannot
be dismissed as unimportant. For example,
the.actual potential of the Puot - Pu(OH),
couple depends upon the concentration. of
the pentavalent plutonium. If the penta-
valent plutonium were 10‘13M, a value
which may possibly be found in some -envir-
onmental circumstances, the PuO% - Pu(OH),
potential no longer has its high value of
+1.1 vy but inetead, this potential is
reduced to about +0.3 V, a value which is
not so large as to appear overwhelming.
Hence, a change in the concentration of
Pu(V) to a value that ic reasonahle for
environmental conditions changes the

‘mante has pointed out.?!®

psychological aspect of the problem con-
siderably, since there is no longer .the
necessity to face a rather impressive
value for the potential of the plutonium
redox couple of interest. The formal
potential value of the Pu(V) - plutonium

. (IV) hydroxide couple, or the real poten-

tial of this couple under diverse circum-
stances, also depends upon the value of

the solubility product of the plutonium
(IV) hydroxide. A commonly used value

for this solubility product is about 10-5°5.
But this number cannot be assumed to be
invariably accurate, for there is consider-
able doubt about the numerical value of
this solubility product, as Perex-Busta-
(Indeed, there

is even doubt about the applicability of
the solubility product principle to very
low quantities of very insoluble materials-
see the Appendix in Reference 20).
Moreover, the solubility product of very
fine particles of hydrous plutonium (IV)
oxide such as may occur in the environment
cannot be assumed to be identical to the
solubility product of macroscopic amounts

‘of this hydrous oxide, because there are

considerable surface free energy effects
associated with finely dispersed particles.
(A pleasingly readable exposition of this
point of view can be found in the little
book by Alexander?!.) Fine particles of
plutonium (IV) hydroxide, such as can
occur in the environment, may result in
an increased solubility of the hydroxide;
an effect which would further lower the
real. value of the potential of the

Puo} - Pu(OH), couple.

Implicit 'in discussions of plutonium in
the environment is the assumption that
plutonium (IV) hydroxide is one of the
most "stable" forms of plutonium, and that
this hydrous oxide, by virtue of its low
solubility, limits the concentration of
all other plutonium ions. But the idea
that Pu(OH), is the most important, or

one of the most important, species at

very low plutonium concentrations is an
idea which, while convenient, could bear
confirmation. There is yet another factor

- that can affect the real potential of the

Puot - Pu(CH) , system in the environment.
Nature can produce a variety of complex-
ons; some of theéese coumplexons are suit-
able for complexing the unipositive

alkali cations. (Even the common complexon
EDTA shows sequestering ability for the
sodium ion). It cannot be assumed that
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nature is incapable of providing powerful
complexing agents for the ion of Pu(V).
Such complexing of the ion of pentavalent
plutonium will have the affect of further
reducing the real potential of the Pu(V)
Pu(OH) , couple.

When considering the unimportance of an
oxidation state of such plutonium as may
be dispersed in the environment, it is
desirable to define what is meant by the
word "unimportant.” In connection with
pentavalent plutonium, this word may mean
unimportant in comparison with .the total
plutonium at hand, or it may mean unimport-
ant with regard to the soluble plutonium
that is present. "Unimportant" in the
first case does not necessarily imply
"unimportant” in the second case. Several
years ago, a discourse on the characteri-
zation of plutonium in natural waters was
presented. 2?2 This paper considered only
the distribution of soluble valence states
and showed how "important" or "unimportant”
might be quantitatively assayed. This
assay depended upon a simple calculation
involving the pH of the environmental
system, the redox potential of the envir-
onmental system, and the ability of the
environmental system to sequester the
various plutonium ions. In the climate

of environmental concern that prevails
today, it would appear desirable to assay
plutonium valence state distributions
explicitly, rather than to depend upon
such impressions as may be conveyed by
formal or standard potentials. (To confuse
real and formal potentials is to confuse AG
and AG°.. By this reasoning, Pu(V) should
be the most abundant ion of plutonium,
since its standard free energy of forma-
tion is more negative than that of any
other plutonium ion. In most cases, it

is found that Pu’(Vv) is one of the least
abundant plutonium ions.)

It may be of interest to remark that,
however much formal and standard potentials
of plutonium may be used to control the
behavior of plutonium and other chemicals
in the laboratory, such formal potentials
are unlikely to obtain the upper hand in
natural circumstances. Where plutonium
occurs in nature as a miniscule component,
it is not the potentials of plutonium
couples that are likely to dictate the
natural circumstances but rather the envir-
onmental circumstances that are likely to
dictate the potential; and the plutonium
may be obliged to adjust accordingly. The
inherent potentials of many natural systems
derive from the biological processes
occuring in those systems and are likely

to be of great importance is assaying the
distribution of plutonium valence states.
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Tbe cglcu}ation of plutonium valence state
distributions is conceptually very easy,

~and it is curious that this approach has

never -obtained much consideration. Of
course, this approach is not without dif-
ficulties of its own. Paramount among
these difficulties is the fact that such
calculations, however carefully and
thoughtfully executed, refer to equilibrium
circumstances only; and there is no infor-
mation on the time required for plutonium
to reach equilibrium in environmental cir-
cumstances. "Establishment of equilibrium
may require years, so that studies of
plutonium in natural systems may be limited
to empirical observations. While the
rates of oxidation-reduction reactions
often decrease rapidly with decreasing
concentration of the reactants, .it never-
theless might be interesting to try to
estimate the equilibrium distribution of
plutonium valence states without prejudi-
cial rejection of one or more of these
oxidation states. Whether this can be

done by a technique such as solvent

extraction, which may upset and disturb
the natural order of valence state
arrangements (and therefore yield mis-
leading results), is an interesting and
unresolved question. (6. L. Silver)

PROBLEMS IN PLUTONIUM CHEMISTRY (II):
PLUTONTUM AS A CONCENTRATION
' "CARNOT" FLUID

Currently, there is much interest in the
use of plutonium as a fuel for electric
power generation by .nuclear fission.

But it is also possible to use plutonium
to generate small amounts of energy by
taking a dissolved sample of plutonium
around an "aqueous Carnot cycle"., The
oxidation-reduction potentials of pluton-
ium are acid dependent: more energy can
be obtained by reducing a sample of plu-
tonium at high acidity than is expended by
reoxidizing the same sample at a low
acidity. The following example, which

is shown in Figure 8, serves to illustrate
how this may be used to obtain electrical
energy. Small acidity changcs caused by
disproportionation reactions and oxidation
or reduction of the plutonium have been
neglected, as had hydrolysis.

An exhibition of commercial nuclear machin-
ery is held in a hot, arid, country. To
stimulate interest in nuclear technology,
it is decided to run a sample of plutonium
around "Carnot"-type cycle to extract a
small amount of electrical energy to lift

a tiny weight, such as a feather. A one
liter sample of 0.03M plutonium in 3M

acid is placed in a display case and
connected to a normal hydrogen electrode.



The average oxidation number of the plu-
tonium (N) is initially 5.8. By means of
circuitry, which contains a tiny capaci-
tor and coulometer, the cell is now dis-
charged until N = 3.2. The cell is dis-
connected and two liters of water are
very carefully added to dilute the acid
concentration in the plutonium cell from
3M to 1M. Stored energy from the capaci-
tor is then used to reoxidize the pluton-
‘jum tc N = 5.8. Water from the cell is
allowed to evaporate into dry air until
the acid concentration is again 3M. The
cell has now been returned to its initial
condition. This initial condition is
denoted by point "A" in Figure 8, which
plots the log of plutonium solution acid-
ity against the log of the ratio of hexa-
valent to pentavalent plutonium, denoted
M. Discharging the plutonium battery
from N = 5.8 to N = 3.2 at constant acid-
ity is represented in Figure 8 by the
vertical line connecting points A and B.
The work available along the line from A
and B is approximately -1.916 kcal. At
constant average oxidation number (3.2),
the plutonium solution in now diluted
with water (line BC from point "B" to
point "C"). This process is done manually
by an attendant who would have been paid
anyway, so that work from B to C may be
neglected. From C to D, the plutonium is
reoxidized from N = 3.2 to N = 5.8 by
means of the energy stored in the capaci-
tor. The work associated with this charg-
ing process is approximately 1.846 kcal.
Evaporation of water is spontaneous in
the desert air, so that work in this step
may be neglected. This step ("D" to "A")
returns the plutonium solution to its
initial condition. But recharging the
battery for the next cycle did not require
quite as much energy as was obtained from
discharging the battery. The difference,
about 70 cal, could be used to lift a tiny
weight a short distance. (G. L. Silver)

PROTACTINIUM-231 AND THORIUM-230

Mound Laboratory recovers thorium-230 and
protactinium-231 from a uranium mill by-
product known as Cotter Concentrate and
ships the products to the Heavy Elements
Isotope Pool at ORNL. Previous reports;
have described in detail the origin and
character of the Cotter Concentrate, the
facilities, and the development of the
current recovery and purillicallon process.
Briefly, the process consists of leaching
about 20 liters of solids in hot, concen-
trated nitric acid and diluting and fil-
tering off the insoluble residue. Uranium
is extracted from 90-liter batches of

filtrate by multiple contracts with 8-liter

portions of 10% DSBPP/CCl., (di-sec-butyl
phenyl phosphonate in carbon tetrachlor-
ide) and stripped from the organic with
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FIGURE 8 - A concentration "Carnot" cycle

for plutonium imposed upon a partial plu-
tonium predominance region diagram
[W = Pu(Irr), x = pPu(Iv), z = Pu(vI)].

0.005M nitric acid. Thorium is extracted
from the filtrate by multiple contacts
with 0.1M TOPO/CCl, (trioctyl phosphine
oxide in carbon tetrachloride), with each
contact followed by a 0.3M sulfuric acid
strip. After the thorium has been removed
from the filtrate, further contacts with
TOPO/CCl,, each followed by an 0.5M oxalic
acid strip, result in recovery of the
protactinium. Uranium strip solutions are

" precipitated with ammonia and the precip-

itate collected for eventual return to

the uranium processor. The thorium strip
solutions are purified by an oxalate pre-
cipitatien and then calcined to the oxide.
Protactinium strip solutions are concen-
trated by evaporation after which they

are purified by a series of precipitation
steps. The process is summarized in a
process flow diagram that is shown in
Figure 9,

Since the last semiannual report,25 11
additional batches of Cotter Concentrate
have been processed from drums (No. 178
and 177).

A shipment of 40.58 g of purified thorium-
230 was made on June 20, 1975 to the

Heavy Elements Isotope Pool at ORNL.
Thorium-230 currently on hand from FY-1976
production totals 44 g. Unpurified pro-
tactinium-231 recovered from the 11
batches is estimated, by gamma spectra
analyses, to be approximately 100 mg.
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The thorium-230 value was based on calor-
imetry using a half-life of 80,000 yr.,
The calculated 23%%Th/total oxide ratio
was 0.02725. Emission spectrographic
analysis showed Sc to -be the major impur-
ity (1%) with small amounts (0.1% or less)
of 2r, si, P, Na, B, Y, Ca, Mo, Fe, Al
and Cu. Assuming total impurities of 2%,
the isotopic composition (% 23%°Th .in
total Th) was calculated to be 3.16%.

. As reported earlier,2?® a considerable por-
tion (40%) of the Pa in the original
Cotter Concentrate does not dissolve in
the nitric acid leach and remains with
the insoluble residues. Various methods
of recovering the Pa are being tested.
When 750 g of residue was treated with
a total of 11.5 liters of 3M NaOH at
100°C, the volume of solids was reduced
greatly; and some organic material was
removed. The caustic leach solution
contained negligible amounts of Pa and
230Th. When the solids were then leached
and hot 0.5M oxalic acid, nearly all of
the Pa, but little of the 23°Th, was re-
moved. Additional work on testing and
refining this technique is in progress.

Piping, pumps, and electrical connections
have been installed on the two Karr,
three-inch, reciprocating plate, liquid-
liquid, solvent extraction columns and
initial test operation is underway. These
columns were purchased and set in place in
FY 1975.25 1Initial operation is for a

test of DSBPP/CCl, extraction and stripping
of the uranium content of the Cotter Con-
centrate feed filtrate solution,

In the early development work, little time
was spent on the detailed procedures for
purifying Pa. Protactinium was recovered
from the oxalate strip solutions by a man-
gariese dioxide carrier precipitation, and
the precipitates were stored pending fur-
ther processing. A Pa purification pro-
cedure is being developed concurrently
with production of Pa.

Two difficulties were encountered with the
manganese dioxide precipitation procedure,
namely, the excessive amount of attention
required during the addition of permanganate
and problems with filtering and handling the
MnO precipitates. Other methods of concen-
trating the Pa have now been considered.
Since small-scale tests indicated that the
oxalate strip solution could be evaporated
at least 20-fold without problems, an
evaporator was set up. A three-liter,
round bottom flask was equipped with a
water-cooled condenser and a heating

mantle with a temperature controller. A
"chicken feeder" type liquid-level control
with a 20-liter reservoir was added. This
system has been in operation for six
months, has worked well, and has required
very little attention. Data from evapo-
ration batches are given in Table 5.

Volume reductions of up to 40 have been
achieved, but a slight problem has devel-
oped. Each evaporated batch contains a
small amount (2-20 ml volume) of precipi-
tate that is filtered and analyzed by gamma
counting. As shown by the data on Batch

7, large volume reductions can result in
appreciable amounts of Pa in the solids.
However, Pa precipitation can occur even
with modest volume reduction as shown for
Batch 6. A possible explanation is that
varying amounts of impurities accompany

the Pa in the oxalate strip solution, as
has been observed during processing of
different drums of Cotter Concentrate.
Acidity determinations on evaporated solu-
tions showed 7-9M acid, indicating appreci-
able extraction of nitric acid during the
solvéent extraction step. .

An attempt to recover Pa from the evapo-
rated oxalate solution by MnO, carrier
precipitation was not successful. A solu-
tion was diluted to 2.7M HNOj;, a small
amount of oxalic acid added, heated to
80°C, and KMnO, added until MnO, formed;
but the precipitate carried only 2/3 of
the Pa. This may have been caused by the
acidity being too high or to the concentra-
tion of other impurities that prevented
complete precipitation'of Pa. ’

Table 5

SUMMARY OF EVAPORATION BATCHES

Strip Soln. Vol.
Batch  Vol.  Pa(mg)  Red.
2 20 13 _lé
3 20 12 12
4 32 20.2 24
5 52 26.1 25
6 24 13.3 14
7 24 '.9.3 40

Product Soln. Solids

Vol. Pa (mg) 2 _Pa(mg)
1.5 8.1 62 n.a.
1.72 14.5 121 0.7
1.32 15.3 76 1.6
2.04 12.8 49 1.3
1.67 3.2 24 8

0.60 6.5 70 4.4
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Protactinium was recovered from the evapo-
rated oxalate solution by a phosphate pre-
cipitation. After diluting the solution
to 2-3M HNO;, phosphoric acid was added

to a concentration of 0.075M, and the )
solution heated. At 70°C, the precipita-
tion began and seemed to be complete after
10-20 min. The precipitate was digested
for several hours and cooled overnight
before collecting the precipitate on fil-
ter paper. The optimum conditions. for.

. the precipitation have not yet been es-
tablished; but after a relatively few
precipitations, under .varying conditions, -
the following observations seem germane:

1) The precipitation is relatively slow.
When the solution was heated to 70°C
or above before the addition of the
H,PO,, up to five minutes elapsed
before the solution became cloudy
and precipitation seemed to occur
at the same rate as the case for
prior addition.

2) The precipitation always seemed to
occur at about 70°C if sufficient
H,PO, were present. '

3) The precipitates were voluminous and
gelatinous. The volume of precipi-
tate, calculated from the estimated
thickness of the filter cake, was
often 100-200 ml. Air-dried filter
cakes had a much smaller volume, which
was difficult to estimate.

4) The precipitate itself was white but
usually carried enough solution to
be slightly colored. The supernatant
solution was a bright blue-green .
color, very similar to the color of
the starting solution.

5) Some minimum amount of H,PO, seemed
to be required before any precipita-
tion occurred; but if precipitation
occurred, all of the precipitate
came down (This observation could
have been caused by the relatively
large increment of H;Po, addition.
Addition of "excess" H;Po, seemed to
have no effect.

6) Under the "proper" conditions, the
filtrate solutions contained negli-
gible amounts (less than 0.1 mg) and
were discarded.

Initial attempts to dissolve the phosphate
precipitation cake in warm 0.5M oxalic
acid left a residue containing minor, but
recoverable, amounts of Pa. However,
leaching the filter cake with hot 1M NaOH
converted the precipitate to a form that
was easily and completely soluble (probably
because of removal of the phosphate).

When HC1 and H;PO, were added to concen-
trations of 1M and 0.075 M, respectively,
and the solution was heated to 70°C, the
resulting precipitate seemed the same as
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the previocusly described precipitate.
These second cycle precipitates were pure
white, gelatinous, and only slightly less
voluminous than those from the first
cycle. Most of the comments and observa-
tions recorded for the first cycle precip-
itation also apply to the second cycle
precipitation, with the added complication
that the concentration of HCl becomes
another variable factor. Dozens of the
precipitations from the oxalic/HC1l medium
have been run with the majority giving

99% recovery of the Pa and discardable
filtrate solutions. 1In the few cases
where Pa loss was excessive, additional
HCl, or H,;PO,, or both (and heat) produced
acceptable recovery of the Pa. After
leaching with hot 1M NaOH, the precipitates
were easily soluble in warm oxalic acid;
and the precipitation could be repeated.

The success of this technique suggested
the possibility of direct precipitation

of the Pa from the nonevaporated oxalate
strip solution. An oxalate strip solution
containing 2.9 mg Pa was adjusted to 1.1M
HC1 and 0.07M H,PO, and heated to 75°C.
The resulting precipitate was digested 2
hr and cooled overnight. The filtrate
solution containing 2% of the starting Pa
and was discarded. Thus, the direct pre-
cipitation on the oxalate strip solutions
could be considered an alternate procedure
for the manganese dioxide precipitation.

Manganese dioxide carrier precipitates were
processed by dissolving the solids in hot
(80°C) oxalic acid, adding HC1l and H,;POs
and precipitating by the standard procedure.
Materials processed in this way appeared
and bchaved identical to the material de-
rived from cvaporated strip solutions.

The initial oxalate solution was the typi-
cal blue-green color, and this color dis-
appeared completely in two precipitation
cycles. The appearance, behavior, and
amount of precipitate seemcd no different
from previous precipitates; and after two
cycles of precipitation, Pa from both
sources was combined.

Continuation beyond two cycles of precip-
itation resulted in little "apparent"
reduction in the volume of precipitates.
During previous work on dissolving low
level residues, it had been observed that
H,0, aided dissolution and produced either
yellow or bright red solutions. The
addition of H,0, to the precipitation
medium (1M HC1l, 0.5M oxalic acid, 0.75M
H,PO,) resulted in additional separation

of impurities, and a much more complicated
system. Some of the peroxide complexes
(namely, colored solutions) were stable

at temperatures of 90°C and above and seemed
to prevent precipitation of the impurity
while permitting the Pa to precipitate. 1In
contrast to previous experience, the re-
sulting precipitate seemed to be affected



Potential, Volts vs. N.H.E.

somewhat by the amount of H,PO, present and
the temperature (above 70°C). The precip-
itate was crystalline rather than gelatin-
ous, small in volume, and settled to the
bottom of the beaker within a few minutes.
The protactinium content of the filtrate
was variable, often high, and in at least
one case, increased upon standing.

By use of the above described methods, two
batches of Pa totaling 100 mg were concen-
trated until the centrifuged volume of
hydroxide precipitate was less than 20

ml. These batches have been dissolved in
sulfuric acid in preparation for the next
purification step. (P. E. Figgins,

M. R. Hertz, and W. S. Stringham)

STUDY OF THE REACTION OF
PLUTONIUM WITH BONE CHAR

Bone char is being studied as an adsorb-
ent for removing traces of plutonium from
waste water that is to be discharged to
the environment. Previous work on the
properties of bone char have included a
literature search of bone char properties,
an analysis of a typical sample of the
bone char, and a description of the bﬁfm
havior of the bone char-water system.”™

New samples of bone char have been pre-
pared, sized to 74-105u with standard
sieves, and washed several times with
water to remove fines. To ascertain
whether this new sample of bone char had
properties which approximated the p;evi—
ous samples, the potential-pH behavior
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FIGURE 10 DPotentialepH hehavior of bone

char containing trace Pu (carbhonate buffer).

of the bone char was examined. Figure

10 shows this potential-pH behavior in

a carbonate buffer, whereas Figure 11
shows this behavior in a phosphate buffer.

The potential increased with decreasing pH
in the expected manner, which indicated

"that this potential-pH behavior seems to

be intrinsic to the bone char system and
is not affected by screening and washing
the bone char (whether this potential-pH
behavior is the same for bone char obtained
from other commercial suppliers is not
known, however). The samples indicated
the same low poising capacity as previous
samples, that is, all of the potentials
drift upwards upon exposure of the bone
char-water systems to air, so that the
observed potential depends upon the time
of the potential reading. As indicated by
Figures 10 and 11, however, if the proced-
ure for taking potential measurements is
standardized, linear plots can often be
obtained. Because of the potential insta-
bility and apparent dependence upon ex-.
posure to atmospheric oxygen, it seems
likely that the potential is not a useful
parameter for describing the bone char-
water-plutonium reaction; and for this
reason, potential measurements upon such
systems have no longer been obtained.’

One of the problems accompanying the study
of the behavior of plutonium with bone
char is that of ascertaining the oxidation
state and form of the plutonium in equili-
brium with the bone char. Problems asso-
ciated with the preparation of hexavalent
plutonium have already been described.??
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FIGURE 11 - Potential-pH behavior of bone
char (phosphate buffer).
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After the preliminary examination of the
problems associated with the preparation
and use of hexavalent plutonium, it was
decided to attempt to prepare samples of
tetravalent plutonium polymer for equili-~
bration with bone char. The preparation
was attempted in the following manner.
About 50-100 mg of sodium nitrite were
added to about five ml of plutonium-238
stock solution (oxidation state unknown)
in 6M nitric acid. This solution was then
.diluted with 20-25 ml of concentrated (16M)
nitric acid. -The solution that resulted
was then stirred and heated on a hot plate
until evaporation had reduced the volume
of the solution to about 2 ml. This solu-
tion was then cooled. and treated with the
various test procedures shown in Table 6.
Table 6 describes various test procedures
for preparlng tetravalent plutonium poly-
mer, but it is 1mportant to observe that
the results quoted in the. table are not

Table 6

reproducible. However, since boiling the

_.plutonium solution at pH 12.5 seemed.to

give the greatest radioactivity decrease
upon centrifugation in these preliminary
studies, it was decided to use this tech-
nique to examine plutonium solutions in

the presence. of bone char, assuming that
the techniquerdid yield solutions of plu-
tonium (IV) polymer. Plutonium solutions
prepared by boiling in potassium hydroxide
were used to try to ascertain the . -optimum
PH range for removing plutonium from waste
water with bone char. The results on one
typical study are shown in Figure 12, which
pPlots plutonium-238 counts per minute perx
5002 of 100 ml solutions each containing

1l g of bone char. The various pH values
were obtained with ammonia buffer. Although
the data are scattered, the fact that the
activity in equilibrium with the bone char
decreases with decreasing pH is evident.
Prior to counting, each sample plotted in

TEST - PROCEDURES FOR PREPARING PLUTONIUM (IV) POLYMER

g

Procedure Discription

Pour Pu solution into NH; buffer
at pH maintained near 10

Pour Pu solution into hot NHY buffer

at pH maintained near 10

Pour Pu solution into boiling water
and boil for 5 min

Pour Pu solution into a hot solution
of 20 ml of concentrated NH; + 80 ml
water, and then boil for one min.

Pour Pu solution into KOH solution
such that final pH was 12.5

Pour Pu solution into 100 ml offboiling

water containing KOH such that final
pH. was 12.5
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Percent solution radioactivity
decrease by centrifugation at
10,000 rpm for 10 min

~56

~90
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Figure 12 was centrifuged for 10 min at
10,000 rpm. Figure 13 shows the results
of a similar study in carbonate buffer.
Figures 14 and 15 show other studies of
the bone char-water-plutonium system in-a
ammonia buffer, but samples were not ceri-.
trifuged prior to counting. Since there
was no centrifugation step to remove large
polymer particles, the absolute radiocactiv-
ity level is increased; but the data again
indicate that bone char as an absorbant
for plutonium is more effective close to
the neutral point than at high pH values.
Part of the scatter in the data points in
Figures 12, 13, 14 and 15 results from
plotting together data obtained from dif-
ferent polymer preparations. As has been
previously discussed in works on the chem-
istry of plutonium, different preparations
may lead to different degrees of polymeri-
zation; and this is probably as true of
preparations that differ only in detail as
it is of preparations that differ in other
than detail.

In order to examine the behavior of pluton-
ium “(IV) "polymer" (prepared by boiling in
KOH as described above) in the presence of
bone char near the neutral point, two plu-
tonium solutions were’ prepared for equili-
brium in 100 ml flasks with one gram of
bone char. Ethylene-diamine was used as
the buffer. Plutonium solution No. 1 con-
tained 3571 dis/min/500) before reaction
with bonechar; and plutonium solution No. 2
contained 10,162 dis/min/500X before reac-
tion with bone char.

500
400 -

300 |
Initial count: * //

200 | ~2500 d/min/500X /

100 -~
80 )

Counts/min/500\

60

T 17 T T 1171

40

85 9 10 ' 1 12 185
pH
FIGURE 12 ~ Apparent bone char plutonium

(IV) "polymer" equilibrium in ammonia
buffer (all samples centrifuged).

The results of equi-

librating these plutonium solutions with
bone char are shown in Figure 16. As can
be seen, considerable scatter is inherent
in the data. On the average, however, the
more dilute plutonium solution gave the
lower equilibrium count (about 15 dis/min/

-.ml); and the  plutonium solution with the

higher initial count gave a higher equili-
brium count with bone char (average count
about 23 dis/min/ml). It is difficult to
obtain data at pH values much below pH 7
because of the tendency of the bone char
to dissolve and provide its own phosphate
buffer. This self-buffering capacity of
bone char tries to adjust the pH to about
8.

During the course of this study, it was
observed that the apparent count rate of
radioactive samples (stored in polyethylene
vials containing the scintillating mater-
ial and gelling agent) may gradually
increase their count rate. This effect
first became apparent with samples stored
for more than 12 hr. However, this effect
did not seem to occur in all samples or

to occur uniformly in those samples in
which the phenomenon was observed. It

- has been suggested that this phenomenon

may be caused by the slow loss of toluene,
a component of the scintillating fluid,
through the walls of the polyethylene
vials when these vials are stored for

long periods at room temperature. A study
of this effect was not undertaken since
it can apparently be avoided by using
glass vials instead of polyethylene vials.
In the few cases where the effect was ob-
served, the count rate seemed to increase
by about 10~20% in a 24 hr period. This
effect may also be from temperature vari-
ations in the room, as the variations. may
encompass a span of 30°F. Data in Figure
16 were obtained by counting all samples
in glass vials.

In order to compare the behavior of plu-
tonium (believed to be polymeric) with

bone char to plutonium that had received
different treatment, a sample of plutonium
was first reacted with silver (II) oxide and
then allowed to equilibrate with bone char.
The reaction with silver (II) oxide was
performed to oxidize the plutonium to the
hexavalent state prior to reaction with

the bone char. Results are shown in Fig=-
ure 17 and show that plutonium treated as
for oxidation to the hexavalent state seems
to behave similarly as plutonium treated as
for conversion to the polymer.

It seems the scatter inherent in the data
illustrated in the figures presented herein
is not unknown in the study of radiocolloids.
There is no simple, readily apparent reason
why such data should intrinsically contain
such tolerances; but irreproducibility
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dis/min/500A

seems to be at least as common in the study
of radiocolloids as in other branches of
chemistry and perhaps more so. Many work-
ers in the field of radiochemistry have
commented upon and attempted to explain

the irreproducibility of data sometimes
obtained from radiocolloids and sorption
systems.  There does not seem.to be general
agreement on what causes irreproducibility
of the behavior of radiocolloids, or how

to avoid, this circumstance. The concentra-
tions of the radiocolloids are often less
than the concentrations of impurities in
even the highest grade reagent chemicals,
and it has been speculated that the behav-
ior of radiocolloids can be attributed to
radioelement adsorption upon the impurities
present in even theé best grades of commer-
cial chemicals, or upon the surfaces of
dust particles and the walls of vessels.
Egorov has summarized this state of affairs
in his statement that: "As a rule, the
behavior of radiocolloids on sorption sys-
tems is anomalous."?® In regard to radio-
colloid systems and.the anomalies often
associated with them, Egorov states that:
"this problem.has in fact no solution."?28
Other workers have also remarked upon the
difficulties that seem to be inherent in
the study of systems of radiocolloids.
Among these commenting workers may be found
Mellish, Pa¥ne and WOrrallzg, Andelman

and Rozzell®®, and, in particular, Kepak?®!,
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FIGURE 15 - Apparent adsorption of Pu
“polymer” Ly bune chuai a3 a funection eof
pH (Dashed line represents one interpre-
tation of data, samples not centrifuged).

- of plutonium from agueous” solutlon,

. walls of the glass vessels.

“from this diagram,

who has expressed the idea that radiocol-
loid systems may be examples of systems
that are not in thermodynamlc equlllbrlum.

Whatever the nature of radloc01101ds or

the disagreements and anomalies associated

with their study, the adsorption of radio-

colloids by glass surfaces can significant-

-1y affect the results of sorption ‘studies.

It is one of the demonstratlons of this
section that the effectlveness of bone char
as an adsorbent for the removal of, one form
the form
generated by boiling in aqueous KOH, is
greater near pH 7 than at higher pH values
(such as pH 11). It is possible, however,
that this demonstration is-only the result
of the absorption of the plutonium by the

A study of

the’ adsorption of plutonlum (Iv) "polymer"

. (prepared by boiling in potassium hydrox-

ide) by glass vessels was therefore under-
taken. Figure 18 shows the apparent ad-
sorption of the plutonium at several pH
values as a function of time that the plu-
tonium solution was allowed to stand in
the glass 100 ml vessel. As can be seen

+ the adsorption of plu-
tonium treated as” for polymer formation is
primarily a high pH phenomenon, and that
at pH 10 to about pH 7, the adsorption of
the plutonium (IV) polymer by the vessel
walls does not seem to be important.

100
80 " Initial count: .
L 0 ~3600 dis/min/S00X o
60 |- @ Initial count: ~10,000 dis/min/500A
. ®
40 -
~ ® "0
- . [}
E « 20 .
E 20 - ® 45 * ()
=3 %o b
[ J
P o
10 °
. (] o]
8 |-
— (]
6 -
4 - o]
] ]
[ 7 ~ 8 9
pH

FIGURE 16 - Apparent "equilibrium of pluton-
ium (TV) pnilymer and bone char near the
neutral point (Open circles represent solu-
tion No. I, closed circles represent solution
No. 2. Ethylene diammine buffer, samples

not centrifuged).
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The buffer used in this study was ammonla/
ammonium nltrate, and each solution was
thoroughly shaken prior to sampling.
Figure 19 plots the count rate of each
solution after 20 days in a glass vessel.

The scatter that appears in the datad re- . 100 .
lating to the adsorption of plutonium by - 8o ,
bone char suggests it would be desirable ) - "
to standardize the plutonium test solu- ’ 60 f-~ - - »
tions so that at least the initial form ' ' '

of the plutonium could be stated, and so a0 L Y
that the possibility of consistehcy from )
experiment-to-experiment can be maximized,
As mentioned in the literature of pluton-
ium chemistry, different preparations of
plutonium (IV) polymer generally lead to 20
solutions with different adsorption. prop- 9 10 - LA
erties.” Therefore,. a sample of’ hexavalent o pH

plutonium was prepared in nitric acid by ‘ '
oxidation withisilver (1I1), oxide, examined
with a spectrophotometer to confirm its.
oxidation to the hexavalent state, and
diluted to an appropriate concentration
for use in the study of 'bone char. Like-
wise, a stock solution of plutonium (IV)
polymer was prepared by prec1p1tat10n of

a sample of hydrous.plutonium (IV) oxide

dis/min/500\
1
[ )
\

FIGURE 17 = Apparent'equilibrium of
"héxavalent" plutonium with bone char.
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FIGURE 18 - Adsorption of plutonium (IV) "polymer" by glass.
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and peptizing this material. Examination
of the visible absorption spectrum of this
material confirmed that it was polymer,

and a sample of this solution was diluted
for use in the bone char study. Results

of studies on bone char with these standard
plutonium solutions will be reported in

the future. (6. L. Ssilver)

STUDY OF THE REACTION OF
URANIUM WITH BONE CHAR

The objective of this program is to-study
the mechanism of the removal of uranium

in waste streams to ultra low levels.
Studies to date have been directed at uran-
ium removal by contacting uranium bearing
solutions with bone char, a natural cal-
cium hydroxylapatite. The removal mechan-
ism is thought to be based on the prin-
ciple of residue adsorption The hydrox-
ylapatite (HAP) being used in this study

is a natural bone char obtained from the
Kerr McGee Corporation. Table 7 gives a
chemical analysis of this bone char.

Typically, bone char has been used in
decolorizing crude sugar syrups and in
removing salts or "ash" from process
streams. As a result, its physical prop-
erties are well known (see Table 8).

Other studies of this substance have in-
cluded the selectlve adsorption of Sr, Cu,
and Mg.35

Experimental work in the adsorption of
uranium from alkaline and neutral agueous
solutions has continued. The use of ad-
sorptlon 1sotherms has been discussed pre-
v1ously Performance of a solid

sorption agent in treating a liquid depends

upon four factors: stoichiometric capa-
city of the solid (whenever it can be
defined independently). equilibrium be-
havior (which limits the realization of
full stoichiometric capacity), rate be-~
havior (which often further restricts” the
performance of the system), and process
arrangement (with its consequences for the
material balance). Sometimes the realiz-
able capacity of .a solid has a nearly con-
stant value. 1In other cases, the effective
capacity varies with solute concentration
in the feed and thus must itself be de-
termlned from the equilibrium behav1or.

The behavior of uranium adsorption onto

the bone char surface can best be modeled
using the Freundlich equatlon, which re-
lates the amount of uranium in the solution
to that adsorbed on the bone char as
follows:

=k C l/n'

3%

dis/2 min/500A

) 1 | 1
8 9 10 1 12
pH
FIGURE 19 - Adsorption of Pu " polymer"”

by glass count vs. pH after 20 days
equilibration (initial solution count
given by dashed line).

.where:

x = amount of activity adsorbed’
s mo= weight of bone char
k and n are constants

C = unadsorbed concentratlon of activ-
1ty left in solution that is in
.equilibrium with. the act1v1ty ab-
sorbed on the bone char. ,

The intercept is roughly an 1nd1cator of
sorption capacity and the slope,
adsorption intensity. The Freund?ﬁch
equation’generally agrees quite well with
experimental data over moderate ranges

of concentratlons, c.

However, the Freundlich equatlon does not
reduce to a linear ‘adsorption expression
at very low concentrations such as the
Langmuir equation does; nor does it agree
well with the Langmuir equation at very
high concentrations, since n must reach
some limit when the  surtace 1s ftulily cov-
ered. o

Generally, k and n decrease with increasing

waste water complexity. High k and n val-
ues indicate high absorption throughout

35
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Table 7

COMPOSITION OF A COMMERCIAL BONE CHAR?33

Component Percgptage
ca ' 33.8
P 15.7
0.4
S 0.03
Na 2.4
N - ' 1.0
CO;~2 5.0
C 5.8
Mg 0.5
Si . 0.3
Mn ' 0.05

Fe 0.1

the concentration range studied; converse-
ly, low values indicate low adsorption.

A low value of n (steep slope) indicates
high adsorption at strong solute concen-
trations and poor adsorption at dilute
concentrations. )

Experiments were performed to determine the
change in the removal effectiveness of

bone char with respect to uranium as a
function of pH. Since bone char tends to
be slightly soluble at pH's below 7. the
pH's chosen were: 10, 8, and 7. The vari-
ous isotherms generated are shown in Figures
20, 21, and 22. The isotherm at pH 10 was
run with 23*U isotope; whereas the isotherms
at pH B8 and 7 were run using 23°%y,

In order to compare the various results,
the data at pH 10, using 2°*U, 'Was normal-
ized-to 233U data by multiplying the data
by the ratios of their respective half
lives (Figure 23).

. . 234 2.47X105 r.=
(dls/mln/ml .U X TT§§—§—T5?§?
dis/min/m1%%3v )

The following relationships:
pH 7 = = 6 x 1072 c2-°°

= 6.1 Ccl.*®

g% 2%

pH 8

pH 10 X = 18.6 c'+*! (normalized to*®’v)
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Table 8

PHYSICAL, PROPERTIES OF BONE CHAR?®*

Internal Porosity, % 50~55
External vVoid Fraction 18
Bulk Dry Density, 1b/ft 3 40
Surface Area, m2/g 100-115

Decolorizing of crude
sugar syrups; removal
of salts or "ash" from
process streams.

Typical Uses

were derived by fitting the Freundlich
equation to the data, as discussed pre-
viously.3®?

One can readily see from Figures 20-23
that pH 10 treatment is better for a
batch~type operation since the capacity
is greater at equilibrium effluent con-
centrations. Treatment at pH 7 is better
for bone char-column operation since the
capacity is greater in equilibrium with

a typical influent at celumn exhaucstion.
Treatment at pH 8 falls in between the

PH 7 and pH 10 treatments. Bone char

at pH 10 has a higher adsorption capacity,
at low concentrations, than at pH 8 and
pH 7. However, at high concentrations
the adsorption capacity is highest at

pH 7. Also, the adsorption intensity

is much higher at pH 7 than at pH 8 and

"pH 10.

In order to make further comparisons
between the pH 7, pH 8, and pH 10 adsorp-
tion characteristics of bone char, the
various equilibrium distribution coeffi-
cients, K4, were determined; using the
three fitted Freundlich equations (that
is, extrapolated from data), the K4 values
are defined as follows:

Concentration 233y

absorbed onto bone char

Ke = Eoncentration residual
activity (2%°%U) in liquid
K, = X/m

T .
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Bone Char
— Adsorption Isotherm of Uianium-234
pH =10
Buffer (NH3)
Initial U-234 Activity = 795 dis/min/ml
- (Corrected for Adsorption onto Glassware)
T=20°C :
104 |— Slope = 1.21
Intercept = 20.3

103 |—

x/m (activity adsorbed per mg of bone char—dis/min/mg)

102 . I J I i ‘(l
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C (residual activity—dis/min/mt)

FIGURE 20 - Adsorption of uranium onto bone char at pH 10,

105 — : vi
Bone Char .

L Adsorption Isotherm of Uranium-23

pH=8

No Buffer .

Initial U-233 Activity = 21.245 dis/min/ml
(Corrected for Adsorption onto Glassware)

T =20°C :

109 Slope = 1.45
. F— Intercept = 6.1

103 —

x/m lactivity adsorbed pe.r mg af bone char—dis/min/mg)

102 4 l I I I L

1 i 5 10 50 100 ) 500 1000
C (residual activity—dis/min/mi)

FIGURE 21 - Adsorption of uranium onto Pone char at pH 8.
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FIGURE 23

x/m (activity adsorbed per mg of bone char-dis/min/mg)
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Adsorption Isotherm of Uranium-233
pH=7 .
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T =20°C
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FIGURE 22 - Adsorption of uranium onto bone char at pH 7.

x/m (activity adsorbed per mg of bone char—dis/min/mg)
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The values of concentrations used in the
extrapolations ranged from 1 to 500 dis/
min/ml233y, which is equivalent to 2.25_x

10-'° grammole o 1.1 x 107’ SLQT-—’M
1ter . 1ter ‘

The K« values were then plotted .versus
residual concentration (that is, the con-
centration in equilibrium with the bone
char) of uranium to determine the effect
of pH on the distribution coefficients
(see Figure 24). As one can readily as-
certain, the steepest slope occurs at

PH 7. At low values of C, the higher K,
values occur at pH 10. This graph is
similar to Figure 23 since the data in
Figure 23 were used to generate Figure
24. However, it is easier to visualize
the behavior of uranium when one looks
at Figure 24. Three possible mechanisms
could cause this behavior. The first
possible explanation is that of polymer
formation, and uranium has the following
forms: :

1) U0.*? '

2) (UOz), (OH),*? - Dimer
3) . (UO2), (OH)s* - Trimer

As the pH is increased, the formation. of
dimer and trimer occur more readily.

Since the mechanism of removal is thought
to be chemisorption at pH 10, where it is

thought that dimer and trimer would exist,
more uranium would be removed per unit
valence reacting with the surface. There-
fore, high initial K4 values are apparent
at pH 10 and the change in Kq with C is
not as drastic as at pH 7. At pH 7, the
initial K4 values are quite low, as com-

~pared to pH 10; however, the K4 changes

vary rapidly with C, which is indicative
of polymer formation.

The second possible explanation is that

of complex formation. Since the commer-
cial bone char is relatively impure, a
number of possible complexing agents could
be dissolving from the bone char, These
include PO,~° and CO,;~? and many others.
Ka was defined as the ratio of uranium
adsorbed onto the bone char to the uranium
in solution: .

[U02+2 solid
[Uoz+2 liquid

however, if complexing agents are present:

x = [uranium] solid

?
" [voa*?) 4 fur]

where the U* is a uranium complex. Now
then, if the uranium complex is inhibited
from adsorbing onto the bone char surface,
the results obtained would be similar to
that seen in Figure 24, where the concen-
tration of uranium complex is a function
of pH. '

100
e pH 10
s pHS8
50 f— , pH 7

1.0

05

A

[ 1 |

1 5 10

C ({residual activity~dis/min/ml).

50 _ 100 500 1000

FIGURE 24 - Comparison of the distribution coefficient (Ka)
with concentration (C) at various pH values.
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The third possible explanation is that the
surface becomes activated for adsorption
as a function of pll. This could be caused
by a heterogeneous surface activation
energy, which is also the basis for the
derivation of the Freundlich model for
adsorption. This type of behavior is
better observed when the data is plotted-
in the form of Figure 25 where the distri-
bution coefficient (K4) is plotted as a
function of sorbent loading (x/m) for the
various pH's studied. The curve for pH
exhibits a low K4 for low sorbent loadings;
however, after an initial loading the K4
values increase rapidly until a new value
for x/m is reached whereupon the Ks changes
only slightly.- At pH 8, the K4 curve ex-
hibits only slight curvature; and at pH

10 it is a straight line on a log-log plot.
Therefore, if there is a surface phenome-
non it occurs mostly at pH less than 8.
This surface phenomenon could of course

be attributed to a dissolution of the bone
char surface at pH less than 8 that would
affect the magnitude of the Ka values in
the manner described in Figure 25.

At this time, it is difficult to distin-
guish between the three possible explana-
tions for the behavior of uranium adsorp-
tion onto bone char. Further studies will
be made to evaluate these three mechanisms
and determine the behavior of uranium in
this type of system. (J. Koenst)

THORIUM-229

- A total of 17.68 mg 22901 has been extract-
- ed and purified during this report period

from aged 23%y. Of this quantity, 6.64 mg
were extracted from unprocessed 233U and
the remainder, 11.04 mg, was extracted
from previously processed 2°3y,.

The first batch processed consisted of two
portions of ??%U- oxide that were combined
after extracting the %33U. The resulting
2N HNO; solution of ?2°Th and daughters was
concentrated to 8N HNO,; and passed through
the anion exchange resin column. The pro-
duct solution of 6. 64 mg *2°Th was calcu-
lated to be 6% pure in 22°Th, The purity
is an estimate because of weighing an
uncertain form of the final product; it

is assumed to be Th(NO;),- 12H,0.

The second batch also consisted of two
portions of 233U oxide. However, this
material was much higher in 232U than pre-
viously processed, 17 ppm versus 2-7 ppm
for all other material processed in the
past. Gamma radiation was higher by sev-
eral orders of magnitude. This material
was the second batch processed for the
second time. This also should result in
a product low in 2%2Th. The final pro-
duct was 8. 19 mg 22%2°Th with a purity of
74%.

100

50 |— © pH 7
m pHA
A pH 10

10r_

1.0

I

0.5

o L L1

[ 1 || 1

1 5 10 50 100

500 1000 5000 10,000 50,000 100,000

x/m (activity adsorbed per mg of bone char—dis/min/mg)

FIGURE 25 - Comparison of the distribution coerficient (Kd)
with loading of the sorbent (x/m) at various pH valiues.
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Some product material produced earlier,
1.68 mg %22°Th, appeared to be highly con-
taminated, which would give low product
values and low total purity. This material
had been purified by solvent extraction
with TOPO. This was dissolved, filtered,
adjusted to 8N HNO3 and passed through

the anion exchange column. The final pro-
duct was much cleaner in appearance and
assayed to have 2.85 mg 22°Th with a pur-
ity of 59%.

An anion exchange resin used for the final
purification and concentration of 229Th,
will be used for all subsequent 233y/229rh
processing. It provides for closer control
over the product purity by the use of alpha
pulse height analysis of individual frac-
tions. Also, the resin column acts as a
filter to remove solids and organic im-
purities from the product stream.

The procedure is as follows:

1. After the 233U has been extracted from
the 2N HNO,; feed solution, separate the
organic from the aqueous phase. Wash
with di-ethyl-benzene to reduce any re-
maining DSBPP to a minimum,

2. Concentrate the 22°Th rich solution to
8N HNO;. Filter through a coarse fil-
ter,

3. Prepare anion exchange resin AG 1X8
100-200 mesh by treating with 8N HNO;
until chloride free. The column used
was a 10 ml buret, 20 cm long, fitted
with a 50 ml reservoir. The resin col-
umn was 16 cm x 0.5 cm. Flow was 0.3
ml/min.

4., Pass feed solution through column. If
flow ceases, rod out column using a
small diameter stainless steel rod.

5. Analyze raffinate for presence of 233y,

6. Wash with 20 ml 8N HNO;. Elute 22°Th
with 50-100 ml LN HNO3;. Analyze fracs=
tions unhtil all 229Th has been eluted.
Any residual 2%2°Th may be recovered for
future purification by igniting the
resin. This should be done with caution
because of the possible reaction between
the organic resin and the acid.

7. Sample the product solution and analyze
by scintillation counting and alpha
pulse height analysis. (W. S.

URANTUM-234

Mound Laboratory has been separating and
recovering high isotopic purity uranium-
234 from aged plutonium-238 materials for
several years. The chemical procedures
for separating and purifying the uranium
have been described previously. 37

Stringham)

Final purification of 23°"“U product Al3-2
was described in the last report, 3® but

the analyses were still in progress. Total
oxide weight of 22.285 g was reported with
a mass analysis indicating 99.08% 2344y,
0.08% 23%y, 0.06% 2°°U, and 0.79% 238y

with some mass 237 observed.

Completion of impurity analysis by emission
spectroscopy indicated 1.44% total impur-
ities with iron and sodium the major impur-.
ities at 0.4% and 0.5%, respectively.

Other impurities detected were bismuth,
silicon, magnesium, lead, chromium, nickel,
aluminum, copper, and molybdenum. Uranium-
234 content calculated from mass analysis
data and oxide weight corrected for impur-
ities was 18.406 g. Alpha pulse height
analysis of several samples indicated a
238py content as high as 27 ppm. This
238py content was in sharp disagreement
with analyses of the nine solutions from
which the uranium product was precipitated.
The uranium content of these solutions con-
tained only 1-2 ppm 238pu. Since the
uranium from these nine solutions was pre-
cipitated in seven individual precipita-
tions and calcined independently, the con-
clusion was that s$ome source of 238pqy
contamination had made the product nonhomo-
geneous with respect to 238py.

Using the available alpha pulse height
data, a calorimetric measurement of the
total product and the ?3"U weight deter-
mined from mass analysis data, a 23°pu
content of 3 ppm was calculated for the
product. Final alpha pulse height anal-
ysis (6/6/75) was reported as follows:

23% = 90.51%

232y = 7.52%(25 ppm on weight basis)
238py= 0.81%( 3 ppm on weight basis)
Other= 1.16%(daughters of 232y)

Shipment of !3“U product AL3-2 (18.406g)
was made to the Heavy Element Pool at
Oak Ridge National Laboratory on June 18,
1975.

As reported previously, ®® approximately
seven grams of 23U did not load onto

the resin during the final anion exchange
of product Al3-2 and was distributed
through the raffinate, wash, and neptunium
fractions. There was a possibility that
this uranium formed a phosphite compound
because H3;PO, is used as a stabilizer in
HI, which was used as a reductant for the
238py, 1In fact, there is a method re- '
ported?® that separates uranium from plu-
tonium by a homogeneous precipitation of
uranium with H3PO,. This method separates
uranium (+4) from plutonium (+3), using

HI as the source of H;P0O,. One of the
wash fractions containing about 43 mg
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23%y and less than 1 mg 238Pu was selected
to investigate the use of this method for
separation of 23%*U. For this investiga-
tion, H3;P0O; was used as the precipitating
agent with Na,S0; to reduce the uranium
to the +4 state and ferrous sulfamate to
reduce the plutonium to the +3 state.

No precipitation of uranyl phosphite was

achieved, apparently because of the presence

of phosphate in the solution. Free iodine
remaining in the solution had probably
oxidized any phosphite formed during the
anion exchange processing. This precipi-
tation is reported not to work in the
presence of phosphate. The method should
be investigated in the future with uranyl
chloride known to be free of iodine or
phosphate.

The recoverable uranium and plutonium re-
maining in the raffinate, wash, and nep-
tunium fractions from the final anion

exchange of product Al3-2 were precipitated

as hydroxides to separate any free iodine
and phosphate. The precipitate was dis-
solved in concentrated HCl, which was
adjusted to 9M HCl, and is being held for
reprocessing through the final anion
exchange. Ammonium iodide will be tried
in place of HI as a reductant for the plu-
tonium during this anion exchange in the
future.

Solution Al0-P, containing an estimated
four grams of 23%U and 11.4 g of 23%%pPu in
high acid concentration, was obtained
from dissolution of Pu-Zr heat source
material several years ago. It has been
evaporated to near dryness, redissolved
in concentrated HNOj;, and adjusted to

2M HNOj3; in preparation for the initial
purirication step, namely, oxalate pre-
cipitation of the 23°%Ppu.

Solution U-8, containing an estimated one
gram of 23'U and 0.2 g of ?%°®Pu in high
acid concentration, was concentrated sev-
eral years ago by solvent extraction

from waste solutions obtained from plu-
tonium recovery operations. This solution
has been evaporated to near dryness, the
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" process the solution.

solids redissolved in concentrated HNOj,
and adjusted to 0.3M HNO; in preparation
for the intermediate purification step,
namely, anion exchange in nitrate media
using Al(NO); as the salting agent. Sim-
ilar solutions U-9 and U-10 are being
adjusted to 0.3M HNO; by precipitation

of the uranium and plutonium with NH,OH
and dissolution of the precipitate in
HNOj3;. Evaporation to near dryness proved
too "touchy" for these solutions; the
cooling solids cracked the Pyrex evapora-
tor when working with U-8.

The receipt of approximately 100 liters of
waste solution from plutonium recovery
operations was reported last year."® These
solutions were designated "evaporator con-
centrate" (10 liters) and "23%U raffinates"
(96 liters) and contained an estimated 65

g of 23%U and 32 g 23%pu., Several methods
of preliminary concentration were investi-
gated at that time, but the space limita-
tions in the 23%"%U production area made
processing of such a large volume impracti-
cal. Recently, the larger scaled equipment
of plutonium recovery operations became
available for use. These solutions were
transferred to that area, combined as
"U-raffinates" and concentrated by anion
exchange. Four runs were required to

The solution was
salted with Al1(NOj3); to 1.6M, adjusted to
0.3M HNO;, and fed through the column of
Dowex 1 x 4 resin to load both uranium

and plutonium. Uranium and plutonium were
eluted together with 0.35M HNO; and 0.35M
hydroxylamine nitrate (to reduce plutonium).
The raffinates, containing most of the
impurities, were discarded and the eluants
evapnrated to a minimum volume. The
plutonium in the eluants was precipitated
as the oxlatec with oxalic acid, and the
uranium-rich filtrate was evaporated to

a volume of approximately eight liters.
This filtrate, containing five grams of
238py, is now ready to be prepared as

feed to the intermediate purification

step in the ?°*U production area. If the
estimated uranium content proves to be
correct, processing of this filtrate

will require two to three years.

(P. L. Keister)
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Separation Research

CALCIUM ISOTOPE SEPARATION

Chemical Exchange

A prototype chemical exchange system using
a Karr, reciprocating-plate, countercur-
rent, extraction column, and reflux equip-
ment was operated at total reflux for an .
extended period to enrich calcium isotopes.
The polyether dicyclohexyl 18-crown-6

was used for the calcium isotope exchange
reaction. The formation of the calcium
complex in the top reflux system was esti-
mated to be only one-fourth complete based
upon equilibrium distributions between the
organic phase and the aqueous phase. This
made it necessary to supply low through-
puts to the column, and, consequently,
axial backmixing became a substantial
factor in reducing the column separation
factor. A new contacter design is being
planned to alleviate this situation.

(R. W. Hurd)

LIQUID THERMAL DIFFUSION

Ligquid thermal diffusion is bheing developed
as a general: technique for separating
stable isotopes. It has been established
that liquid phase isotopic thermal diffu-
sion factors are large enouqh for separa-
tion on a practical scale. "’ Several types
of prototype columns have been constructed
and tested. Columns of the most recently
developed design have been found to per-
form consistently in aaccordance with
theoretical predictions.

Sulfur Isotope Separation

The previous report in this series"? de-
scribed the separation of highly enriched
sulfur-34 (natural abundance: 4.2%) in a
12 column dual cascade. At that time, the
desired concentration of 90% 3%S had been
reached and withdrawal of product had been
established at 2.0 g of CS, per week,
equivalent to approximately 1.5g of 3%S
per week. . . L s . PN

Production of 3%S continued, with interrup-

tions, until September 22, 1975. At that
time, sufficient material and data had

been acquired; and the experiment was term-
inated. o : ' :

Figure 26 is a plot of product concentra-
tion and flow rate during the production

period. Production was suspended for a
time when the concentration of 3%S dropped
below 90%. The drop was the result of
plugging. of the column cooling water dis-
tributors by particulate matter. The
associated temperature asymmetry caused

a large decrease in the separation effi-
ciency of the affected columns.

Several steps were taken to avoid future
difficulties with the cooling water. A
screen filter was installed in the system
water supply, and the column water distri-
butors were redesigned to trap particles
at the inlet.

Control of the flow of depleted CS: from
the top of the cascade was found to be
difficult. Several devices were tried,
including a syringe pump and a capillary
leak; but a satisfactory, high level of
reliability could not be obtained. These
were finally abandoned in favor of a nom-
inal 500 ml reservoir at the top of the
system. The reservoir was.periodically
changed as the 3%S content was depleted.

" Table 9 contains the transport data ac-

quired over several complete cycles of
depletion and replacement of the feed
reserVoir. - The-requivalent transport
rates of 3%S were calculated from:

T = 23 (womw)Wr/ot, (1)

where wg and w are the initial and final
3%S concentrations, Wg is the CS, content
of the reservoir, and At is the time span.
The cascade calculations predict a trans-
port rate of 0.81 g/day at the time the
desired concentration of 90% 3%S is
reached. . .

It appears that the transport rate was
approximately 50% of that predicted from
theory. There are several possible rea-
sons for this, the most likely being that
the initial transport coefficient H was
somewhat lower than predicted.
transport coefficient is proportional to
the square -of the' temperature difference
between the hot and cold walls of the
column; thus, a relatively modest error

“in estimating the wall temperatures could

account for the low result. The wall
temperatures differ by 20 to 40°C from

the respective steam and cooling water
temperatures, and estimates of these temp-
erature drops are not especially reliable.
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Table 9

TRANSPORT DATA FOR THE TOP RESERVOIR? OF
-THE SULFUR THERMAL DIFFUSION CASCADE

Cycle Time,Days 3vg,

1 0 4,24
7.93 3.75

13.68 3.54

2 0 4,24
13.13" 3.30

3 0 4.24

' 7.12 3.58
16.95 3.07

3

Transport Rate
g/day *%s

0.38

4Reservoir Content: 649 g CS?2
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FIGURE 26 - Performance of the l2-column liquid
thermal diffusion cascade for sulfur-34 enrichment.
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At the conclusion of the *'S separation, e
experiment, additional material -of greater"“

than 90% enrichment was recovered from the
last stage of the cascade. When this ma-

terial was added to the material- prev1ously»

produced, the total was. equivalent to
20.0 g of 3"S. (w. M. Rutherford)

Chlorine Isotope Separation

In previous work, ‘two chlorine compounds,
l-chloropropane and chlorobenzene were
considered as fluids for chlorine isotope
separation. Separation measurements were
completed for both compounds in the 60 cm
research column. It was found that the
isotopic thermal diffusion factor of 1-
chloropropane was nearly the same as that
of chlorobenzene. Chlorobenzene, however,
because of its physical properties yielded
a somewhat higher separation factor.

Additional experiments with these two com-
pounds were recently completed in a 60 cm
prototype column. The separatlon of the
two chlorine isotopes,~ ¢k and *’cl, was
measured as a function of time. . Column
parameters were derived from the data by
fitting to the solution of the differential
equation describing the transient perform-
ance of the column:

oL [Hw1<1 wi) KL ()

where w1 is the mass fraction of component
1, t is the time, M is the holdup per unit
length, and z is the vertical coordinate.
The quantities H and K are the initial
transport coefficient:.and the remixing

. coefficient, respectively. According to
Eq 2, the separatlon at lnflnlte time is
given by:

fnq, = HL/K

where L is the length of the column and
the separation factor geg is defined by:

WlB(l'Wl)T

qe:m- (3)

The subscripts T and B refer to the top
and bottom ends of the column, respectively.

Table 10 gives the results of the recent
experiments with the prototype column
along with those obtained earlier with the
60 cm research column.*?

Thc results arc not entlre1y Pnns1sant.
The value of &nge- for chlorobenzene was
higher in the prototype than in the
research column. The opposite was the
case for l=clhiloropropane. According to
theory, the same compound should yield the
same value in each of the two columns.

-are given in Table.ll.

. started .on October 21,

If one.of the two columns had been subject
“to para51t1c effects, then the values for
both compounds should deviate in the same
direction.

The data from the prototype show that the
initial transport coefficient H is signi-
ficantly larger for l-chloropropane than
for chlorobeénzene. Again, the’'data show
an inconsistency. The value of H in the
prototype column should be greater than
that in the research column by a factor
of 4/3, according to the ratios of the
annular diameters; however, the measured
value is somewhat smaller. The initial
transport coefficient was not measured
for chlorobenzene in the 60 cm research
column.

A consideration of the above data and the
characteristics of the several available
thermal diffusion columns led to the
choice of l-chloropropane as the working
fluid for the first experiment on the
separation of highly enriched chlorine
isotopes. The .available columns were
those used in the sulfur-34 separation.
experiment plus four addltlonal new
columns. This provided more than suffi-
cient. length to offset the low observed
value of fnge for chloropropane. The
higher value of H combined. with.the lower
molecular weight of 1- chloropropane
promlsed a much ‘higher chlorine isotopeé

- transport rate than. that which could be

obtained w1th chlorobenzene. .

Following the shutdown of the sulfur-34
separation experiment, a cascade of 16
columns in series was assembled for the
chlorine separation experiment. The
dimensions and parameters of the’columns
The column, co-
efficients reported in Table 11 were
derived. from the values measured for the
60 cm prototype column by means of the
follow1ng relatlonshlps

“(L/Lo)  (4)

({lnqe)o (ac;/ai

ane_
' (H)o (a/ag)® (d/dg) - , (5)

H

‘where a is .the spacing between the hot

and cold walls, .d is the -diameter of the
annulus and the subscript o refers to. the
data for the 60 cm prototype as reported
in Table 10.

Before the cascade was started up, it was
necessary to. remove columns 4 and 5 for
,major repalrs. .Thus, the cascade was
1975, as a 14
column cascade.. . . : ’

The concentration of chlorine-37 in the

bottom of the l4-column cascade as a
function of time is plotted in Figure 27.
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Table 10

COLUMN PARAMETERS FOR CHLORINE ISOTOPE SEPARATION

mean annular diameter
gap

#nqe, chlorobenzene
ndge, 1-chlorppropane

H, chlorobenzene
H, l-chloropropane

I

Also plotted 'in Figure 27 is a curve cal-
culated from theory for the 14 column
system:using the column coefficients
given in Table 1l1. The predicted curve
“is followed reasonably well up to the
sixth day. After that, the progress of .
the separation was delayed by a series

of experimental misfortunes (leaks,
plugged lines, malfunctioning circulat-
ing pumps, etc.); but it is expected
that these will 'be overcome in due course.
(W. M. Rutherford-and E. D. Michaels)

MOLECULAR BEAM SCATTERING

Total Scattering Cross Sections

The current series of argon-krypton total
scattering cross section experiments is
being run over a relative kinetic energy
range that covers three different regions.
The first (and highest) energy region
used a room temperature target and vary-
ing source .temperatures from 375 K down
to 120 K with LN, cooling. The second
region uses the Cryo-tip refrigerator to
cool the source from 120 K to 75 K, still
using. a room temperature target. The
third and final region uses expansion-
cooled nitrogen gas to lower the target
temperature to 130 K and the Cryo-tip

for source cooling to 75 K. This series
will thereby give total cross section
measurements for argon-krypton scatter-
ing over the relative velocity range
between 3.29 x 10* and 6.83 x 10" cm/sec
(relative kinetic energies between 2.5 x
10-'* and 1.0 x 107!?% erg).

46
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60 cm research

column column
25.3 mm 18.8 mm

254 um 254 um
0.65 0.53
0.34 0.46
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FIGURE 27 -~ Chlorine-37 concentration at
the bottom of the l14-column liquid ther-
mal diffusion cascade. The dashed line
is calculated from theory.
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Table 11

PARAMETERS FOR CHLORINE ISOTOPE SEPARATION IN A 16 COLUMN LIQUID
THERMAL DIFFUSION CASCADE USING 1-CHLOROPROPANE AS THE WORKING FLUID

Mean annular

‘Colunn - Lenéth, m ’Gap, mm diameter, mm ,- 10 H, g/sec = tnge
1 0.76 - 254 25,3 2.7 0.43
2 0.76 .~ " 254 © 0 25.3 2.7 0.43
3 . 0.76 254 ° 25.3 2.7 0.43
4 2.4 . - 305 25.3 . . .. - 4.6 . 0.66.
s 2.4 -7 305 - 25.3 S WA 0.66
6 2.4 305 25.3° : 4.6 0.66
7 0.76 254 25.3 2.7 0.43
8 0.76 254 25.3 . 2.7 . . 0.43
9 0.76 - 254 3 25.3 . . 2.7 . 0.43
10 0.76 254 . ' 25.3 c2.7 0.43
11 0.76 254 ' 25.3 2.7 . 0.43
12. 0.76 - 254 25.3 . 2.1 0.43
13 0.76 - 254 | 25.3 - 2.1 0.43
14 0.76 254 : 25.3 ' S 2.7 " 0.43
15 0.60 - - 254 . 18.8 . 2.0 0.34
16

.0.91 : 178 18.8 ‘ 0.7 . 2.12



Experiments in the first two regions of
this argon-krypton series have been com-
pleted. Table 12 gives a summary of the
reduced experimental data from these ex-
periments. Several discrepancies have
been found in the data reduction methods
used earlier that caused some errors in
the previously reported results.** These
have been corrected and are included

here along with recent data for all argon-
krypton experiments to date. The relative
velocity cross section is given by:

- Qe 2
Q(Vr) = Fao(Glx) (\(__b)s’
Vr
where Qe 1is the measured effective cross

section described earlier,*’ and Fap(6,x)
is the Berkling“® correction function that
assumes a Maxwellian target velocity dis-
tribution and a monochromatic beam.
Previous calculations used the Berkling

G series correction functions, which
assumed a Maxwellian velocity distribu-
tion in both the beam and target. Since
we are using a supersonic nozzle beam
with less than a 10% half-intensity-width,
the assumption of monochromaticity is more
appropriate than a Maxwellian velocity
distribution for the beam. The average
relative velocity is given by:

2 2y’
Vy = (Vb?% + v¢?) 7,

where vp is the most probable beam velo-
city, and vt is the average target velo-
city. The gquantities Tg and Tt are the
beam source and target temperatures,
respectively.

A second correction involves the effective
path length that the primary beam en-
counters in passing through the scatter-
ing cell. 1In the previous calculations,
the outside_diameter of the cell was a
assumed to be the path length; however,
this is not strictly correct because, as
will be shown, the effective path length,
Leff, is somewhat less than the outside
diameter of the tube. The situation is
as shown in Figure 28.

There is a resistance to flow out of the
circular orifices that consist of a resist-
ance caused by the orifice opening (2,)

and that through the passages in the wall
16 , 1

2o = => °
T wal

z 121 Ly

W= = =" 33
v @&

where d is the diameter of the opening,
¥ is the molecular velocity, and Ly is
the wall thickness.
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‘actual pressures.

29y = 292 o * Iy

3LW
2 P + —E_]

Now, the scattering zone can be thought
of as the region through which the beam
passes where there are finite pressures,
for example, the inside of the cell and
the two canals inside the walls. The
boundary condition is that P = O immedi-
ately outside of the outer wall.

]
1IN
&
o=

Zg1

The pressure drops in a fashion inversely
proportional to the flow from the chamber
past a given-point. In otherwords, the
pressure established at a given increment-
al length of channel is equal to the frac-
tion of the total resistance encountered
in that region times the initial pressure.
Therefore,

Zo

Py = Zg:

Z
.PkandPLw=#.pc

and similarly for Zga.

The effective length is defined as that
length which, when multiplied by the known
cell pressure (pg), would be equivalent

to the sum of all actual lengths times

Let L. be the actual
inside diameter of the cell, then

(PLW/2) + LW + po Lg + (Prw/2), 1y

= 21w
Zgl
From this it follows that

. _ L 2
T 473d F Ly + Ler

which for the actual dimension given in
Figure 28 yields Lggg = 1.14 cm.

Pcleff

Lwpc + pPcle

Leff

A third procedural change involves the
data points used in determining the cross
section from the beam intensity attenua-
tion vs. target cell gas density. The
relationship between the incident (I,)

and transmitted (I) beam is assumed to
follow Beer's law, I = Ioe'ineff, where
n is the gas density in the target cell
and Q is the effective cross section we
are trying to measure. Q is determined
from the slope of the &n(1/10) Vs. n plot
as described in ref 44. Now if Beer's law
is applicable, the plot must be a straight
line through the origin. At higher den-
sities multiple scattering occurs, and
the plot is no longer linear. Originally,
this experimental nonlinearity was thought
to be scatter, and including these points
in the least squares determination skewed
the slope away from the origin. The pro-
cedural change is that these high density



Table 12

SUMMARY ARGON-KRYPTON AND KRYPTON-ARGON TOTAL CROSS SECTIONS

Source Target
Scattered Experiment Temperature Temperature vy x 107" Qe Fag . Q{(vy)
Pair No. (x) (x) {cm/sec) (A?) (6,%) (A2)
Ar-Xr TOT 22A 300 300 6.233 379.9 1.0465 364.0
Ar-Kr TOT 22B 300 300 6.233 407.0 ;J0465 372.0
Kr-Ar TOT 25A 244 300 5.301 521.9 1.2434 354.7
Kr-Ar TOT 25B 244 300 5.301 559.5 1.2434 380.2
Kr-Ar TOT 27A 244 300 5.301 556.1 1.2434 377.9
Kr-Ar TOT 27B 244 300 5.301 536.3 1.2434 364.5
Ar-Kr TOT 26A 196 300 5.294 484.3 - 1.0718 424.1
Ar-Kr TOT 26B 196 300 5.294 480.6 1.0718 420.8
Ar-Kr TOT 24A 180 300 5.135 460.5 1.0782 398.9
‘Ar-Kr TOT 24B 180 300 5.135 469.0 1.0782 406.3
Kr-Ar TOT 23A 180 300 4.993 620.0 1.3141 384.2
Kr-Ar TOT 23B .180 300 4,993 637.4 1.3141 395.0
Kr-Ar TOT 29A 120 300 4.685 758.3 1.4309 408.2
Kr-Ar TOT 29B 120 300 4.685 780.0 1.4309 419.9
Ar-Kr TOT 28A 120 300 © 4,485 529.6 1.1178 430.7
Axr-Kr TOT 28B 120 300 4,485 534.4 1.1178 434 .6
Ar-Kr TOT 30A 100 300 4,246 600.5 1.1407 471.7
Ar-Kr TOT 30B ° 100 300 4.246 582.3 1.1407 457.3
Ar-Kr TOT 31A 75 300 3.928 649 .4 1.1851 478.2
Ar-Kr TOT 31B 75 300 3.928 645.6 1.1851 475.3
Ar-Kr TOT 32A 120 130 3.974 525.5 1.0504 477.4
Ar-Kr TOT 32B 120 130 3.974 525.9 1.0504 477.7
Ar-Xr TOT 33A 100 130 3.703 .551.9 1.0560 494 .5
Ar-Kr TOT 33B 100 130 3.703 548.2 1.0560 491.2
_Beam 0.4375" Z 4 N4 5000
0.040"
diam .
Beam . ‘
) e & H
S Pe Po
¢ Puw |
o |
| |
| |
| |
Lw Le Lw
ZLw 2o Zo LA
e B - 1 e
P=0 P | P P | P P=0
LW ° ‘-n??g-l Po-/;gjy,,, ___o____.___. _A_..Ew e
Pc ! Pc
FIGURE 28 - Schematic of pressure drop and flow resistance

in total cross section scattering cell.
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points are discarded above the onset of
nonlinearity, which has resulted in linear
plots passing through the origin.

The only extensive total cross section
measurements for the argon-krypton system
found in the literature have recently
been reported by Bredewout. *7 His meas-

urements cover the hlgher energy collision

systems with relative velocities above
5.34 x 10 cm/sec.- Rothe and.Neynaber
some time ago reported argon- krypton data
for a 51ngle relatlve velocity of 4.85 x
10% cm/sec. ' The present work overlaps
these results with good agreement and ex-
tends the measurements into a lower energy
range. Figure 29 shows the results ob-
tained to date of the present work along
with the aforementioned higher energy
results. ' Experiments to obtain the data
at the low end of the range are currently
being conducted. ’

The quantum scattering computer program
written earlier*® has been rewritten to
increase its versatility and .to make nec- -
essary modifications for compatibility

with our new in-house ModComp IV (Modular -

Computer Systems Inc.) computer. It is
now possible to calculate any of the fol-
lowing theoretical quantities:

1. Quantum phase shifts - using the WKB
approximation with any desired inter-
molecular potentlal form,

2. leferentlal scatterlng cross, sections-
both monochromatic and veloc1ty aver-
aged. o

3. Total scattering cross sections.

This program has just been made operational
and was used for its trial run to calculate
the theoretical total cross sections for
argon-krypton using -the Lennard-Jones (12,6)
potential. The subroutine for the poten-
tial was already written and, therefore,.
convenient to use for program testing.

The curve that was generated from this cal-
culation is_ shown in Figure 29 merely for
reference, "since it obviously does not pro-
vide a good theoreticdl correlation for

the argon-krypton scattering system. Sub-
routines for other parametric potential -
models can now be written and substituted
in the program with ease for best fit
correlations to experimental data.

(R. W. York)

-Validity of "Semiclassical" Calculation-

The theoretical curve shown in Figure 29
was calculated using the WKB approximation
for the phase shifts with a Lennard-Jones
(12-6) potential, followed by summation of

600
O York {Ar-Kr)
& York {Kr-Ar)
500} @ Rothe-Neynaber (Ar-Kr)
l & Rothe-Neynaber (Kr-Ar)
. ' — = Bredewout {(Ar-Kr)
8 o, | — L1(12.6) Theory
—~ 400 e .0 . :
*4 ‘A |
2 A"‘~~...0‘_
Q o ~—
c | ~
g 300 ' ' ~~
% 300} ~ —_——
a Present work ————]
8 .
g ! |
'_o. -
100
| - L ] ] 1 | ! L
1 2 3 4 5 ¥ 6 7 8 9 10
Af Relative velocity Vg X 10 cm/sec

FIGURE 29
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FIGURE 30 - Typical chart trace of the phase sensitive detector output.
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the phase shifts to obtain the total cross
sections. This is one variation of the
so-called "semiclassical" method of cal-
culating cross sections as opposed to a
complete guantum mechanical treatment.

One then should certainly ask .the question
as to whether the domain of validity of
the approximation corresponds to that in
which it is being compared with the exper-
imental data. In order to check the val-
idity of the approximation, however, one
would have to perform the exact calculation
in the first place, a rather formidable
undertaking. Fortunately, Munn et al.S?
have done this and set forth criteria for
establishing the domain of validity of

the JWKB approximation for the LJ (12-6)
potential, which is close enough for the
present discussion. Using the criteria
that when the discrepancy between the JWKB
approximation and the exact calculation
for the phase shift is greater than 0.05
radian, Munn et al. have plotted regions
in the energy-angular momentum plane where
the approximation is unsatisfactory (fig-
ure 2 in ref 7). The regions are plotted
parametrically in the reduced de Broglie
wavelength, A*, and appear as loops in

the E vs. 2 diagram with the "fail” regions
enclosed in the loops. Now the semiclass-
ical approximations fail obviously at very
low energies because they do not account
for barrier penetration (tunneling), but
they also fail up to rather surprisingly
high energies because of a not-so-obvious
phenomenon called partial reflection.

The effective potential energy curve in a
collision has a "hump", or barrier, which
degenerates into a kink at higher wvalnes
of the angular momentum (figure 3 in

ref 7). The incoming particle-wave is
partially reflected off this kink in a
nonnegligible fashion to energies, which
Munn et al. call the high energy edge and,
which are determined by the maxima (along
the energy axis) in the E vs. £ plane.
Using their calculated values, Munn et al.
demonstrated that the "max E" values from
the loops were a straight line through

the origin with slope 6.2 when E/¢ was
plotted versus (A*) (figure 4 in ref 7).
Thus, E (experimental) 2 6.2 (A*)2 is the
criteria for checking the validity of the
semiclassical approximations (strictly
speaking, the JWKB) for any given system
of reduced deBroglie wavelength A*,

Using the LJ(12-6) potential parameters for
argon and krypton in the usual combining
rules for unlike interactiong, one obtains
e/k = 153.5 K and ¢ = 3.514 A for the Ar-
Kr interactions. The reduced deBroglie
wavelength is:

1
h/g (2ue)?
0.137,

A*
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where y3 is the reduced mass and h is Planck's
constant. The lowest energy for which a
curve is drawn in Figure 29 is E - 1.4 x
10~'* ergs, and the lowest E (experimental)
is somewhat higher than this. The quantity
6.2e(A*)? is equal to 0.25 x 10~ '* so that
the criteria of validity for use of the
semiclassical approximation is met for the
present work. (Ww. L. Taylor)

Molecular Beam Detection

Tests of the gquadrupole molecular beam de-
tector in the bell jar vacuum system have
been concluded.*® Using a tuning fork beam
chopper, the phase-sensitive detector re-

. corded a signal of around 100uV when the

beam particle density of neon-20 at the
ionizer was 1.6 x 10? particles/cm?3 The
background partial pressure of neon-20 was
estimated to be 1.0 x 10% torr. This cor-
responds to a particle density of 4 x 101!
particles/cm3. The dc signal at the elec-
trometer measuring this particle density
was about one volt. The random noise
level introduced to the phase-sensitive
detector signal was around 1l0uvV p-p when
an integrated time constant of 10 sec was
used.: Figure 30 shows a typical chart
trace of the detector output. A flag is
used as a beam shutter. When the flag is
closed, the output is near 0.0uv.

The random noise level measured by the

phase sensitive detector, when no neon-20

is present in the chamber or when the
quadrupole is detuned, is about 100 nV.
Conclusions are that the quadrupole detector
hage tho oonoitiwvity and noise rejecllun
capabilities ncecded for differenlial cross
section measurements.

A rotary mount for the quadrupole detector
has been constructed and tested. The
quadrupole has been removed from the bell
jar system and will be mounted in the
beam chamber upon completion of the pre-
sent cross section measurements.

(R. E. Miers)

TRANSPORT PROPERTIES

Thermal Diffusion Factors for Ne-Ar, Ne-Kr,
and Ar-Kr

As a continuation of the program to meas-
ure properties of binary mixtures of the
noble gases, the thermal diffusion factors
for Ne~Ar, Ne-Kr, and Ar-Kr were measured
in the 20-tube trennschaukel. The compo-
sition dependence was determined at 250 K,
and the ap's for equimolar mixtures were
measured as a function of temperature up
to 750 K for each of the systems. The
results are given in Tables 13 and 14.



Table 13

. ap FOR THE Ne-Ar SYSTEM AT 250 K

_ X, T v Corrections® Uncertainties” (+%) Dev.
Run No. (Feed) - (corr.) A B C D E F (%)
504 . 0.110 0.119 0.948 1.073 0.993 7.8 2.2 10.0 ~2.07.
502 0.353 0.1l46 0.951 1.073 0.993 4.4 0.8 5.2 4.0
511 0.498° 0.157 0.977 1.060 0.992 3.9 0.7 4.6 1.9
503 0.653 0.160 ..0.950 1.073 0.993 1.0 1.6 2.6 -6.9
505 0.898 0.193 0.952 1.073 0.993 2.5 1.1 3.6 -8.1
ar FOR THE Ne-Kr SYSTEM AT 250 K
510 0.103 0.195 0.966 1.057 0.994 3.4 1.4 4.8 0.4
508 0.353 0.212 0.965 1.056 0.994 . 0.7 2.2 2.9 -3.8
506 0.498 0.238 0.949 1.056 0.994° 1.3 l.0 2.3 -0.4
520 0.498 0.246 0.949. 1.056 0.994 1.1 2.8 3.9 3.0
507 0..655 0.274 0.966 1.056 0.994 1.0 1.3 2.3 4.2
509 0.897 0.279 0.955 1.048 0.995 1.5 1.1 2.6 -10.3
514 0.897 ©0.339 0.994 1.052 0.985 1.2 2.0 3.1 9.0
or FOR THE Ar-Kr SYSTEM AT 250 K

525. 0.100 0.054 0.980 1.036 0.996 4.3 9.0 13.3 -1.4
524’ 0.100 0.055 0.978 1.036 0.996 7.1 2.0 9.1 0.4
516 0.100 0.055 0.972 1.060 0.992 6.3 1.7 8.0 0.4
512 0.301 0.055 0.918 1.028 0.997 6.6 1.0 7.6 -3.9
518 0.301 0.054 0.982 1.060 0.992 5.7 2.2 7.9 -5.7
523 "0.305" 0.062 0.979 1.036 0.996 11.4 1.9 13.3 8.2
521 0.501 0.063 0.975 1.028 0.997 3.3 1.4 4.7 5.1
513, 0.507 0.063 0.974 - 1.029 0.997 4.2 1.5 5.7 4.9
522 0.696 0.065 0.975 1.050 0.995 . 9.8 2.9 12.7 3.4
515 0.696 0.056 0.978 1.060 0.992 9.5 1.4 10.9 -10.9
519 0.898 0.065 0.983 1.060 . 0.992 11.9 2.1 14.0 -1.7
517 0.898 0.069 0.991° '1.060 0.992 5.1 1.5 . 6.6 4.3

!

“Mole fraction of lighter component.

b(A) Correction from the exponential approach to equilibrium.
(B) Correction from the disturbance caused by pumping.
(C) Correction from back diffusion in the capillaries.
(D) Uncertainty from composition analysis.
(E) uUncertainty from tempserature merRasurements.
(F) Total uncertainty.
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The least squares expressions for the com-
position dependences, shown by the solid
lines in Figure 31 and obtained using the
present data, are given by:

1/aT= -3.94 Xy + 18.66 for Ar-Kr (4.3%)
l/aT= -2.44XNe + 5.40 for Ne-Kr (4.4%)
/o= -3.82Xg, + 8.53 for Ne-Ar (3.5%)

The percentages in parentheses are the
average absolute deviations of the exper-
imental points from the least squares
equations. The average estimated experi-
mental uncertainties are higher than: the
average least square deviations for Ar-Kr
and Ne-Ar and only slightly lower for
Ne-Kr. Therefore, it is fairly safe to.
infer that the data meet the Laranjeira
criteria of~demonstrating a linear compo-

to a smaller separation as compared to

the other two systems, which was offset

in part by conducting a larger number of
experiments. The data of Grew and Wakeham®!
also suffer large scatter for this case,
and their four points are not sufficient

to determine a reliable composition de-
pendence.

Figure 32 shows the temperature dependence
of an equimolar mixture for each of the
three systems, The points at 250 K were
obtained from the least square equations
above and possess a greater statistical
weight than the points at higher tempera-
tures. The crosses here again represent
the recent low temperature work of Grew
and Wakeham.®! For Ar-Kr, the curves merge
in excellent agreement; but for Ne-Ar, the
crosses do not form a particularly smooth

curve and pass approximately 7% above the
open circle at 250 K. Ne-Ar and Ne-Kr
thermal diffusion factors have both reached
a plateau at 750 K; whereas Ar-Kr is still
rising very gradually at this temperature.
(W. L. Taylor)

sition dependence of l/ag within the ex-
perimental uncertainty. The rather large
scatter of the data for Ar-Kr is attributed

Table 14

ar FOR AN EQUIMOLAR MIXTURE OF Ne-Ar

Tav ar Corrections? Uncertainties?® (+8)
Run No. (K) (Corr.) A B C D E F
528 351 0.166 0.990 1.054 0.986 4.6 1.8 6.4
529 450 0.176 0.994 1.041 0.978 6.2 2.2 8.4
535 551 0.173 0.995 1.031 . 0.970 . 1.2 3.6 4.8
541 650 0.19%0 0.996 1.026 0.963 0.9 4.8 5.7
542 750 0.190 0.997 1.021 0.953 8.7 5.2 13.9
ap FOR AN EQUIMOLAR MIXTURE OF Ne-Kr
527 . 351 0.273 0.988 1.058 0.988 0.5 5.0 5.5
537 451 0.296 0.994 . - 1.046 0.982 1.1 2.6 3.7
533 551 0.304 0.994 1.036 0.974 0.6 3.1 3.7
539 650 0.307" 0.995 - 1.029 0.967 0.9 5.8 6.7
543 750 0.306 0.996 1.021 0.953 3.3 5.7 9.0
op FOR AN EQUIMOLAR MIXTURE OF Ar-Kr
526 351 0.095 " 0.968 1.056 0.994 4.4 1.8 6.2
531 451 0.118 0.983 1.060 0.990 3.2 1.5 4.7
534 550 0.131 0.990 1.053 0.986 3.5 4.0 7.5
536 550 0.132 0.990 1.053 0.985 1.4 3.3 4.7
" 540 650 0.145 0.994 1.041 0.978 6.6 4.8 11.4
544 749 0.149 0.996 1.033 0.972 2.6 4.3 6.9

4 (A) Correction from the exponential approach to equilibrium.
(B) Correction from the disturbance caused by pumping.
(C) Correction from back diffusion in the capillaries.
(D) Uncertainty from composition analysis.
(E) Uncertainty from temperature measurements.
(F) Total uncertainty.
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FIGURE 31 -~ Composition dependence of the reciprocal thermal diffusion factor

of Ne-Ar, Ne-Kr, and Ar-Kr mixtures at an average temperature of 250 K.
[The experimental points are: e Present data; and X, Grew and Wwakeham (ref 1).
The solid line is the least squarés fit of the present data to a linear equation].
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