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Foreword

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 and the Mound Laboratory Chemistry and physics 
Progress Report. Under the sponsorship of the ERDA Division of 
Physical Research, Mound is responsible for furnishing 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.
These 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.

R. E. Fitzharris, Editor
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the separation of plutonium from iridium and suitable for decontaminat­ing massive iridium.
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Computer Installation

COMPUTER INSTALLATION IN HH-BUILDING

Plans have been completed for the acquisi­
tion of a "stand-alone" computer system 
in HH-Building. The first phase of this 
installation should be completed by the 
end of June. This report identifies 
those areas which will benefit most 
directly from computer support and des­
cribes the hardware/software system 
chosen to satisfy the needs of those areas.
I. Areas of Computer Application
Some of the areas that will benefit by 
having access to a computer system are 
listed in Table 1. These areas cut 
across all programs which are performed 
in HH-Building including 1) the produc­
tion of stable isotopes for commercial 
use, 2) applied research in the areas of 
gaseous and liquid isotope separations, 
and 3) basic research into the transport 
properties of gases and liquids.

Instrument Control and Data Acquisition
Plans for instrument control include 1)
a CEO "620" cycloidal mass spectrometer 
which will be used for process control 
analyses from the various isotope separa­
tion processes, 2) an electric-quadrupole 
mass spectrometer which will be used for 
analyses, both in the areas of production 
and applied research, and 3) a second 
quadrupole mass spectrometer which is 
currently being installed as the primary 
detector in a beam scattering chamber and 
will be used in the measurement of cross 
sections. In the future we foresee the 
need for another research-grade mass 
spectrometer, possibly used in conjunction 
with gas chromatographic equipment.
Each of the instruments listed above is 
capable of delivering a large quantity 
of information which can be handled most 
effectively by instituting some means of 
automation. This capability is particu­
larly important in the area of process 
monitoring where accurate results must be 
quickly available for control purposes.

Table 1
AREAS OF COMPUTER APPLICATION FOR THE 

ISOTOPE SEPARATION FACILITY
I. Instrument Control and Data Acquisition (Real-Time)

A. CEC "620" cycloidal mass spectrometer
B. Extranuclear quadrupole mass spectrometer
C. Extranuclear quadrupole mass spectrometer used as 

a detector for the beam scattering chamber
II. Data Reduction

A. Real-time, during data acquisition
B. Off-line, via interactive terminal
C. Off-line, via "batch" mode

III. Process Monitoring and Control
A. Ne thermal diffusion
B. Kr thermal diffusion
C. Sulfur chemical exchange (new system)
D. Calcium chemical exchange (proposed system)

IV. General Computations
A. Process modeling (for example, cascade theory)
B. Quantum mechanical calculations for transport 

phenomena
C. Salable item inventories
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Data Reduction Data reduction can be 
accomplished in several ways. Data from 
the mass spectrometers can be accurately 
and efficiently reduced with the aid of 
a computer, which is necessary for the 
results to be usable in process control. 
Additionally, end-product analyses must 
be accurate since isotopes are sold on the 
basis of their isotope ratios and impur­
ity levels.

impractical to require use of the full 
system in order to perform any of these 
functions exclusively.
A practical solution for the minimization 
of necessary hardware is to operate with 
a computer system capable of supporting 
a multiprogramming environment.
II. A. System Hardware: MODCOMP IV

Process Monitoring and Control In the 
area of isotope separation (both research 
and production facilities), there are a 
large number of parameters (for example, 
temperature, pressure, flow rate) which 
must be monitored on a routine basis in 
order to initiate the correct control 
responses. At present, these control 
responses are manual operations. On this 
basis, manpower must be increased to keep 
pace with the number and complexity of 
systems, This is not only wasteful of man­
power but also increases the chance for 
error, which in certain processes can be 
quite costly.
Once the capability for process automation 
has been established, new systems can be 
added with a minimum of effort and with 
minimum increases in manpower for moni­
toring and control purposes.
General Computations There are computa­ * II.
tional programs of a general nature 
which would be of increased utility pro­
vided they could be run with quick turn­
around times. This is particularly true 
with certain process modeling codes which 
must be run several times while varying 
the input parameters. Large computational 
programs will continue to be run on the 
IBM 360/55. If the time does come where 
it is necessary to set up a data link with 
the IBM 360, this can be accomplished with 
the existing hardware and software avail­
able for MODCOMP.
II. Computer System Description
It can be seen from the above needs that 
the proposed system must be more than a 
dedicated process controller. There are 
a wide variety of automated tasks to be 
performed, many of which must be performed 
simultaneously. For example, mass spec­
troscopic gas analyses must proceed 
throughout working hours whenever they are 
needed. Concurrently and independently, 
scattering chamber control and data ac­
quisition tasks might be required. Still 
further, program development and debugging 
functions must be carried out. It is

The system to be installed is a MODCOMP IV 
(Modular Computer Systems, Ft. Lauderdale, 
Fla.). The system is to be delivered and 
placed in operation by the end of July 
1975. Figure 1 shows the overall hardware 
configuration that will be installed 
initially.
The MODCOMP design goal was to produce a 
system capable of effective operation in 
a multiprogramming, multiprocessor environ­
ment. Thus, the computer has features 
which greatly reduce both software and 
time overhead associated with multitask 
operations. For example, the MODCOMP IV 
uses a four-port memory controller which 
allows the CPU, I/O bus, a second high­
speed I/O bus, and an external processor 
to have unique access paths. This, in 
turn, allows multiple memory transfers 
within the same memory cycle time. The 
effective memory cycle time is 500 nsec 
(16-bit). The microprogrammed instruction 
set provides for bit, byte, word (16-bit) 
and double word (32-bit) arithmetic and 
logic operations. The floating point 
processor handles up to 64-bit floating 
point numbers. There are 16 general- 
purpose registers and a context file 
composed of 16 sets (15 registers per set) 
of registers. Each executing program is 
assigned one of these files for its own 
use. When the currently executing program 
causes a change in one of the working 
registers, the corresponding register in 
its assigned context file is changed 
simultaneously. This "tracking" frees 
the system from the necessity of saving 
registers when the program is inter­
rupted. During the context switching 
time, before the highest priority program 
begins execution, its assigned context 
file is transferred to the working register 
file at virtually no overhead to the pro­
gram. This technique results in a context 
switching time of 3 psec as opposed to the 
usual 100-150 ysec.
The multiprogramming environment is also enhanced by the Memory Management System 
which includes four memory mapping files. 
These files allow up to seven programs to
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be mapped at any given time. The computer 
can operate in a "virtual" memory mode 
where the 16-bit effective address refer­
enced in an instruction is transformed, 
through the tasks map file, to an 18-bit 
physical address. This mapping is done 
on a page (256 word) basis and results in 
complete protection between operating programs' in memory.
The addressing space of each program 
begins at virtual address "o" which 
constitutes a form of absolute address- . 
ing. Thus, programs are loaded into mem­
ory at direct memory access speeds. No 
hardware relocation is necessary. All 
address translation is done by the Memory 
Management System at instruction execution 
time. Bpth register and-direct memory access I/O transfers are implemented with, 
priority vectored interrupt capability 
available separately for data and service 
requests from each device.
In the future, several remote process 
control/data acquisition stations are 
planned. The first remote station to be 
developed, as indicated in Figure 1, will 
be for control and data acquisition 
functions associated with the beam scat­
tering chamber in HH-Building. For this 
application, a Remote Acquisition Sub­
system will be installed. This subsystem, 
manufactured by MODCOMP, is designed for 
remote operation up to 10,000 ft, supports 
both analog and digital I/O, and inter­
faces to the MODCOMP IV via a single 
coaxial cable- I/O functions are imple­
mented by the use of plug-in cards.
In applications that require large, con­
tinuous, I/O transfer rates, it will be 
advantageous to use mini (micro) computers 
as local controllers. For these situa­
tions, the MODCOMP IV will be used in a 
supervisory capacity. Various micropro­
cessor alternatives are being studied.
II. B. System Software; MAX IV
The MAX IV software system is a multi­
programming executive that accommodates 
concurrent execution of real-time, inter­
active, and batch-type programs. Soft­
ware priority is assigned to each executing

program. Time is allocated to batch opera 
tions when real-time programs are waiting 
on I/O, timers, etc.
It is planned that all programs, including 
real-time programs, will be coded in 
FORTRAN. MODCOMP supplies a FORTRAN com­
piler which incorporates the real-time 
extensions adopted by the Purdue Workshop. 
In-line machine language coding is per­mitted by the compiler when specialized 
situations demand it.
Also, a BASIC compiler is supplied by 
MODCOMP and will be available if it 
becomes advantageous to use that language 
at some future time.
III. Immediate Objectives
At first, the programming emphasis will 
be divided between developing real-time 
data acquisition programs and in converting 
existing FORTRAN programs to run under the 
batch subsystem.
The first real-time FORTRAN programs to be 
developed will be for data acquisition and 
reduction from the "620" cycloidal mass 
spectrometer. This is the primary instru­
ment used for process control analyses.
Work is already in progress towards the 
development of these programs. These 
programs will also be useful, at least in 
part, for operation of the two quadrupole 
mass spectrometers currently being used in 
HH-Building.
Another area of effort is that of modify­
ing existing FORTRAN programs to run on 
the MODCOMP IV. The first project is one 
of adapting cascade theory programs. These 
programs are very useful in predicting 
column behavior and must be run frequently 
for a variety of cases. Also, work is 
currently in progress on the design of a 
program for product inventory control. We 
hope to have these programs in operation 
by this fall. Other projects will be developed concurrently at a slower pace.
In particular, plans are being made for 
various process monitoring and control 
functions. (R. E. Eppley)
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Isotope Separation

ARGON

During this period, the 13-column hot 
wire thermal diffusion cascade was re­
started for the production of argon-36 
and intermediate argon-38. The config­
uration of this cascade, from the top 
down, is 1-1-1-2-8. Natural abundance 
argon is being circulated across the 
bottom of the system, and argon-36 is 
being produced at the top at greater than 
or equal to 99.5%. Argon-38 will be 
withdrawn from the bottom of the second 
stage when its concentration reaches 
approximately 25%. This material will 
be collected and stored until there is a 
sufficient quantity to fill a system for 
further enrichment greater than or equal to 95%. (G. E. Stuber)

CARBON

During this period, a 130-STP liter batch 
of methane with a carbon-13 concentration 
greater than 97% was produced by thermal 
diffusion. Also produced by thermal 
diffusion were three batches of methane, 
totaling 340 STP liters, with carbon-13 
concentrations greater than 99%. The feed materials used for these enrich­
ments had carbon-13 concentrations in the 
80-90% range. (w. J. Roos)

KRYPTON

A 19-column thermal diffusion cascade has 
been modified by moving the product draw­
off down one stage from the top. This 
modification has resulted in a change in 
the product concentration from 90% to 50% 
krypton-78, and the production rate at 
this new concentration has been increased 
from 23 ml/day to 48 ml/day. The top 
stage was left open to the system and is 
used to collect and remove contaminants.
This top stage is also building a krypton- 
78 inventory for subsequent production of 
99% krypton-78. The failure of an elec­
trical contactor during this period resulted 
in the loss of about two weeks of production 
time.
The nine-column, five-stage thermal dif­
fusion cascade has continued to produce

krypton intermediate for subsequent 
enrichment of krypton-82 and krypton-83. 
The concentration of these desired iso­
topes (krypton-82 and krypton-83) has 
been increased by making minor adjust­
ments to the flow rates in the top and 
bottom streams.
The 19-column, seven-stage thermal dif­
fusion cascade has continued to produce 
feed material for the cascade enriching 
krypton-83. This cascade has also 
produced krypton-82 and -80. Minor 
adjustments in the bottom flow rate have 
improved the recovery of krypton-83.
The 10-column, nine-stage cascade, which 
is used to enrich krypton-83, developed 
a leak during this period, resulting in 
a loss of most of the inventory of 
krypton-83 in the system. Sufficient 
feed material was available to refill the 
system, which is presently rebuilding a 
productive concentration profile.
(G. E. Stuber)

Radiometric Krypton The goal of this 
program is to produce a quantity of 
krypton which is highly depleted in 
krypton-85. During this period, process­
ing of the second batch was completed, 
and the material was shipped. Processing 
of the third batch is currently underway.
(W. J. Roos)

NEON

Production of neon-21 at greater than or 
equal to 90% has continued in two experi­
mental systems. The two cascades are 
connected in series so that the first 
cascade produces a binary neon mixture 
of neon-21 and neon-22 which is highly 
depleted in neon-20. This material is 
then fed to the second cascade which strips 
the neon-22 from the product. (G. E. Stuber)

XENON

During this period, a 24-column thermal 
diffusion system produced 1.23 STP liters 
of 20% xenon-124. This system had been 
modified earlier in the current fiscal 
year, and the production rate achieved 
since modification is approximately 50%
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greater than had been attained in the 
past. A 19-column thermal diffusion sys­
tem produced 0,83 STP liter of 40% xenon- 
124.

xenon-136, 0.42 STP liter of 90% xenon-136, 
2.53 STP liters of 80% xenon-136, and 0.7 
STP liter of 60% xenon-131 during the 
period. (ff. J. Roos)

An eight-column hot wire thermal diffu­
sion system produced 0.47 STP liter of 99%

12



Low Temperature Research

VAPOR PRESSURE STUDIES

The work during this period has been 
divided into four areas: 1) a review of 
the properties of superfluid 3He is in 
process as a topical report (MLM-2202),
2) seven liters of e-Da were prepared in 
the cryostat described in the last re­
port1 for the ortho-para Da vapor pressure 
measurements; however, several successive 
electronic failures have delayed the 
measurements several months, 3) a cryostat 
has been designed and is being fabricated 
for use in a SW tritium laboratory where 
two experiments are planned, namely, a 
study of the inverse isotope effect of 
superconductivity in PdX (X being Ha, Da, 
or Ta) and a determination of the low 
temperature phase diagram of Da-Ta from 
vapor pressure measurements, and 4) a 
second cryostat is being designed for 
differential calorimetry of liquid and 
solid mixtures of isotopes available at 
Mound.
The topical report on the superfluid 
properties of 3 He was an outgrowth of 
a seminar given at Mound Laboratory on a 
portion of a NATO International Summer 
School on Quantum Solids and Fluids. The 
treatment of the subject in the report 
will be on a level understandable to those not involved in superfluid research.
In making the e-D2, about 10 cc of liquid 
normal Da was condensed in the presence 
of the chrome-alumina catalyst. The 
freezing and melting of the Da at a pres­
sure of 128 mm of mercury was visually 
apparent. The sample was held at one 
atmosphere pressure (approximately 23 K) 
for 8 hr and then expanded into the 5 liter 
glass storage bulb. Two such batches of 
e-Da were made*. The difference in thermal 
conductivity of the e-Da and n-Da was measured using the matched Pirani gauges 
in a conductivity bridge. The two e-Da 
samples each produced a 19 mV off balance 
compared to n-Da with a repeatability of 
about ±0,5 mV. Thus, the percentage of 
ortho species can be determined to about 
±0.8%. The presence of HD in the Da has 
been reduced to less than 1%. The vapor 
ratio experiments were set to begin but 
were delayed by a series of electronic 
failures in the Baratron, thermometer 
power supply, and detector. Repairs

have been effected, and the experiments have been restarted.
In the meantime, two new cryostats have 
been designed and one is being fabricated. 
The one being fabricated will be used for 
tritium experiments in SW-Building. Two 
inserts for the cryostat are being made. 
One is a differential vapor pressure bulb 
which will be used to determine the low 
temperature phase diagram for D2-DT-T2. 
Precise measurements will be made against 
a D2 vapor pressure standard. The second 
low temperature cell being constructed 
will measure the superconducting transi­
tion temperature in PdTx compounds to 
study the inverse isotope effect in PdH, 
PdD, and PdT. Measurements on PdHK and 
PdDx have been made in several labora­
tories. Mound will make the PdTx measure­
ments. A diagram of the measuring appara­
tus is shown in Figure 2. Pd powder is 
put in the end of a high pressure tube and 
reacted with tritium gas up to several 
hundred bars to provide PdTx for different 
values of x. Then the sample is cooled 
and the excess Tz gas pumped off. As the 
sample is cooled to 1 K, the superconduct­
ing transition is shown by a change in 
mutual conductance. It is expected that a 
value of x corresponding to 1 atm T2 at 
300 K will produce a transition at about 
2 K; whereas a value of x=l, which corres­
ponds to PdT, will produce a transition 
temperature at about 14 K or 15 K. The 
actual transition temperature values will 
help to determine which of several models 
of the inverse isotope effect is correct.
The second cryostat is being designed to 
measure heat capacities of liquified and solidified mixtures of permanent gases.
The mixtures will be measured differen­
tially against a pure sample. The excess 
heat capacity of the mixture is a direct 
measure of clustering of like molecules.
A new theory, taking into account optimum 
clustering, relates the clustering to 
the intermolecular potential between 
unlike atoms. The design of the calorim­
eter will allow condensing and freezing 
of samples of the order of 1 mole in 
size using a mechanical heat switch to 
cool samples to the order of 1 K, and it 
is planned to feed the data from the 
calorimeter into the HH-Building computer 
system. (G. T. McConville)
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Metal Hydride Research

APPLICATION OF STATISTICAL MECHANICS

We are now writing a review article on 
important statistical mechanical models 
that have been developed to explain the 
thermodynamic behavior of non-ionic metal 
hydrides. These models are discussed 
in terms of their relationship to a more 
general, relatively rigorous statistical 
representation of metal hydrides. In this 
way, we hope to gain a clear understanding 
of the approximations involved in exist­
ing models.
We also show the analog of these models 
to statistical mechanical representations 
of other important systems, such as real 
gases and binary alloys. The elucidation 
of these analogies has provided some 
important insights into the behavior of 
metal hydrides.
A discussion of the importance of elastic 
interactions, with special emphasis on 
their role in Group V hydrides, has been 
included in this review. This is a recent 
development that has provided valuable in­
sight into the nature of interactions 
between interstitially bound species.
The overall purpose of this review is to 
provide a framework that will guide future 
development of more realistic statistical 
models to represent not only simple metal 
hydrides, but alloy hydrides as well.
(G. c. Abell)

BAND THEORY CALCULATIONS

There have been four stages in the develop­
ment and use of the self-consistent plane 
wave Gaussian (SCPWG) computer codes:
1. Major revision of the computer codes 

so that properties of metals could be 
calculated.

2. Feasibility studies to determine the 
computer resources necessary for 
crystals with such relatively large 
atoms as Pd.

3. Calibration of the computer codes 
against previous results for simple

systems and against accurate Hartree- 
Fock crystalline results for Li and LiH.

4. Production runs for the transition 
metal hydrides of interest.

Stages 1 and 2 were completed within the 
first six months of the current year.
The major accomplishments of the last six 
months have been the attainment of Stage 3 
for Li and LiH and Stage 4 for a represen­
tative system NiH. From the electronic 
charge density p(r) and the one-electron 
energies, one can calculate the total 
energy per unit cell for a crystal. Fig­
ures 3 and 4 show this quantity for several 
values of the lattice constant for Li. 
Figure 5 gives the Hartree-Fock results 
for Li. Figures 6 and 7 show the total 
energy per unit cell for several values of 
the lattice constant for LiH. The value of 
a in Figures 3, 4, 6, and 7 is the so- 
called exchange constant by which one uses 
the local-density exchange approximation 
(LDEA) to approximate the true Hartree- 
Fock exchange. Figure 8 gives the Hartree- 
Fock results for LiH.
The calculated lattice constant, bulk 
modulus (or its reciprocal, compressi­
bility) , and lattice energy can be deter­
mined by fitting an analytic function to 
the calculated points. These quantities 
are presented in Tables 2 and 3 for Li and 
LiH, respectively. These results clearly 
show the major limitation of the LDEA, 
namely, all the values are strongly 
dependent upon the exchange constant a.
To this date, there is no logical pres- 
scription for choosing a value of a for 
crystals with more than one atom type 
per unit cell. However, there are two 
possible approaches to this problem.
First, one can attempt to modify the 
present model of the LDEA by choosing 
various values of a in different regions 
of the crystal. This approach is not very appealing because there is no sound 
physical basis for it and because it is 
difficult to apply for most computer 
codes which do not use the muffin-tin
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Table 2
GROUND-STATE PROPERTIES OF LITHIUM

ElSRf. H-F a=0.667 a=Q.781
aL 3.491A 3.707A 3.859A 3.501A
EC 1.65eV O.SleV 1.93eV 2.27 eV
B a 0.121 0.116 0.053 0.112

a B is in units of 1012 dynes/cm2.

Table 3
GROUND-STATE PROPERTIES OF LITHIUM HYDRIDE

Exp, H-F a=0.667 00COo
II

0 o
aL 4.083A 4.145A 4.06QA 3.644A
EC 4.81eV 4.25eV 4.92eV 6.83eV
B 3 0.347 0.392 0.380 0.643

a B is in units of 1012 dynes/cm2.

potential approximation. Second, one can 
reformulate the idea of a local approxi­
mation to the Hartree-Fock exchange that 
does not utilize any electron gas model 
(as does the LDEA in its present formula­
tion) . Work is continuing in this latter 
area to develop more accurate ideas of 
approximating the Hartree-Fock exchange.
Preliminary results have been obtained for 
NiO and NiH within the LDEA. These two 
crystalline systems are being studied to 
observe the difference in the Ni charge 
density between them. Computer codes are 
now being developed to display graphically 
in two- and three-dimensions the electronic 
charge density. The SCPWG computer pro­
grams will be slightly modified so that 
only the bonding charge density will be 
displayed and not the core charge density.
The most important part of the FY-75 
activities has been the continued develop­
ment of the SCPWG computer programs. For 
this reason, a continuing effort is being 
made to improve the accuracy and to decrease 
the computer time necessary to run a given 
system. Within the last six months, major 
changes have been implemented in the codes 
which have resulted in increased accuracy 
for larger systems and a central processor

(CPU) time savings of 20-25% at no cost in 
computer memory or any other resource.
The ideas involved in these changes 
suggest other possible changes which 
should also result in significant CPU time 
savings.
The SCPWG programs require an extremely 
large data file for storage of inter­
mediate data. In the self-consistent 
cycle, there is a large amount of peri­
pheral processor (PP) time involved in 
reading this file. The changes in com­
puter coding necessary to convert this 
file from a sequential file to a random 
access file have been worked out. All 
that remains is the implementation of 
these changes and the subsequent testing 
of the new package. It is expected that 
these changes could result in a 25-50% 
decrease in PP time which is just as real 
a cost as CPU time. (J. L. iveg)

PULSE NMR STUDIES

During the first year of the metal hydride 
project, the emphasis of the nuclear mag­
netic resonance (NMR) studies has been 
on developing and evaluating various pulse
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techniques. In particular, the capabili­
ties of present equipment for investigating 
metal hydrides has been determined; and the 
analysis methods have been applied to suit­
able examples.
Diffusion Studies in VHx NMR studies of 
the vanadium-hydrogen system are of 
interest for several reasons. First, 
three distinct phases (that is, bcc, bet, 
and fee) are formed depending upon the 
hydrogen concentration and temperature.
The locations of the hydrogen atoms among 
several possible interstitial sites are 
still unsettled for these phases. Local 
ordering of hydrogen atoms occurs at low 
temperatures (that is, <200 K). Finally, 
vanadium dihydride has excellent charac­
teristics for hydrogen storage material.

The initial NMR measurements were performed 
on a sample of VHo.s 3 prepared at Mound 
Laboratory by R. S. Carlson.: X-ray dif­
fraction indicated this material possessed 
a body-centered tetragonal (bet) crystal 
structure with lattice parameters a0 = 3.001 
±0.003 A and c© = 3.311 ±0.004 A, These 
results agreed with the previous data ob­tained by Maeland2 for 6-phase VHX. The 
diffusion behavior of protons in VHX was 
investigated by measuring the temperature 
dependence of the spin-lattice relaxation 
time (Ti). using a three pulse sequence.
The T1 data for VHo.s 3 are shown in . Figures 
9 and 10. The influences of both tempera­
ture and proton resonance frequency have 
been observed. The minima in these 
figures indicate the major relaxation 
mechanism is thermally-activated proton diffusion. A break in the Ti temperature 
dependence is observed at high tempera­
tures. This behavior is consistent with 
the phase transition2 from 6 to a-phase 
(that is, bcc) which occurs at ~450 K.
The proton mobility in the a-phase is so 
rapid at these temperatures that the main 
contribution to Ti arises from interactions 
with conduction electrons. Consequently, 
the current interest is centered on deter­
mining proton diffusion in the 6-phase 
from the Ti data.
The determination of the proton self­
diffusion requires that the Ti data be 
analyzed in terms of the correlation time 
tc, where tc is the mean time a proton 
spends at a stable lattice site before 
jumping to a neighboring site. If the 
diffusion process for a powder sample of 
high symmetry material can be described 
by an exponential correlation function 
with a single correlation time, the di­
polar spin-lattice relaxation time Tid is 
related to tc by the expression:

^Id)"1 = | Cl | F(uX) + 4FtalI) j.

£(r,-6>
1

+ 2F (u)

| CS | i F(a)I_Ug) + FUj) +
i+ws)f F (rj~6), :d

where
F (w) = 1 + u T, (2)

Here, Cx = Yj4*2! (I + l),
CS = Yj2Ysz h2S (S + 1) , wj - YiliQ,

“S - Yshoc Yl and y$ are the gyromagnetic ratios of spins I and S respectively, H0 
is the magnetic field strength, ■ii is Planck's 
constant divided by 2^, and I and S apply 
to hydrogen and metal nuclei, respectively.
The summations F(r^~6) and F(r-i~s) refer 

1 j jto sums over hydrogen and metal sites res­
pectively with the origin at a hydrogen 
site. Eq. (1) assumes that only one type 
of hydrogen lattice site is occupied. The 
hydrogen diffusion is also assumed to be uncorrelated and nuclear quadrupole effects 
for the metal (that is, Group V) nucleus 
are neglected. This expression is known 
as the BPP model and has been extensively used to study3 diffusion in metal hydrides.
The application, of Eq, (1) and (2) to the 
Ti data in Figures 9 and 10 requires that 
the distribution of hydrogen atoms in VHX 
be known. Although the hydrogen sites have not been firmly established,4 recent 
studies5’6 indicate the protons are ran­
domly . distributed on the pseudo-octahedral 
sites which lie along the c0” axis between 
the vanadium atoms. This hydrogen location 
is responsible for the.tetragonal elonga­
tion of the bcc vanadium lattice. The 
lattice sums in Eq. (1) have been directly 
calculated in the present study for this 
hydrogen distribution and are:

^(rj.-6) - 24.51 a0-6
^(r-j-6) = 110,20 a0-6,

where the c0/a0 ratio is 1.103. Substitu­
tion of these lattice sums into Eq. (1) and 
and evaluation of the other parameters indicates the vanadium-proton dipolar 
interaction is ~12 times larger than the 
proton-proton dipolar interaction for 
Titj. Hence, the evaluation of tc can be 
determined to a good approximation using 
only the vanadium-proton term as;
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mI _ ,2, Cs U0.2T - (5) 3f -i^r-
A V3 yI
+ iypysA'

1 + yj2 + 1 + (yj+yg) (3)

where yj = l/^l "c and yg = 1/Wg Tc, The minimum value of Ti^ can be obtained by 
getting the derivative of Eg. (3) to zero 
and solving for yj. This calculation has 
been performed, and the minimum occurs 
when wiTg = 0,922, After some algebra, 
the expression fortT-^j) min for VHo.s 3 is:

/A \ ' ~ 15-18 CT
\Tld/min voao (4)

where v0 is the proton resonance frequency 
in unita of Hz.
The experimentally determined minimum Ti 
values are given as a function of v0 in 
Figure 11 along with the minimum Ti<j values 
calculated using Eq, (4). The experimental values are approximately twice as large as 
the theoretical values. Similar dis­
crepancies between experimental values and 
BPP model values have been observed in previous studies of TaHx» 7 VCr„Hx,6 and 
ScHx.9 Three possible contributions could

be responsible. First, the neglect of the 
metal nuclei quadrupole moment tends to 
give an overestimation of the metal-hydro- 
gen dipolar interaction. Secondly, the 
proton jumps to adjacent interstitial sites may be too short for full modulation of 
the dipolar interactions and the calcu­
lated relaxation rates will be over­
estimated. Finally, the assumptions of 
the BPP model may be too restrictive to 
accurately represent the proton diffusion 
contribution to dipolar relaxation. Un­
fortunately, a more complete model for 
metal-hydrogen systems with two different spins has not yet been developed. Never­
theless, Eq, (3) should be adequate to 
determine tc if the data is normalized 
by using the ratio of Tj to Timm 
since this general procedure has been 
satisfactorily applied to several metal 
hydrides.7•9' “ Since the experimental 
Timin ^ 0 as v0 decreases, the conduction
electron contribution must be small and Tld* Tj near Ti mln.
The activation energy Ea for proton self­
diffusion can be estimated3, 8’ 12 from a 
plot of In Ti versus 1/T for temperatures 
below the Timin. This simple procedure 
does not require the numerical evaluation 
of Eq. (3). Using the data from Figures 
9 and 10, Ea for the VHo.s 3 sample is 0.21 10.01 ev. This result is in good agreement

vp (MHz)

FIGURE 11 
in VH0.5 3. 
Eq- (4).

Frequency dependence of the T\ minimum values for protons 
The dashed line represents the minimum T1(j calculated from
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with previous values for VCryBx0,and 
3-'phase NbHx,12 which 'have very similar 
crystal structures, and the hydrogen dif­
fusion characteristics are expected to be 
similar. However, a more complete analy­
sis of the VH'o.s,3 data based upon Eq.. (3) 
is being conducted to determine the xe 
values? ■
The Tj .studies of proton diffusion, in VHX 
will be performed on several compositions 
to determine the effects of phase changes 
and stoichiometries. The temperature . 
range of these studies will be increased 
to include lower temperatures and possibly 
determine any conduction electron contri­
butions to Ti, Proton diffusion in 
a-phase VHX will be investigated, by spin 
echo and pulse gradient techniques.
Finally, the low-temperature ordering of 
protons in 3-phase VHX will be investi­
gated.
Studies of FeTiHx The intermetallic 
compbuhcl FeTi reacts directly with . 
hydrogen to form, in succession, hydrides 
of approximate compositions FeTiB and FeTiBa. Reilly and Wiswall13 have deter­
mined the disassociation pressures as 
well as other properties of these hydrides 
and concluded they would be useful as a 
hydrogen storage medium. Unfortunately, many other important properties of these 
hydrides such as crystal structures and 
hydrogen diffusion parameters have not 
been determined. Since information on 
both proton locations and diffusion can be 
obtained, pulse NMR studies would be very 
valuable. Consequently, a comprehensive 
investigation of FeTiBx by NMR techniques 
has been undertaken.
Samples of FeT'iH i. i and FeTiB 1.7 were prepared at Mound Laboratory by W. E. 
Tadlock. The FeTi alloy was prepared by 
arc-melting under argon. The FeTi button 
was crushed to -100 mesh powder and exposed 
several times to hydrogen at 1000 psi 
overpressure following the general pro­cedures of Reilly and Wiswall.13 Subsequent 
x-ray analyses indicated that FeTiHi. 1 was tetragonal with a0 = 3.17 ± 0-02 A, and 
c0 - 8.78 ±0.04 A; andoFeTiBi.7 was cubic 
with a0 = 6.60 ± 0,02 A. These results 
agreed with the data of Reilly and Wiswall 
for 8-phase and y-phase FiTiHx, respec­
tively.

During the,initial.NMR studies on the two FeTiBx samples, no signals were de- m tected when a single ir/2-pulse was ™
.applied., Bowever, an extremely sharp 
(that is,." T?*' = 2-4 nsec) proton echo 
was observed when a tv/2 - t1 -tt/2 pulse 
sequence (with t’ 150 usee) was used. 
Because' the electronic recovery time of 
'the1 spectrometer 'is ; -8-10 nsec, •' thd 
proton line" width relaxation time (Ta*) 
is too short for detection after a Single 
pulse. The results of the preliminary 
measurements for these FeTiBx samples at 
room temperatureiare given in Table 4,
Here, T2* is the line width decay time;
T2' is the spin--spin relaxation time from 
the decay of the echo maximum with t1; and 
T1 is the spin-lattice relaxation time.
Since T2* increases with resonance fre­quency, T2* <<T2' r and T21 is approximately
independent of resonance frequency, the 
proton echoes are probably inhomogeneously 
broadened (that is, fCU* is not only caused 
by dipolar interactions and .lifetime 
effects, but it also has inhomogeneous 
field gontributions), There are two possi­
ble! sources ,of these ■ inhomogeneous fields; 
intrinsic paramagnetism frpm the. FeTxHx 
electronic structure or the presence of 
impurities such as free iron or iron pwide. 
However, x-ray diffraction showed no evi­
dence of any other iron compound; but its 
sensitivity is not very good. Preparation 
of the hydrides from other batches of the 
FeTi alloy are planned to determine if 

- impurities are responsible for the inhomo­
geneous NMR line shapes. The nuclear 
relaxation times are distinctly different 
for the two FeTiHx phases, but it is not 
yet possible to completely relate the data in Table 4 to the microscopic properties. 
Since the T; values are independent of v, the main relaxation mechanism must be due to 
to conduction electrons and not proton 
diffusion. Furthermore, the short Ta1 
values indicate that proton self-diffusion 
in both phases is not rapid enough to 
significantly reduce the proton dipolar 
interactions. Bowever, additional measure­
ments to evaluate both proton structure and and diffusion are in progress. In addi­
tion, k-ray diffraction studies to deter- 
mine the crystal structures of both FeTiHx 
phases are .being conducted.
(R. C. Bowman, Jr.)
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able 4
NMR PARAMETERS FOR FeTiHx AT ROOM TEMPERATURES 

FeTiHi.i (B-phase)______ _____FeTiHi.? (y-phase)
^1-—.1-11,   'nrt ' "'1 .1.1 in,, ii--   | TT, V-r. i-"" .* ■'-.iV ' Ta* Ta1 ' Ti " ’ Ta* ....fzl... T i

(MHz) (ysee) (ysep) (msee) (usee) (usee) (msec)
45.70 - 32 - 2.4 20 23
34.50 3.3 31 6.5 2.6 20 23
23.30 „ - 3.0 20 25
16.00 4.8 26 6.6 3,8 22 24
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Separation

DISSOLUTION AND RECOVERY OF MASSIVE 
IRIDIUM IN A NITRATE SYSTEM

Iridium is such an expensive metal that 
economic considerations often do not allow 
it to be discarded after use. Because 
iridium is such a noble and unreactive 
metal, the recovery of iridium can be a 
lengthy and laborious process.14 Moreover, 
much iridium chemistry is intimately 
connected with halogens so that estab­
lished processes for dissolving and re­
covering massive iridium usually involve 
halogen. These circumstances are un­
fortunate when the iridium must be re­
covered from radioactive debris such 
as plutonium dioxide since facilities 
for handling large amounts of radio- 
activity are often made of stainless 
steel and hence cannot suffer exposure 
to halogen without the risk of pronounced 
corrosion. Moreover, radioactive facili­
ties are often constructed as simply and 
sturdily as possible, and intricate, 
involved recovery processes may adapt 
poorly to such facilities without costly 
facility modification. It is therefore 
the purpose of this section to provide 
a method of dissolving and recovering 
massive iridium which: is simple in 
design and operation, uses only commonly 
available chemicals, avoids halogens en­
tirely, is sufficiently flexible to allow 
a choice of alternative paths, and is 
adaptable to the recovery of iridium from 
radioactive materials such as plutonium 
dioxide.
Iridium is a noble and unreactive metal; 
even aqua regia does not attack massive 
iridium, and it is necessary to resort to 
high temperatures, high pressures in sealed 
tubes, and halogen acids for dissolution of 
iridium. Curiously, a noble metal such as 
iridium may not be easily reduced to the 
metallic state once it has been dissolved. 
Zinc in hydrochloric acid is satisfactory 
for this reduction; as is formic acid at 
pH 5, although this technique does not 
appear to be suitable for the processing 
of large quantities of iridium even though 
it might be adaptable to systems in which 
halogen is absent.
Metallic iridium is converted to an oxide 
(believed to be IrOa) by the action of molten potassium hydroxide (KOH), potassium

Chemistry

nitrate (KNOs) mixtures. This oxide of 
iridium is soluble in hydrochloric acid; 
but it is not generally recognized, and 
does not appear to be anywhere recorded, 
that it can be rendered soluble in nitric 
acid. When treated with nitric acid, the 
oxide from the KOH-KNO3 fusion will some­
times dissolve completely and sometimes 
only partially. An important.ingredient 
in the dissolution of iridium in nitric 
acid is the presence of an excess of 
nitrite or nitrous acid. Alkali metal 
nitrates lose oxygen upon ignition as 
illustrated in Eq. {1}

kno34- KN02 + \02 (1)
and, if there were a large excess of nitrate 
in the fusion mixture, sufficient nitrite 
may have been generated by thermal decom­
position of the alkali nitrate to solu­
bilize the oxide of iridium in nitric 
acid. Often, however, there will be in­
sufficient nitrite present in the fusion 
mixture, and the following procedure has 
been used to render iridium soluble in 
nitric acid (Nitric acid itself may con­
tain nitrous acid and nitrogen oxides formed 
by decomposition, and this nitrous acid may 
aid in the dissolution of the iridium oxide) 
Place a piece of metallic iridium weighing
0.1-0.3 g in a small magnesia crucible and 
add equal portions of KOH and KNO3 weighing 
3-5 g each. Place the crucible in a fur­
nace and raise the temperature of the fur­
nace to 900-950°C for about 30 min. Cool 
the crucible and dissolve the solidified 
melt in 50-100 ml of hot water. Cool the 
water containing the oxidized iridium 
precipitate in an ice bath; and when the 
solution is cool, add sufficient nitric 
acid to neutralize the KOH. Keep the solu­
tion cold, add 0.5-5 g of sodium nitrite 
(NaNOa) and stir until dissolved. Then, 
carefully add sufficient 15M nitric acid 
to raise the acidity of the solution to 
2-7M. An acid concentration less than 
about 2M is not particularly effective 
for quickly solubilizing the hydrous 
iridium oxide, and an acid concentration 
greater than 7M is not necessary. Stir 
the solution and heat it to the boiling 
point. Allow the solution to boil until 
all of the black, hydrous IrOa has dis­
solved to give a green solution. Ordinarily 
this takes 10-30 min (Instead of KOH-KNO3 
fusion mixture, a NaaOa fusion may be used*
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and the iridium dissolved as described 
above. Pure KNO3 may also be used, thus 
sparing the expense and trouble of the 
potassium hydroxide and the nitric acid 
later required to neutralize it.)
Using the above procedure, iridium has 
been routinely dissolved in nitric acid 
solution without the use of any other 
chemicals except an alkali nitrate, 
nitrite, and hydroxide. Since nitric 
acid neutralizes the hydroxide and since 
nitrous acid from the alkali nitrite is 
removed by boiling, the solution that re­
mains contains only iridium, nitric acid, 
and an alkali nitrate. If the crucible 
for the fusion is porous, as magnesia 
crucibles usually are, a small amount of 
the iridium will penetrate the crucible 
walls and represent a loss. All of the 
remaining iridium will be dissolved and 
appear in the nitric acid solution, how­
ever .
While Pu02, for example, can be solu­
bilized by fusing it with NazOz, this 
actinide oxide is not known to be 
rendered soluble by a fusion with KOH + 
KNO3 or pure KN03. Since refractory PuOa 
is difficult to dissolve in concentrated 
HNO3 and since the above described process 
uses at most 7M HNO3, that process should 
solubilize very little PUO2 (a common 
radioactive contaminant for iridium). 
Hence, a partial separation of the iridium 
from insoluble PUO2 could be effected by 
filtering the green iridium solution.
The iridium may be recovered from the 
solution in any of several ways. One of 
those ways is the formic acid method described by DUVAL15 which yields a 
precipitate of iridium that can be 
filtered only with difficulty.
Alternate approaches, however, are avail­
able:
1. The iridium solution may be adjusted 

to 7.2M in nitric acid and the solu­
tion passed through an anion exchange 
resin column. This is a well estab­
lished technique for retaining 
plutonium in the resin. The resin 
will allow 75-95% of the iridium to 
pass through it, however, thus 
allowing a partial separation of Pu 
from Ir. The plutonium on the resin 
may then be removed from the resin 
with 0.35M nitric acid, leaving only 
the iridium on the resin. The resin 
may then be burned or otherwise 
treated to recover the remaining 
iridium which, if contaminated, may 
be reprocessed by fusion as described 
above.

2. The iridium solution may be evaporated 
to dryness on a hot plate, and the resi­
due, containing KNOs and an unknown 
iridium salt, baked at a high tempera­
ture. This converts the iridium to 
black Ir02 which is insoluble in hot 
nitric acid. For example, after bak­
ing at 500°C for 30 min, only about 1% 
of the original iridium in a sample 
could be dissolved (after boiling for 
about 5 min) in a solution of 25 ml
of concentrated HNO3 (15M) plus 5 ml 
of H20.
Some typical results of this treatment 
are summarized in Table 5.
Since Pu02 is soluble in boiling HN03- 
HF mixtures, this acid treatment may 
be used to dissolve the PUO2 away from 
the acid-insoluble iridium residue.

3. The fusion technique may be modified 
so that potassium pyrosulfate may be 
substituted for the KOH, and then a 
little more KNOs added. For example, 
a weight ratio of KNO3/K2S2O7 of 3/2 
may be used to oxidize the iridium.
Then, the iridium solution upon dry­
ing and baking will contain sulfate.
Since sulfate fusions are used to 
solubilize materials such as Pu02, 
the presence of sulfate in the baked 
residue may help retain the plutonium 
in a soluble form. In either case, 
boiling the baked residue with concen­
trated nitric acid is a technique for 
dissolving Pu02 while allowing the 
iridium residue from the baking step 
to remain insoluble. Hence, this 
step may help to further separate the 
iridium from the plutonium. Alterna­
tively, a sulfate salt such as potas­
sium sulfate (K2SO4) may be added to 
the nitric acid solution of iridium 
prior to evaporation and baking.

4. In a dilute acid solution, iridium 
dissolved as described above may be 
precipitated. Since it did not give
a clear x-ray pattern, the precipitated 
iridium species could not be identi­
fied (It is probably hydrous IrOz; 
however, that has not been proved). 
Several oxidants effect this precipi­
tation of iridium from dilute acid when 
dissolved in the iridium solution and 
boiled for a few minutes. Among these 
oxidants are: KCIO3, KBr03, HI03, HsIOe, 
and K2S208 in the presence of a trace of 
silver nitrate. Table 6 describes some 
typical results of the oxidation tech­
nique .
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Since many elements, including 
plutonium, are not converted to 
insoluble forms in dilute nitric 
acid by boiling with an oxidizing 
agent, this appears to be a good 
method for separating most elements 
from iridium. Plutonium is oxidized 
to the hexavalent state by boiling 
with K2S208 (potassium persulfate), 
a form of plutonium which is quite 
soluble in acids.
The technique of carrier precipita­
tion could also be used to separate

soluble plutonium from iridium 
solutions. .For example, thorium 
could be dissolved in the iridium 
solutions as.thorium nitrate- Then, since both thorium and plutonium form 
insoluble iodates, precipitation of 
the thorium as thorium iodate might 
be effective in carrying most of the 
plutonium with the thorium iodate 
precipitate so that a plutonium, 
iridium separation could be effected 
in this manner. Other precipitants 
might be more effective than iodate.

Table 5
RECOVERY OF IRIDIUM FROM NITRIC ACID BY BAKING

Sample
No.

Baking
Temperature

(°C)
Acid Mixture 

(HNOs)
Iridium

Dissolved
(%)

1 500 25 ml cone.
+5 ml water

1.0

2 600 25 ml cone.
5 ml water

2.0

3 600 cone. (25 ml) 0
4 600 cone. (25 ml) 0
5 600-650 25 ml +4 drops HF 0.5
6 600-650 25 ml +4 drops HF 1.4
7 600-650 25 ml +4 drops HF 1.0

Table 6
SEPARATION OF IRIDIUM FROM 

WITH K2S20e CATALYZED BY AgNO3
NITRIC ACID BY OXIDATION
IN 20 ML OF IRIDIUM SOLUTION

Sample
No.

HN03Molarity
(M)

k2s
Weight
2Ob Added 
(mg)

Iridium Not
Precipitated

(%)
1 0.15 1000 0
2 0.26 1000 0
3 0.41 1000 7.1
4 0.51 1000 , 24.3
5 0.07 200 0
6 0.06 200 0
7 0.10 200 0.14
8 0.15 200 0.10
9 0.20 200 0.36

10 0.26 200 0.96
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Four of the techniques for recovering 
iridiupi listed above ultimately leave a 
black residue of iridigm which appears 
to be hydrous Ir02. This material, 
whatever its nature, is not appreciably 
soluble in HNQa; so that boiling this 
material with HNOs should separate it 
from most radioactive substances, since 
the latter are almost always soluble to 
some extent in boiling HNOs, To recover 
metallic iridium from the hydrous Ir02, 
it is necessary to reduce the iridium 
oxide, as, for example, in a hydrogen 
reduction furnace. But the result of 
reducing XrOz by hydrogen is metallic 
iridium, a material which is also in­
soluble in nitric acid. Changing the 
chemical form and crystal structure of 
the solid iridium residue by hydrogen 
reduction may allow entrapped particles 
of radioactive debris to become exposed. 
Hence, boiling the metallic iridium from 
the reduction process with nitric acid 
may also allow a further separation of 
the iridium and radioactive substances. 
(G. L. Silver):

PROTACTINIUM-231 AND THORIUM-230

Mound Laboratory is recovering thorium-230 and protactinium-231 from a uranium mill 
by-product known as Cotter Concentrate 
and shipping the products to the Heavy 
Elements Isotope Pool at Holifield 
National Laboratory (HNL). Previous re­ports 16.17 have described in detail the 
origin and character of the Cotter Concen­
trate, the facilities, and the recovery

and purification process. Briefly, the 
process consists of leaching about 15 
liters of solids in hot nitric acid and 
filtering off the insoluble residue.
Uranium is extracted from 90-liter batches 
of filtrate by multiple contacts with 8- 
liter portions of 10% DSBPP/CC1<, (di-sec- 
butyl phenyl phosphonate in carbon tetra­
chloride) and stripped from the organic 
with 0,005M HNOa. Thorium is preferen­
tially extracted by multiple contacts with 
Q.1M TQPO/CCli, (trioctyl phosphine oxide 
in carbon tetrachloride) and stripped 
with 0.3M Hz SO I,. Protactinium is sub­
sequently extracted with Topo/ccit* and 
stripped out with 0.5W oxalic acid.
Uranium strip solution^ are precipitated with ammonia, and the precipitate collected 
for eventual return to a uranium pro­
cessor. The thorium strip solutions are 
precipitated, and the thorium is purified 
by an oxalate precipitation method- Pro­tactinium is recovered from the protac­
tinium strip solutions by precipitation 
on a manganese dioxide carrier, then 
purified by standard techniques. The pro­cess is summarized by a process flow 
diagram in Figure 12,
Since November 1974 when the process devel­
opment work was essentially completed, 30 
batches of Cotter Concentrate have been 
processed. Total volume was 137 gal (519 
liters) from four drums but was approxi­mately equal to the contents of three 
drums (No. 174, 175, and 178), Analyses 
generated during the processing are com­
piled and summarized in Table 7,

Table 7
SUMMARY OF PROTACTINIUM AND THORIUM-230 RECOVERY OPERATIONS

*31Pa 2 3 °Th
.J2l- % -M. %

Total Feed Solutions 
(from 30 batches) 0,20 41 60 9.7

Total Strip Solutions 0.25 51 53 85
Estimated Extraction 0-002 per'batch 0.15 per batch

Losses 0,06 12 4.5 7
Estimated Losses 0.006 per batch 0,07 per batch

In Solids 0.18 37 2,1 3
Total 0.49 100 62 100

Sum of Three Drums 0.58 118 91 146
(No. 174, 175, 178)
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The data on thorium-230, based on the 
integration of the 68 keV gamma peak, 
show good consistency. This peak was 
obtained from 20 ml liquid samples 
with a low energy photon spectrometer.
Some loss of thorium occurs during 
the uranium extraction, and part of the 
thorium "tails out" into the protactinium 
strip solutions and is not included in the 
summation (and often is not recovered 
during the processing of the strip solu­
tions) . An additional "loss" of thorium 
to the insoluble residue (filter-aid) 
occurs, probably due to incomplete wash­
ing of the residue, and has been estimated 
at 3% based on the analysis of the resi­
dues from 12 batches. However, these 
residues are being retained for future 
processing. Because the final thorium 
products are always somewhat larger than 
expected from LEPS counting, the thorium 
analyses seem to contain a negative bias. 
From thorium products already analyzed 
and estimates of material "in process," 
it is expected that the 30 batches will 
produce about 70 g of thorium-230. The 
thorium-230 content of three drums of 
Cotter Concentrate, approximating the 
feed material for the 30 batches, 
showed about 91 g. The difference is due 
to analytical errors, sampling errors, 
and approximations. From these data it 
was concluded that overall thorium 
recoveries of 90% were being achieved, 
and the major loss mechanisms have been identified.
The data on protactinium in Table 7 differ 
from that on thorium in the following 
respect: The values were obtained by
integration of the 27 keV gamma peak 
from 20 ml liquid samples, assuming a 
liquid density of one. Since feed solu­
tion densities are much higher, and vary 
from batch to batch, and the self­
absorption within the sample of the 27 
keV gamma is affected much more by varia­
tions in liquid density than the 68 keV 
gamma of Th-230, the feed solution analyti­
cal results average 25% lower than those 
for the strip solutions, which are better 
estimates of the true values. Two areas 
of protactinium loss in the extraction 
process were recognized and estimated - 
loss of small amounts of protactinium to 
the thorium strip solutions, which were not 
recovered, and the protactinium left in the 
raffinate solution when the protactinium 
extraction was stopped. As expected from

development work, the fraction of protac­
tinium left on the residues (filter-aid) 
was quite a bit higher than for thorium. Processing of the protactinium has not 
proceeded beyond the concentration with 
manganese dioxide; and a good figure for 
the total protactinium is not available, 
but it appears that only half of the poten­
tial protactinium is being recovered with 
nearly 40% loss to the insoluble residues 
(which are being retained for additional 
processing). The protactinium content of 
the three drums, which approximate the 
material processed, shows about 0.58 g or 
20% more than the protactinium found 
during the processing.
A shipment of 10.11 g of thorium-230 was 
made to the Heavy Element Pool at HNL 
in December 1974, and a 40-50 g shipment 
is being prepared. Final analyses on 
the second shipment are not yet available. 
The major impurity found in the thorium-230 
product was Sc at 1 to 2% with lesser (0.1% 
or less) amounts of Zr, Si, P, Na, B, Y,
Ca, Mo, Fe, Al, and Cu. The isotopic 
ratio (thorium-230/total thorium) of the 
first shipment was found to be 0.03, and 
the second shipment appears to be the same.
Two Karr three-inch diameter reciprocating 
plate liquid-liquid extraction columns 
were received in April 1975 and have been 
set in place in the SW-140 hot cell. In­
stallation of piping, electrical, and air 
control connections is underway. Initial 
operation will be achieved in the first 
half of FY-1976.
The current processing method for Cotter 
Concentrate feed solutions entails five 
liquid-liquid contacts: (1) extraction
of uranium, (2) stripping of uranium,
(3) extraction of thorium and protactinium,
(4) stripping of thorium, and (5) stripping 
of protactinium. Initial column operation 
will be for development of operating pro­
cedures and determination of parameters 
for each of the five liquid-liquid con­
tacts. The columns will then be put into 
operation for those steps which will re­
sult in maximum rate of output of thorium 
and protactinium in the overall operation. 
Column operation is expected to be at a 
throughput rate five to ten times that
now achieved for the same steps in the small hand-operated batch mixer-settlers 
now in use. (P. E. Figgins, M. R. Hertz,
W. S. Stringham, and R. M. Watrous)
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STUDY OF THE REACTION OF PLUTONIUM WITH
BONE CHAR

One of the principal problems associated 
with the commercial generation of electric 
power by nuclear means is the problem of 
radioactive waste disposal. A study of 
the reaction of plutonium with bone char, 
a material commercially prepared from 
animal bones, has been undertaken to 
gain some insight into the mechanism by 
which this material removes plutonium 
from waste streams. It may be recalled 
that the extent, rate and mechanism of 
the solubility of hydroxylapatite (HAP), 
the principal phosphate of calcium in 
bone char, and the primary constituent 
of interest in bone char, is poorly understood.18 Typical of the papers 
describing one or more of the theories 
of hydroxylapatite solubility are those of Zimmerman,19 and Best and Hearon.20 
But studies of HAP are not limited to 
studies of the poorly understood water 
solubility of this material. Other 
studies of this substance have con­
sidered ion exchange reactions of HAP 
with calcium,21 22 phosphorus,23 stron­
tium,24 and sodium. 5 Additionally, 
adsorption characteristics of bone char have been examined.26 27
Experimental work on the adsorption of 
plutonium from alkaline aqueous solutions 
has continued. Early experiments con­
sisted of equilibrating samples of 
plutonium in an alkaline solution (pH 
approximately 10) with weighed samples 
of bone char for a few days, filtering 
the liquid in contact with the bone char, 
and counting this liquid after filtration. 
The purpose of the filtration step was to 
separate small suspended particles of 
bone char from the liquid prior to 
scintillation counting. It was soon 
observed that with those solutions which 
had been pretreated with divalent silver 
oxide (to oxidize the plutonium to the 
hexavalent state), the mere act of 
repeated filtering was sufficient to 
decrease the count rate of the solution. 
That is, an unfiltered solution had a 
higher count rate than a once filtered 
solution, which had a higher count rate 
than a twice filtered solution, which had a higher count rate than a thrice filtered 
solution, and so on. Without further 
investigation, this was attributed to 
such causes as; a) adsorption of plutonium 
ions, such as Pu(VI), by the filter paper;
b) incomplete filtration of particles of 
bone char containing adsorbed plutonium;
c) incomplete filtration of particles
of hydrous Pu(IV) oxide; d) reduction by ' 
the organic filter paper of hexavalent 
or pentavalent plutonium to give adsorbed 
tetravalent plutonium on the filter paper.

Whatever the reason for the decreased count^^^ 
with increased filtration, the phenomenon 
was sufficient to suggest the desirability of another method of separating soluble 
plutonium ions form plutonium in the form 
of particles. Therefore, centrifugation 
was considered a means of separation.
One milliliter samples of a stock plutoni­
um solution were evaporated to about 1 ml 
with 10-15 ml of concentrated nitric acid 
to decompose any polymer which might have 
been present. A few drops of a nitric 
acid solution,in which a small amount of 
AgO had been dissolved, were then added 
to the samples. This nitric acid solution 
was added to oxidize the plutonium to the 
hexavalent state. The solutions were 
treated with ammonia to raise the pH to 
about 10. Small portions of the solutions 
were then counted. Portions of the solu­
tions were then centrifuged at various 
speeds for 10 min periods. It was found 
that if a sample was centrifuged @ 5000 
rpm for 10 min, the count rate decreased 
considerably from the count rate of the 
original solution. At a speed of 10,000 
rpm, the count rate decreased further.
However @ 15,000 rpm, the count rate de­creased only slightly more. Since the 
plastic centrifuge tubes crack (and thereby 
release radioactive solution) at speeds 
much in excess of 10,000 rpm, this speed 
was selected as the speed suitable for 
preliminary studies of the reaction of plutonium with bone char.
One of the important parameters determining 
the behavior of plutonium with bone char 
is the effect which the bone char exerts 
upon its environment. In the case of the reaction of plutonium with the commercial 
bone char studied here, the manner in 
which the bone char affects the trace of 
aqueous plutonium is of primary importance. 
Since alkaline solutions are of interest, 
several solutions with pH values from 
about 9 to 11 (with ammonia buffer) were 
prepared. Each 100 ml buffer also con­
tained a weighed 1 g sample of commercial 
bone char. After a five-day equilibrium 
period, during which the samples (in 100 
ml volumetric flasks) were shaken re­
peatedly, the pH and electromotive force 
values of the solutions were measured 
(EMF values were taken using a ferricyanide/ 
ferrocyanide buffer assigned a potential 
value of +0.41 V.)
The above experiments were repeated and 
repeated once again with a carbonate/ 
bicarbonate pH buffer. Figure 13 shows 
the results with an ammonia/ammonium 
nitrate buffer, Figures 14 and 15 with an 
ammonia/ammonium chloride buffer, and 
Figures 16 and 17 with a potassium carbonate/bicarbonate buffer. In each
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diagram, the points drawn as circles 
(lower line) represent the potential 
pH values of solutions as measured 
about two minutes after uncapping the 
samples. Points marked with Jkl s (upper 
line) were taken after about three min­
utes of stirring while exposed to atmos­
pheric oxygen (that is, about five min­
utes after uncapping the sample). In 
these experiments, it is the potential, 
not the pH, which changes upon exposure 
to the atmosphere. In all of the 
diagrams, lines with a given slope of 
-0.059 are passed through the points.
A line with slope ±0.059 is the theoretical 
Nernstian value (@ 25°C) for a, reversible 
reaction involving a proton/electron 
ratio of unity. Other possible, likely 
values of the absolute value of the slope 
are the factor ±0.059 times some simple 
number or fraction such as 1/2, 2, 4/3,
1/3. Since bone char is known to contain 
organic matter from animal bones, there 
is no other way of predicting the value 
of the slope. The points seem to follow 
the slope -0.059 quite well,; however, 
suggesting that the potential controlling 
reaction is of the form of Eq. (1):

Ox + ne = Red - nH+, (1)
where "Ox" and "Red" represent the oxi­
dized and reduced forms of the potential 
controlling reaction, and "e" represents 
an electron.

The plots in Figures 13-17 suggest certain properties of the bone char/water system. 
Among these are:
(a) Bone char imposes a low potential 

upon aqueous systems. At pH 10 
this potential for fresh solutions 
is about +0.25 V, a value charac­
teristic of some organic systems.

(b) The behavior of the potential con­
trolling reaction appears to be 
poorly reversible and appears to 
follow the form suggested by Eq. (1).

(c) The fact that the potential drifts 
slowly upward upon long exposure 
to atmospheric oxygen implies that 
the system is oxidized by air, and 
that the poising capacity of the 
bone, char/water system is very low.

After the potential-pH behavior of the 
bone char/water system (at pH approxi­
mately. 10) had been illuminated, the re­
action of bone char with the hexavalent 
oxidation state of plutonium was examined. 
The hexavalent state of plutonium was 
selected because: a) It does not polymer­
ize or precipitate, so far as is known, 
at the concentrations and pH values 
employed; b) There are standard methods 
of preparing Pu(VI); c) The general 
plutonium equilibrium problem predicts 
that Pu(V), easily prepared from Pu(VI), 
has a wide "stability" range near the 
potential-pH region which bone char im­
poses upon water solutions; d) Pu(III) 
is likely to be oxidized to insoluble 
Pu(IV) hydrous oxide at pH 10; and e) Pu(IV) 
is not appreciably soluble at pH 10, since 
it quite easily forms a low soluble 
"polymer" in this low acidity. Of the 
several methods for preparing Pu(VI) from 
Pu(IV), treatment with divalent silver 
oxide was selected.
Samples of silver-oxidized plutonium were 
allowed to equilibrate with 1 g of bone 
char in 100 ml of water at selected pH 
values. Typical results from such experi­
ments are shown in Table 8. Table 8 also 
gives data on the observed potential values, 
pH values, and count rate of each solution. 
Sample No. 6-10 were prepared from the
same stock, and to each of these samples 
was added a few drops of a Q. 1M potassiiim 
ferricyanide and 0.1M potassium ferrocyanide 
solution. This was. done to effect a poten­
tial change at constant acidity. Sample 
No. 9 and 10 contained most of these com­
plex iron cyanides which produced a yellow 
precipitate in these samples. For this 
reason, the data from these samples were 
questionable.
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Table 8

Solution
No.

Count Before 
Centrifuge*

REACTION
Count After 
Centrifuge*

OF PLUTONIUM WITH
Net Count Rate 

After Bone Char

BONE CHAR
Pu

b Molarity Observed Solutions 
Potential ;(v)

1 13,633 13,487 14,4 15.93E-16 0.250
2 14,785 14,435 12.2 13.49E-16 0.275
3 23,149 20,999 32.4 35.83E-L6 0.245
4 23,671 22,766 24.6 22.21E-18 0.262
5 21,255 10,595 „ 32.2 35.61E-16 0.232
6 15,064 8,363 75.0 82.95E-16 0.270
7 e C 27.0 29.86E-18 0.252
8 c C 14.6 16.15E-16 0.238
9 c c 10.2 11.28E-16 0.265

10 c c 4,6 5,09-E—16 0.235
aCentrifuged @ 10,000 rpm for 10 min. Count rate = dis/5001/mi«. 
b Disintegrations per minute per milliliter above background.
cSolution No. 6-10 prepared frbm one common stock and contained iron cyanides.

SolutionAcidity

1.Q0E-10 
3.09E-10 
5. 13E-11 
1.66E-10 
3.00E-11 
1.42E-10 
1.42E-10 
1.42E-10 
1.42E-1G 
l.‘42E-10

w
ui



Table 9 shows that bone char is very 
effective in removing silver-treated plu­
tonium, hereinafter called hexavalent plutonium. The number of counts per min­
ute per ml of a bone char-treated plu­
tonium sample is so low that the standard 
deviation of the counts is an appreciable 
fraction of the absolute count rate.
Since the entries in col. 4 of Table 8 
are net counts per minute per milliliter 
for a 100 min count (the limit of our 
instrumentation), the statistics of 
counting are computed on this basis.
Thus the number 14.4 dis/min/ml, which is 
the first entry in col, 4, represents a 
gross sample count of 9000 against a 
background count of 7560. Hence, the 95% 
confidence level of the first entry in 
col. 4 is about 14.4 ± 2.6.
One of the interesting aspects of the bone 
char plutonium reaction is the nature of 
the equilibrium established between bone 
char and plutonium in, its various forms.
One possible equilibrium is that estab­
lished among the species Pu(VI)-Pu(V)-.
PU(OH)4, an equilibrium which was first examined several years, ago by; Silver. 28 ' 29' 
To illustrate this equilibrium, consider 
the approach outlined in ref 28:1,.

2Pu02+ + 2HOH..= Pu022 +
+ Pu(OH)4K=KP (2)

KP = Z/Y2 = M/Y, (3)
where Z represents PuOa2+ and Y represents 
Pu02+. Then thb total soluble (noncentri- fugeable) plutonium (T) is closely given 
by the sum of soluble hexavalent and penta­
valent plutonium:

T = Y (AY) + Z (AZ) (4)
T = (M/KP) (AY) + (AZ) (M2/KP) , (5)

where M is the Z/Y ratio. In other words,

—= (AY) + (AZ) (M) , (6)
and Eq. (6) is amenable to a least squares 
treatment since T and M can be determined 
for each solution in Table 8. The value 
of;KP is about:1.89E+04» But examination 
of Table 9, which gives the values of some 
parameters in Eq. (6), shows that only for 
solution No. 6, 7, and 8 are the values 
of both AY and AZ positive numbers. Their 
respective values are about 7 and 6E+12, 
values which at first glance, at least, 
appear reasonable. Other entries in Table 
9 do not seem to fit this model, giving, 
for example, negative values of AY and AZ. 
Physically, .this is not possible, and 
suggests that the Pu(VI)-Pu(V)-Pu(OH)4 
equilibrium does not represent the equili­
brium in the; plutonium-bone char system 
at pH 10. Table 9 suggests another possi­
bility. It is interesting that only those 
solutions which contained traces of ferri­
cyanide and ferrocyanide gave reasonable 
values for AY and AZ. This may merely 
imply that complex cyanides of iron (which 
are.recognized as good complex forming 
agents) disturb the plutonium-bone char 
system, so that measurements on systems 
containing complex cyanides of iron do not accurately represent the equilibrium 
in the plutonium-bone char system. This 
problem will be revisited at a later time; 
for the present, it is sufficient to ob­
serve that bone char seems to be very 
effective in removing hexavalent plu­
tonium from aqueous solutions. Since 
hexavalent plutonium is one of the four 
possible oxidation states which can occur in wastewaters, this is a sanguine start. 
(G. L. Silver)

Table 9
METHOD FOR ESTIMATING ALPHA COEFFICIENTS FOR PENTAVALENT (AY) AND HEXAVALENT (AZ) PLUTONIUM

Solution ' , (T)(KP)No. T M ■ M
1 ■ 15.93E-16 5.44E-12 5.53
2 13.49E-16 1.44E-11 1.77
3 : 35.83E-16 4.48E-12 r-t

in1—
1

4 27.21E-16 8.68E-12 5.93
5 35.61E-16 2.70E-12 24.9
6 82.95E-16 1.18E-11 13.3
7 29.86E-16 5.88E-12 9.60
8 16.15E-16 3.41E-12 8,95
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STUDY OF THE REACTION OF URANIUM WITH
BONE CHAR

Introduction The objective of this 
program is to study the mechanism of 
the reduction of uranium in waste streams 
to ultra low levels. Emphasis is placed 
on a process being developed at Mound 
Laboratory which involves the removal of 
the uranium from solution by contact 
with a bed of calcium phosphate. Because 
of .the practical difficulty of filtering 
pure precipitated Ca3(POi,)2, the phosphate 
used in the, process is actually bone char 
(a natural calcium hydroxyapatite). The 
process appears to be based on the principle of residue adsorption. Accord­
ing to this principle, trace quantities 
of inorganic compounds that would 
precipitate if they were present at the 
macroscopic level will adsorb quantita­
tively on nonreactive surfaces if the 
microcrystals are brought into close 
enough contact with those nonreactive 
surfaces. As a corollary to this prin­
ciple, iX the inorganic compound is not 
insoluble ;but is brought into intimate 
contact with a reactive surface, which 
converts it to an insoluble compound, 
the inorganic cation will remain attached 
to that surface. During FY-1975, a -study 
of the reaction between uranium and bone 
char was initiated. A literature search 
was conducted to find all information 
relative to the bone char. Typically, 
bone char has been used in decolorizing 
crude sugar syrups and in removing salts 
from process streams. It has also seen 
considerable use in removing fluorides 
from drinking water. Some of its prop­
erties include:

1) Internal porosity = 50-55%
2) External void fraction = 18
3) Bulk dry density = 40 lb/ft3
4) Surface area = 100-115 m2/g

Adsorption Isotherms The adsorption iso­
therm is the relationship, at a given 
temperature and other conditions, between 
the amount of a substance adsorbed and its 
concentration in the surrounding solution.
If a radioactive isotope (234U) adsorp­
tion isotherm is taken, the adsorption 
isotherm would consist of a curve plotted 
with residual activity in the water as the 
abscissa and the activity adsorbed per 
gram of bone char as the ordinate. A 
reading-taken at any point on the isotherm 
gives the-amount of activity adsorbed per 
unit weight of bone char, which is the 
bone char adsorptive capacity at a particu­
lar activity concentration and water tempera­
ture. In very dilute solutions, such as

wastewater, a logarithmic isotherm plotting 
usually yields a straight line. In this 
connection, a useful formula is the 
Freundlich equation which relates the 
amount of impurity in the solution to that 
adsorbed as follows:

x/m = kC Vn, 
where:

x = amount of activity adsorbed
m = weight of bone char .
k and n are constants
C = unadsorbed concentration of! 

activity left in solution,
in logarithmic form:

log x/m = log k + 1/n log C,
in which 1/n represents the slope of the straight line isotherm.
From an isotherm test, it can be deter­
mined whether or not a particular degree 
of radioactive removal can be effected by 
adsorption alone. An isotherm test will 
also show the approximate adsorptive 
capacity of the bone char for the appli­
cation- and afford a convenient means of 
studying the effects of pH and temperature 
on adsorption.
The isotherm plot should be linear but 
frequently deviates from this ideal. 
Straight lines may be drawn through many 
data sets without trouble, and individual 
deviant points may be discarded as a matter 
of judgment. Nonlinear or completely 
scattered sets may require a least-squares 
fitted line; however, it could be argued 
that any data set that truly requires a 
least-squares line is probably worth 
redoing. Consequently, the success of 
isotherm testing rests with strict atten­
tion to procedural detail.
Once a straight line of fair precision has 
been drawn, it is extrapolated towards 
the right to the Co intercept; and the 
resulting ordinate is a measure of adsorp­
tive capacity.
Experimental Results In order to measure 
the adsorptive capacity of uranium on bone 
char, a series of experiments were con­
ducted. Equilibrium tests were run using 
varying concentrations of bone char along with a constant concentration 23'*U isotope. 
The solutions were buffered at pH 10 (NH3 
buffer) to compensate for the buffering 
capacity of the bone char. The uranium 
in solution has many possible forms in­cluding:
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1) U0g + ?'

2) Complex with po,,-^
3) Complex with

(SHU) 2 U207
NH4OH to form

4) Dimer (UO2)2 (OH)2+2
5) Trimer (U02) 3(OH)5+

Presently, it is impossible to conclude 
which form is the dominant one. The results were plotted (see Figure 18), and 
a straight line isotherm was obtained via a least-squares treatment of the data. 
Interpretation of the isotherm gave the 
following results:

slope = 1.214
intercept = 20.375
capacity of bone char ■» 67,503 
dis/min/mg

Performing a simple linear correlation 
gave a correlation coefficient of 
r = 0.99986 for the data.
The adsorption capacity that bone char 
exhibited for uranium is quite high, The 
high slope of the isotherm indicates that 
good adsorption of uranium is obtained at 
high concentrations but not at low con­
centrations. Furthermore, this high slope indicates that greater adsorption 
efficiency in column operation can be 
expected. (j. Koenst)
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Adsorption Isotherm of Uranium-234 
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FIGURE 18 - Bone char adsorption isotherm of uranium-284.
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THORIUM-229
During this report period, the flow rates 
and extraction conditions for large 
quantities (100 g) of 233U established 
during CY-1974 were successfully applied 
for the separation of 22.36 mg 229Th from 
aged 233U. A portion of this amount 
(1.63 mg) was 229Th separated from pre­
viously processed 233U. This will result 
in a product low in 232Th which should 
have been removed during the first extrac­
tion .
The yield of 229Th on the reextraction 
was considerably lower than the yield 
obtained from processing aged 233U con­
taining 232Th. The theoretical amount 
of 229Th in this reprocessed 233U was 
4.95 mg. The 232Th may act as a carrier 
for the 229Th, increasing the yield.
Work to obtain pure 229Th will continue 
since this product is in great demand by users.
Tests are underway to increase the purity 
of 229Th product by absorption of the 
2 2 9Th from the aqueous solution after the 
2 3 3U has been removed on anion exchange 
resins in 8M HNOs feed. Experiments using 5 mg quantities of 230Th as a stand-in 
have been run to determine the conditions 
necessary to absorb and strip thorium ions 
from the anion exchange column. Contamina­
tion of the resin by DSBPP (di-sec-butyl 
pehnyl phosphonate) and extended stripping 
time for thorium will be investigated. As 
expected, 2 3 °Th was recovered quantita­
tively (90% was collected in the first 
25 ml of eluant). (W. S. Stringham and 
R. M. Watrous)

URANIUM-234

Mound Laboratory has been separating and 
recovering high isotopic purity 234U from 
aged 238Pu materials for several years.
Part of the 234U comes from 238Pu "cows" 
which are held exclusively for the pro­duction of 2 3 4U. Sometimes the 2 3 8 Pu 
recovery operations have processed aged 
2 3 8Pu heat sources, and by special tech­
niques have produced a relatively con­
centrated uranium fraction which then becomes the feed material for 2 3 4U re­
covery .
The chemical procedures for separating and purifying the 2 3 4U have been des­
cribed previously;30 but briefly the 
process consists of three separation 
stages, each conducted in a separate 
hoodline with successively lower levels 
of plutonium. In the initial separation 
stage, the bulk of the plutonium is re­
moved by homogeneous oxalate precipitation.

leaving the uranium in solution. In the 
intermediate separation stage, both 
uranium and plutonium are loaded onto an 
anion exchange resin from a nitrate medium 
and the uranium is selectively washed off 
the resin. In the final purification step 
both uranium and plutonium are loaded onto 
an anion exchange resin from a hydrochlori 
acid medium; and. the last traces of plu­
tonium are washed off with the aid of a 
reducing agent.
The first precipitation of plutonium as 
the oxalate from solution A13-B was des­
cribed in the last report.31 This solution 
was estimated to contain 22 g uranium with 
5 g plutonium. This precipitate was com­
bined with the oxalate precipitate from an 
earlier processing of A13 material. These 
combined precipitates were dissolved in 
2M HNO3, and the plutonium was reprecipi­
tated to separate any remaining trace of 
uranium. Precipitation was made with di­
methyl oxalate in the presence of H2Q2 to 
keep the plutonium reduced. After filter ing onto a coarse glass-fritted filter and 
drying, the plutonium oxalate was set 
aside for eventual calcination to the 
oxide and storage as a "cow" designated 
A13-0.
The uranium-rich filtrates from the first 
oxalate precipitation (solution A13-B) 
and the final precipitation described 
above were evaporated to a convenient 
volume with an acid concentration of 5.5M. 
Analysis of the filtrate for plutonium indicated 244 mg 2 3 8Pu., Since an acid 
concentration of 0.3M HNO3 is desired 
for the intermediate separation by anion 
exchange, the filtrate was denitrated 
with formic acid to a 4.6M acid concen­
tration. A greater reduction in nitrate 
could not be achieved with this denitra­
tion procedure. Final adjustment to 0.3M 
HNO3 was accomplished with the addition 
of concentrated NH^OH. This solution was 
also salted to 1.6M AltNOs)3 in prepara­
tion for the intermediate separation step. 
Another solution (A13-B2) from which the 
plutonium was previously precipitated 
contained an estimated 11 g uranium with 
29 mg plutonium. This solution was also 
adjusted to 1.6M Al(NOs)3/0.3M HNOs in 
preparation for the intermediate separa­
tion step.
The salted solutions were loaded onto 
the Dowex 1X4 anion exchange resin 
(nitrate form) in five separate runs to 
avoid exceeding the capacity of the column 
for uranium. After each loading, the 
resin was washed with 1.6M Al(NO3)3/0.3M 
HNO3 solution and the uranium eluted with 
7M HNOs. Finally, the plutonium was 
eluted with 0.35M HNOs containing a small 
quantity of hydroxlamine nitrate to reduce
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the plutonium. Alpha pulse height analyses 
of the uranium fractions indicated a total 
of approximately 28.5 g 2 3‘*U with .4 3 mg 
^38Pu. Portions of the raffinates and 
washes from two of the runs were recycled 
through the resin, but only a few addition­
al milligrams of uranium were separated.
The remaining raffinates and washes were not recycled.
In preparation for the final separation 
step, anion exchange in a chloride medium, the uranium fractions were combined and 
evaporated to near dryness. The solids 
were dissolved in 9M HC1, and an attempt 
was made to denitrate with formic acid.
After several days of this denitration 
operation, the nitrate was still not all 
decomposed. ... Finally, the uranium was 
precipitated with concentrated NH4OH and 
dissolved in 9m HG1 three successive times 
to complete the removal of nitrate. Hy­
drazine dihydrochloride was added to the 
final uranyl chloride solution as a reduc- tant for the plutonium.
The uranyl chloride solution was loaded 
onto the Dowex 1X4 anion exchange resin 
(chloride form) in four separate runs.
Before it was loaded onto the resin, 
about 2.5% ;HI was added to each feed 
solution to keep the plutonium reduced 
and prevent its loading as much as 
possible. After each loading, any 
plutonium that remained was eluted with 
9M HCl/2,5% HI; and the column was then 
washed with 9M HC1, The uranium was 
eluted with 0.1M HC1• An intermediate 
fraction of ■neptuni.um-237 was also 
eluted ahead of the uranium with 4,5M 
HC1. Alpha pulse height analyses of the uranium fractions from the four runs indicated approximately 19 g of 2 3 4U with 
1-2; ppm 2 3 8Pu..
The intensive use of HI as a reductant for the plutonium to improve the separa­
tion appeared very effective. But after 
the first run, about 7 g of uranium was 
distributed through the raffinates, washes, 
and neptunium fractions. It appeared that 
an excess of iodine may have reduced the 
capacity of the resin and prevented complete 
loading of the uranium. Therefore, the column was loaded with fresh resin; and 
the raffinates, washes, and neptunium

fractions from the last three runs were 
recycled. Since analysis indicated the 
uranium content of the neptunium fractions contained only 1-2 ppm 23 fu, these frac­
tions were adjusted to 9M HC1 and loaded 
first. After loading, the resin was washed 
with 9M HC1, the neptunium eluted with 
4.5M HC1, and the uranium eluted with 0,1M 
HC1. Again, the uranium was distributed 
through the raffinate, wash, and neptunium 
fraction; and essentially no uranium was separated. Next, the raffinates and 
washes from the last three of the original 
four runs were loaded onto the fresh resin. 
No additional HI was added to these 
solutions before loading. After loading, 
the column was washed with 9M HC1/1.25% HI 
.and with 9M HCX. A neptunium fraction was 
eluted with 4.5M HC1, and a uranium frac­
tion was eluted with 0.1M HC1. Again, the 
uranium was distributed through the raffin­
ate, wash, and neptunium fraction with 
essentially no uranium being separated.
There is a possibility that the uranium 
formed a compound with H3PO2, which is 
sometimes used as a stabilizer in HI.Also, there is a method which reportedly 
separates plutonium from uranium by a 
homogeneous precipitation of uranium with HsPOa,32 The solutions from these recycle 
attempts will be held for later separation, 
possibly employing the precipitation method reported.
The uranium products from the four initial 
separations on the final anion exchange 
column were precipitated with concentrated 
NH4OH, filtered, dried, and calcined to 
UaOs. Total oxide weight of this uranium product, designated A13-2, was 22.285 g.
Mass analysis indicated 99.08% 234U, 0.08% 
235U, 0.06% 236U, and 0.79% 238U with some 
mass 237 observed. Alpha pulse height 
analysis, impurity analysis, and calorimetry 
have not been completed so a calculated 
weight of 2 3 4U is not yet available. Pre­
liminary results of the alpha pulse height analysis indicated a 238Pu content of 28 
ppm which was in sharp disagreement with 
the analyses of the uranium fractions pre­
cipitated. At this time, there is no 
logical explanation for this disagreement. 
The oxide will be shipped as soon as the 
analytical work is completed, (P. i, . 
Keister, P. E. Figgins, and R. M. Matrons).
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Separation Research

CALCIUM ISOTOPE SEPARATION
Chemical Exchange A prototype chemical 
exchange system using a Karr reciprocating- 
plate counter current extraction column 
and reflux equipment was operated at total 
reflux for the enrichment of the calcium 
isotopes. The polyether dicyclohexyl 18- 
crown-6 was used for the calcium isotope 
exchange reaction. After withdrawal from 
the column, the organic phase was stripped 
of calcium and recycled. The emulsion 
formed during stripping was effectively reduced by controlling the energy input 
and stripping water to the mixer. The 
resultant organic recycle stream contained 
a minimum quantity of calcium chloride; 
this parasitic calcium flow is acceptable. 
Also during the total reflux operation, 
the interface in the top reflux system 
was stabilized using the capacitance probe and the interface level controller. Two 
problems occurred which made the total re­
flux operation unsatisfactory. The calcium 
chloride holdup varied in the top reflux 
system. This resulted from poor tempera­
ture control and evaporator design. A 
proportional temperature controller and a 
new evaporator-condenser were installed 
to alleviate this situation. The small 
density difference between the two phases 
led to flooding at very low throughputs.A bromoform-chloroform mixture is 
presently being studied to increase the 
density difference between the two phases. 
(B. E. Jepson and R. W. Hurd)

LIQUID THERMAL DIFFUSION
An experimental liquid thermal diffusion 
cascade is being used to enrich sulfur-
34 to concentrations greater than 90%. 
Carbon disulfide is used as the working 
fluid. The natural abundances of the 
sulfur isotopes and of the major iso- 
topically substituted species of CS2 are 
given in Table 10.
At present, the liquid thermal diffusion 
system comprises 12 columns arranged in 
a dual cascade (Figure 19). The mixed 
molecule C3ZS34S, which does not undergo 
isotopic exchange at column conditions, 
is enriched in the first cascade of 7 
columns from natural abundance (8%) to 
approximately 60%. The partially en­
riched material from the first cascade

is passed through an exchange reactor 
to establish isotopic equilibrium among 
the various species of carbon disulfide.
The exchanged carbon disulfide, now 
containing an increased concentration 
of the doubly substituted species (C* 34S34S), 
is fed to an intermediate point in the 
second (5-column) cascade; and a product 
stream highly enriched in C34S34S is re­
moved from the bottom of the second cas­cade .
The dimensions and operating temperatures 
of the thermal diffusion columns are 
given in Table 11. Figure 20 is a simpli­
fied schematic cross section of a typical 
column. The hot wall temperature is estab­
lished by condensing steam at 7 atm, and 
the cold wall temperature is maintained 
by a carefully controlled flow of cooling 
water. Each column is equipped with cool­
ing water flow distributors at the inlet 
and outlet points. The first three 
columns of the first cascade, with a 
spacing of 300 um between hot and cold 
walls, are operated at a coolant flow rate 
well within the turbulent region. The re­
maining columns of the system are operated 
at flow rates corresponding to a Reynolds 
number of 1500 in the laminar flow regime.
Thermal diffusion column theory predicts 
that the initial transport coefficient (H) 
is related to the column spacing between 
hot and cold walls by:

H a a3, (1)
where a is the spacing, and the separation 
factor at total reflux, q, by:

In q a L/a4, (2)
where L is the length of the column. 
Estimated values of these coefficients 
are given in Table 10.

The columns are arranged in the two casc- 
cades so that columns having a high value 
of the initial transport rate and a low 
value of the separation factor at total 
reflux, are placed near the feed point. 
Columns with a high separation factor and 
low transport rate conversely, are placed 
toward the product end of the system. 
According to isotope separation cascade theory, this arrangement improves the
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Table 10
NATURAL ABUNDANCES OF SULFUR AND CARBON ISOTOPES 

AND OF ISQTQPICALLY SUBSTITUTED CARBON DISULFIDE MOLECULES
Atom MoleComponent Percent Component Percent

32S 95.06 12C32S32S 89.40
33S 0.74 1 2^32g3 1.39
3 4g 4.18 12^,32g34g 7.86
36S 0.0136 13C32S32S 0.994

13C32S34S 0.087
12C 98.9 1 2C 3 3S3 ** s 0.061
1 3C 1.1 1 2C3 4g3 4g 0.173

i3C3 4s3 4S 0.0019
12c3 2S3 6S 0.026
l2c3 4S3 6S 0.0011

Table 11
PARAMETERS OF LIQUID THERMAL DIFFUSION COLUMNS 

IN THE SULFUR ISOTOPE SEPARATION SYSTEM

Cascade Column
Spacing

(um)
Annular
Diameter

(mm)
Length(m)

IO-Hq3 
(g sec-1) bLN q

I 1 300 25.4 2.4 1.09 0.75
2 300 25.4 2.4 1.09 0.75
3 300 25.4 2.4 1.09 0.75
4 250 25.4 0.76 0.47 0.53
5 250 25.4 0.76 0.47 0.53
6 250 25.4 0.76 0.47 0.53
7 250 25.4 0.76 0.47 0.53

II 1 250 25.4 0.76 0.47 0.53
2 250 25.4 0.76 0.47 0.53
3 250 25,4 0.76 0.47 0.53
4 250 19.1 0.60 0.35 0.53
5 180 19.1 0.91 0.12 2.30
Steam temperature: 164°CWater Temperature: 20°C

aInitial transport coefficient based on one unit difference in mass.
bq is the separation factor at total reflux for one unit difference 
in mass.
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35 g/day

35 g/day

CASCADE

6 g/day

6 g/day CASCADE
PUMP

EXCHANGER
REACTOR

39.3% C32S32S

FIGURE 19 - The liquid thermal diffusion system, showing the calculated 
conditions prevailing at the first time step after 90% ?4S is reached 
(each rectangle represents a column, and the height of each rectangle is 
proportional to the length of the column).
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FIGURE 20 - Liquid thermal diffusion column.
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efficiency of the system;34 however, the 
transport profiles of the two cascades are 
far from ideal.
Purified degassed carbon disulfide at the 
cascade pressure of 17 atm is fed at a 
point one stage from the top of the first 
cascade. Reagent grade CS2 is treated 
with mercury, dried over P2O5 and dis­
tilled in a high efficiency column under 
a helium atmosphere prior to transfer to 
the feed bottle. Pressure is maintained 
in the feed bottle by compressed helium 
acting through a mercury piston.
Carbon disulfide depleted in C32S34S to 
5.8% (2.8% 34S) is removed from the top 
of the first cascade through a capillary 
leak at a rate of 35 g/day. Enriched 
product is removed from the bottom of 
the first cascade twice daily, five days 
a week, in batches of 3.4 g each. The 
first cascade product is preferentially enriched in the mixed molecule, C32S34S.
Cascade calculations and spot analyses 
show that the molecular composition 
departs significantly from an equilibrium 
distribution of isotopic substitutions.
A typical calculated composition of this 
stream is given in Table 12.
In previously reported experimental work 
with CS2,3 5 it was determined that iso­
topic equilibration takes place rapidly 
in the gas phase at temperatures greater 
than 700°C. Accordingly, the product 
batches from the first cascade are passed 
through a quartz reactor at 800°C to effect a partial conversion of C32S34S to 
C3 ZS 3 2 S and C34S31*S. A calculated com­
position of the exchanged stream, assuming 
80% conversion, is also given in Table 12.
The exchanged material, now containing 
an increased concentration of the desired 
material (C34S34S), is injected into 
second cascade at a point one stage from 
the top. As the batch is injected, it 
displaces a like amount of material de­
pleted in C3 4 S 3 4 S from the top of the 
second cascade. The depleted material is 
returned to the first cascade at a point 
one stage from the bottom.
The present configuration of the liquid 
thermal diffusion system evolved from a 
number of cascade experiments with systems 
of fewer columns.36 Dual cascade operation 
with an 11-column system was started on 
February 20, 1975. At that time, the 
apparatus was essentially the same as it 
is now; but the last column of the second

stage had not been installed. The full 
12-column system became operational on 
May 13, and the desired product concen­
tration of 90% 34S was reached on May 27. 
Product flow was started at 0.65 g/wk of 
CS2 and was increased to 1.25 g/wk on 
June 2. Figure 21 is a plot of the con­
centration at the product point as a 
function of time.
The measured composition of a typical 
product sample is given in Table 12. These 
results, which are derived from a mass 
spectrometric scan of carbon disulfide, 
are based on assumptions which are required 
to resolve several mass interferences in­
volving small but significant amounts of 13C, 3 S, and 36S. The 36S concentration 
especially, may be in error by as much as 
50% of the amount present. Future mass 
spectrometric work with samples burned in 
602 should eliminate ambiguities in the 

results.
Theoretical Calculations The computer 
program for calculating the transient 
behavior of multicomponent isotope 
separation cascades was modified to handle 
the two-cascade problem. In the program, 
the cascades are alternately stepped for­
ward in time. A control subroutine sets 
up the feed and product streams associated 
with the intercascade flows, and a second 
routine simulates the exchange reactor.
Calculations were done for an 11-column 
system with 7 columns in the first cas­
cade and 4 columns in the second and for 
a 12-column system with 5 columns in the 
second cascade. Carbon disulfide, for the 
purpose of the calculations, was assumed 
to be made up of the 10 most abundant 
molecular species out of the 20 possible 
combinations of carbon and sulfur isotopes. 
Column parameters assumed in the calcula­
tions are given in Table 11. The calculated 34S concentrations at the bottom of the 
second cascade are plotted on Figure 21 
with the experimental data. The calculated 
curve for the 12-column system was shifted 
in time to give the best agreement with experimental results.
Figure 19 represents the calculated condi­
tions for the first point after 90% 34S was 
reached. These calculations did not pro­
vide for a flow of product from the bottom 
of the second cascade. Note that the flow 
rate of the depleted stream from the top 
of the first cascade is somewhat lower 
than the experimental value.
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Table 12
CARBON DISULFIDE COMPOSITIONS IN THE 

LIQUID THERMAL DIFFUSION SYSTEM
Cascade Ia 
Product (%) Exchanged3 

Material (%)
Sulfur-34 Product 0

12 c 97.88 97.88 95.2
1 3c 2.12 2.12 4.8
32S 64.18 64.18 3.9
33s 2.35 2.35 1.1
3 4S 33.36 33.36 91.0
3 6 s 0.106 0.106 3.9
c3 2 s3 2 s 31.63 39.28 0.026
c3?s33s 3,88 3.21 0.053
c32s34s 61.00 46.44 4.6
c3 3s31ts 0.82 1.49 2.2
c3 ‘‘s3 4S 2.45 9.37 85,2
C 3 2 s 3 6 s 0.20 0.15 3.0
c3 4g 3 6g 0.0088 0.062 4,8

aFrom transient cascade calculation. 
bMeasured, June 4, 1975,

• • •

11 Column 
System

12 Column 
System

0 20 40 60 80 100

TIME, days

FIGURE 21 - Sulfur-34 separation in the liquid thermal diffusion sys­
tem (the solid lines are calculated; zero time represents the start of 
dual cascade operation).
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In order to get reasonable agreement with the observed distribution of 13C in the 
experimental samples, it was necessary to 
use an effective mass difference of 0.67 between the 12C and 13C substituted mole­
cules which suggests that the thermal 
diffusion factors in this system are in­
fluenced by parameters other than mass 
difference. A similar phenomenon was 
observed previously in work with the isotopically substituted benzene system.37 
(W. M, Rutherford)

MOLECULAR BEAM SCATTERING

Total scattering cross sections have been 
measured for the scattering of an argon 
beam off of krypton target particles 
(Ar-Kr) and the reverse scattering system 
of krypton off of argon target particles 
(Kr-Ar). These measurements were made 
with a controlled target cell temperature 
of 300 K and beam source temperatures of 
180 K and 300 K. A summary of the re­
duced data is given in Table 13 along with 
the calculated effective total scattering 
cross section Qe. The quantity Qe (Av) is 
the weighted average cross section. The 
weighting is determined by the deviation 
of the data from the least square fitted 
curve of the beam attenuation In I/j0 vs the target cell gas density, n, for the 
respective experimental run. The uncer­
tainties shown relate to this experimental 
data spread. From the table, it can be 
seen that the spread is quite small (1.0%- 
4.8%) and reproducible. The calculation 
methods used have been previously des­cribed . 3 8
The two comparison experiments, TOT 23 
and TOT 24, were run at slightly different 
relative velocities. This should account 
for about 1% disagreement between the 
final relative velocity cross sections. 
Final evaluation of the average relative 
velocity cross sections has not been 
completed. Accurate determination of 
the velocity distribution functions for 
the target gas, detector, and beam are 
necessary for the calculation of the proper 
average velocity correction factors. These 
distributions are known for the target gas 
and detector but not for the nozzle beam. 
The precise velocity distribution of a 
supersonic nozzle beam cannot be easily 
determined from theoretical models be­
cause of the influence of the difficult- 
to-measure parametric effects such as 
nozzle jet density, Mach number, tempera­
ture in the jet, and boundary layer charac­
teristics at the skimmer. The addition 
of a quadrupole detector will provide a 
time-of-flight measurement when used with 
the beam chopper. A direct experimental

determination of the beam velocity dis­
tribution should then be possible.
A new capillary leak has been added to the target gas cell feed system. The 
new leak uses a larger diameter capillary 
with more length to achieve approximately 
the same calibrated flow regime. Because 
of its small diameter, the old capillary 
became partially plugged; and thus, the 
calibration was destroyed. The new 
system has operated quite well, showing 
no tendency to plug. It was necessary 
to recalibrate the new system for each 
gas to be used. This procedure was des­
cribed in an earlier report.39
The quadrupole molecular beam detector, 
which has been previously described, has 
been undergoing tests.38 With the system 
described, a modulated molecular beam 
signal was detected by the phase sensi­
tive detector. However, the phase- 
locked ac signal, which was detected, 
only dropped by 10% when the beam shutter 
was closed, indicating that the ac signal 
from the chopper motor was overriding 
the beam signal. This signal was traced 
to a capacitance/inductance field coupling between the chopper wheel and the quadru­
pole. A new, tuning fork type beam 
chopper (manufactured by Bulova) was 
mounted in the system. This new chopper 
system eliminates the extraneous phase- 
locked ac signal. Sensitivity measure­
ments have been made using neon-20 as 
the beam gas. The beam density at the 
ionizer is calculated to be 1.6 x 1010 
Ps particles/cm3, where Ps is the pres­
sure in the source measured in torr.
When Ps is 0.1 torr, the particle density at the ionizer is 1.6 x 109 particles/cm3. 
The ac voltage signal measured by the 
phase sensitive detector that corresponds 
to this density can be maximized at 
around 100 UV. Further tests are being 
conducted to ascertain the noise level of 
the detector system compared with the 
beam signal that can be detected.
The historical water corrosion problem 
has hopefully been remedied by the in­
stallation of a completely new recircu­
lating pumped system. The water supply 
will now be received from the thermal 
diffusion systems cooling tower, filtered, 
pumped to the necessary pressure required 
to produce adequate flow for the beam 
chamber system, and returned to the tower 
for cooling. The new system has just 
been completed and is now in its trial 
stages. This should eliminate the age- 
old water damage that has plagued the 
beam project from its beginning. (R. w. 
York and R. E. Miers)
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Table 13
SUMMARY - ARGON-KRYPTON AND KRYPTON-ARGONa 

TOTAL CROSS SECTIONS
Source unc.Scattered

Pair
Experiment

No.
Temperature

(K) Vfa(cm/sec) Vr(cm/sec)
Qe
A2 Qe(Av) Weighted

(esti­
mated

Ar-Kr TOT-22A 300 5.59 X 104 6.23 X 104 342.8 363.8 +4.8TOT-22B 300 5.59 X 104 6.23 X 104 368.1 -2.3
Ar-Kr TQT-24A 180 4.33 X 104 4.99 X 104 421.7 426.5 +1,1TOT-24B 180 4.33 X 104 4.99 X 104 430.6 -1.0
Kr-Ar TOT-23A 180 2.99 X 104 5.13 X 104 347.5 353.8 + 1.8TOT-23B 180 2.99 X 104 5.13 X 104 359.9 -1.7
a Target temperature = 300 K; most probable target velocity Vt = 2.44 x 104 cm/sec (Kr) 
and V-t = 3.53 x 104 cm/sec (Ar) ; Vj^ = most probable beam velocity; y - Vb/V-t.

TRANSPORT PROPERTIES

Thermal Diffusion Factor for 3He-4He
Experimental results for the thermal
diffusion factor, a-p, of an equimolar 
mixture of 3He-4He below 10 K were given 
in a previous report,40 along with 
theoretical predictions for ctT using five 
proposed intermolecular potentials. Quan­
tum mechanical calculations for have 
been performed for two additional poten­
tials proposed in the literature: 1) the 
Hybrid Morse-VDn (MDD-2) potential by 
Bruch and McGee41 with new parameters, 
and 2) a potential from molecular beam 
scattering results by Farrar and Lee42(FL). 
These results are shown in Figure 22.
Five of the potentials demonstrate similar 
behavior and lie in a narrow band with 
maxima at approximately 2 K. MDD-3, which 
is a "screened" two-body potential for 
liquid helium, rises steeply to values 
of 0.185 and 0.292 at 2.5 and 1.0 K, 
respectively, in a fashion unlike that of the other potentials. Sposito4 3 has noted 
that there does not appear to be any com­
parison heretofore of the effects of the 
"screening" upon the bare two-body 
potential which, besides predicting 
too high at low temperatures, is some­
what low at elevated temperatures.
Sposito, however, demonstrates that MDD 
is a correct functional form for an effec­
tive two-body potential for liquid helium 
while LJ is not. ONLY MDD-1 approximates 
the behavior of the experimental data, 
which show an ill-defined maximum around 3 
or 4 K then drop off rapidly below 3 K. 
Farrar and Lee performed scattering at a collision energy corresponding to approxi­
mately 55 K, which perhaps is not low enough to provide a proper representation 
of the potential in the region of interest 
here,

Bruch and McGee have tested for an overall 
fit of both MDD-144 and MDD-2 to dilute 
helium gas data from 1 to 2000 K and find 
MDD-2 to be superior overall. Deviations 
remain, however, which cannot be removed 
by parameter adjustment without causing 
greater problems in another region of the 
fit. MDD-1 is unique among the potentials 
investigated in that it has the deepest 
well suggesting a large area in the attrac­
tive region which Sposito has considerably 
diminished by adjusting the well depth and 
multipole parameters to fit the liquid 
properties. On the basis of the present 
available information we would, therefore, 
recommend a "bare" two-body helium potential 
of the MDD functional form with essentially 
the same area in the attractive region as 
MDD-1, but with a slightly shallower and 
broader well.
Thermal Diffusion Factor for Xenon Experi- 
mental and theoretical thermal diffusion 
factors for isotopic xenon were reported previously in this series.48 The experi­
mental trannschaukel data, along with the thermal column data of Rutherford,49 were 
fitted to a function of the form:

aT = A + 8/T1/z+ C/T2 ,
with A = 0.041520, 8 = -0.757498, and 
C = 559.951 by the method of least squares. 
The average percent deviation of the fit was 3.8%, well within the experimental 
uncertainty. Of the potentials examined in the previous report,48 that proposed 
by Parson-Siska-Lee50 (with parameters 
by Lee51 for xenon) gave the best overall 
fit. Recently, Barker52 et al. have pub­
lished a potential that was fitted to a 
wide variety of xenon properties including 
solid-state, dilute gas transport, and ^ 
molecular beam scattering data, to name

48
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a few. ft appeared likely that this 
potential, with its large number of adjust­
able parameters (17) and proven fit to 
many properties, should be accurate. 
Classical collision integrals were cal­
culated using the xenon parameters given 
by Barker et al. and theoretical values of (arj)3 evaluated therefrom. The devia­
tion plot of this and the Parson-Siska- 
Lee potential are shown in Figure 23. The 
base line (zero) in the figure represents 
the least squares fit to the data. The

dotted curves represent the estimated 
experimental uncertainty envelope. As 
shown by the position of the triangles, 
the PSL potential falls outside the 
estimated uncertainty envelope at low 
temperatures but is quite acceptable 
above 300 K. On the other hand, the new 
potential by Barker et al. is entirely 
within the uncertainty envelope and in 
complete agreement with the thermal 
diffusion measurements. (w. L. Taylor)
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