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ANALYTICAL METHODS FOR FISSIONABLE
MATERIALS IN THE NUCLEAR FUEL CYCLE

Compiled by

Glenn R. Waterbury

ABSTRACI’

Progress continued on method development for the dissolution of
difllcult-to-dissolve materials, the automated analysis of plutonium
and uranium, the preparation of plutonium materials for the
Safeguard Analytical Laboratory Evaluation (SALE) Program,
and the analysis of HTGR fuel and SALE uranium materials. The
previously developed Teflon-container, metal-shell apparatus was
applied to the dissolution of various nuclear materials. Gas-solid
reactions, mainly using chlorine at elevated temperatures, are
promising for separating uranium from refractory compounds. An
automated spectrophotometer designed for determining plutonium
and uranium has been tested successfully by the New Brunswick
Laboratory. Procedures were developed for this instrument to
analyze uranium-plutonium mixtures and the effects of diverse ions
upon the analysis of plutonium and uranium were further es-
tablished. A versatile apparatus was assembled to develop elec-
trotitrimetric methods that will serve as the basis for precise
automated determinations of plutonium. Progress with the first of
these methods is reported. Plutonium materials prepared for the
SALE Program were plutonium oxide, uranium-plutonium mixed
oxide, and plutonium metal. Improvements were made in the
methods used for determining uranium in HTGR fuel materials and
SALE uranium materials. Plutonium metal samples were
prepared, characterized, and distributed, and half-life
measurements were in progress as part of an inter-ERDA-
laboratory program to measure accurately the half-lives of long-
lived plutonium isotopes.

I. INTRODUCTION

The objectives of this project are (1) to develop
fast dissolution techniques and analytical methods
for determining plutonium and uranium with
emphasis on scrap-type and difficult-to-dissolve
materials, (2) tm design and construct automated
apparatus for determining plutonium and uranium,
(3) to prepare well-characterized, plutonium-
containing materials for use in the Safeguard
Analytical Laboratory Evaluation (SALE) Program,
(4) to prepare well-characterized, highly pure

plutonium metal standards for distribution by the
National Bureau of Standards, (5) to participate in
an inter-ERDA-laboratory program for measuring
half-lives of the longer lived plutonium isotopes, and
(6) to characterize chemically special lots of nuclear
materials as requested by ERDA.

A primary concern in the chemical characteriza-
tion of nuclear fuel-cycle materials is their
plutonium and uranium contents. The nuclear fuel-
cycle materials include nonuniform scrap and mix-
tures of highly refractory compounds. A philosophy
guiding the analysis of these materials has been total
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dissolution followed by highly precise chemical
analyses. Faster methods of analysis are economical-
ly necessary because of the projected increasing
numbers of samples to be analyzed in the various
segments of the nuclear fuel cycle for safeguards pur-
poses.

An assay scheme being developed is based on
relatively rapid dissolutions of 9070 or more of the
plutonium and uranium followed by automated
analyses of the dissolved fractions and gamma-
counting assay analyses of the residue fractions. The
overall precision is no greater than 1.590 when the
relative standard deviations of the automated
analysis and the gamma-counting assay are 1 and
10’%, respectively.

II. MEETING OF ERDA, REGULATORY,
BNL, NBL, AND LASL REPRES13NTA-
TIVES (J. E. Rein and G. R. Waterbury)

A meeting was held at ERDA headquarters during
November 1974 to exchange technical information
and to discuss analytical chemistry research
programs under way at the New Brunswick
Laboratory (NBL), Lawrence Livermore Laboratory
(LLL), and the Los Alamos Scientific Laboratory
(LASL). This meeting was considered vital to the
future scope of the A241 Program at LASL, as well as
to work at the other laboratories; therefore, a sum-
mary of the topics discussed, emphasizing effects on
the LASL program, is included here.

It was concluded that there was not undue redun-
dancy in the research programs of NBL, LLL, and
LASL and significant changes in the programs
presently under way were not proposed.

The LASL automated spectrophotometer for
determining plutonium and uranium is performing
well at NBL. The LASL effort to develop a second
automated instrument for the highly precise deter-
mination of plutonium will use an electrometric
technique. Because no method now exists with the
required high precision and specificity to measure
plutonium in scrap-type samples, as well as product-
type samples, it was agreed that the immediate ob-
jective should be to develop such a method. A ver-
satile apparatus now being used at LASL to evaluate
various electrometric techniques for determining
plutonium was discussed. This apparatus is con-
structed from commercial components, including an
inexpensive programmable calculator.

Construction of the LLL automated titrimeter for
uranium determination, which uses the NBL-
modified Davies-Gray method, is expected to be
completed in about 3 months. This instrument has

several excellent features that are applicable to
LASL’S second automated instrument.

All attendees agreed that development of
automated dissolution methods is a tremendously
complicated task that is not economically
justifiable.

BNL personnel provided interesting predictions
for future throughput rates and radiation levels of
nuclear fuel-cycle material, especially for fuel
fabrication and reprocessing plants. The throughput
rates will increase to levels where analysis uncertain-
ties of <0.05 relative percent will be required to en-
sure safeguards controls. The increase in throughput
rates, coupled with high radiation levels caused by
increased levels of ‘%%, ‘%%, ‘%, and trans-
plutonics, will require the use of highly precise auto-
mated methods. Widely variable isotopic composi-
tions of uranium and plutonium will characterize
future nuclear fuel-cycle materials. With wide
concentration ranges of short-lived isotopes such
as 23%, 23% 241pu, and transplutonics,
slight heterogeneit’ies in the isotopic compositions of
materials assayed by nondestructive techniques
(particularly calorimetry and active and passive
radiation measurement) will cause large errors.
LASL reported that isotopic composition
heterogeneity was observed with many nuclear fuel-
cycle materials, even product types such as
plutonium oxide and slightly enriched UOZ powder
destined as PWR fuel. Multiple samples of nuclear
fuel-cycle material must be analyzed by highly
precise mass spectrometry and other chemical
techniques to minimize heterogeneity effects. The
development of a mass spectrometer to provide high
throughput rates appears to be an economic necessi-
ty.

ERDA and Regulatory personnel suggested that
companies planning reprocessing and fuel fabrica-
tion plants be contacted to generate ideas (and
proposals) for on-line instruments.

III. DISSOLUTION OF FUEL-CYCLE
MATERIALS

A. Teflon-Container Metal-Shell Apparatus (G.
C. Swanson, G. S. Dow, S. F. Marsh, H1 J.
Kavanaugh, and J. E. Rein)

The investigation of a dissolution apparatus con-
sisting of a Teflon container in a metal shell was con-
tinued. This apparatus provides for acid dissolutions
at temperatures to 280° C and pressures to 34 MPa
(5000 psi). Its operation is similar to the sealed, fus-
ed silica tube but it is capable of using hydrofluoric
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acid, is easy to handle, has reusable containers, and
the sample is in a container suitable for subsequent
chemical treatments if desired. Its disadvantage,
compared to the fused silica tube, is that it has a
lower operating temperature limit.

The design of the apparatus was made available to
potential manufacturers and the Parr Instrument
Company now is manufacturing a slightly modified
version. The 347 stainless steel shell, used with ox-
idizing acids, is marketed as Parr No. 4746 Acid
Digestion Bomb and the nickel shell used with non-
oxidizing halide acids is marketed as”Parr No. 4747
Acid Digestion Bomb. Parr also provides all com-
ponents, Teflon containers, stainless steel rupture
disks, and the special jack and wrench used for shell
disassembly. The commercial production of this
equipment gives it wide availability to the many
laboratories faced with the analysis of difficult-to-
dissolve materials.

The Parr Instrument Company’s stainless steel
shell (No. 4746) was purchased and successfully
tested under a variety of operating conditions. We do
not agree with the Parr instruction that hand-
tightening the shell before heating is adequate.
When a wrench is not used for this purpose, there is a
significant increase in corrosion, which is attributed
to acid vapor leakage at the junction of the Teflon
container and its lid.

The Parr No. 4747 version of the LASL-designed
nickel shell, to be used with halogen acids, is not yet
available for testing.

Several Parr Teflon containers were also purchas-
ed and tested. Unexpected failures of the containers
occurred. NBL personnel reported a similar ex-
perience. Comparison testing of the Parr Teflon con-
tainers and LASL-fabricated Teflon containers for
various samples and acid mixtures will be under-
taken.

B. Applications of Teflon-Container Metal-Shell
Apparatus (G. C. Swanson, S. F. Marsh, H. J.
Kavanaugh, and J. E. It&n)

The apparatus has been evaluated for a variety of
difficult-to-dissolve materials. A particularly resis-
tant material is HTGR TRISO fuel microsphere
that consist of a UC-ThC kernel coated with
pyrolytic carbon and SiC. Past efforts have resulted
in complete decomposition of 100-mg samples in 2~
HF-15~ HNOS mixtures using a 12-h heating at
270”C. Attempts to increase the sample size to 500
mg resulted in overpressurization, primarily from
nitrogen gases produced from nitric acid reaction,
and consequent venting. A wide variety of acid mix-
tures, with and without oxidants, were evaluated

with the primary objective of complete solubiliza-
tion of the uranium from larger samples without
venting. The most successful dissolvent was a mix-
ture of 5-ml 30% HzOZ, 0.5-ml 29M HF, and 0.5-ml
15.7~ HN03. In samples up to 300 mg, uranium is
completely dissolved, thorium is completely released
from the core and precipitates as thorium fluoride,
and a residue of broken SiC shells remains. The
thorium can be solubilized by fuming either with
perchloric or sulfuric acid. Dissolution of the SiC
shells is desirable to dispel any doubt that complete
solubilization of uranium and thorium is attained.
Substitution of 50% H.20z for 30% HZOZ in the
dissolvent mixture did not significantly increase dis-
solution of the SiC shells. An unsuccessful attempt
was made to dissolve the shells, separated by filtra-
tion, by reaction with a HC104-HF mixture using a
Teflon-container, nickel-shell apparatus.

Experimental 1600”C-fired pellets of (U,PU)O z
FBR-type fuel is another difficult-to-dissolve
material. A commonly used dissolvent is a HN 03-
HF mixture, but many batches are incompletely dis-
solved even after 24 h of heating under reflux. Using
the Teflon container-metal-shell apparatus, the dis-
solution of a whole pellet was 99.98%Jwith 12~ HC1
and >99.991Z0 with 15.7~ HN03 in 12-h heating
periods at 270”C. The complete dissolution is at-
tained in a relatively short time and the hydrofluoric
acid is not required.

C. Gas-Solid Reactions (D. D. Jackson, S. F.
Marsh, R. M. Hollen, and J. E. Rein)

An investigation of gas-solid reactions was started
with the objective of converting refractory
plutonium and uranium materials to readily soluble
compounds. A plasma generator in which the gas at
reduced pressure is excited to free radicals and other
species by an RF discharge was investigated using a
commercial apparatus, Plasmod (Tegal Cm-
poration). Both U30S and an NBL-supplied,
uranium-containing scrap, selected as a typical
difficult-to-dissolve material, were reacted with
Freon-13 (trifluorochloromethane) in the Plasmod.
The reaction for both materials was small, as in-
dicated by their negligible appearance and weight
changes, but the Freon-1 3 decomposed as shown by
fluoride attack of the glass sample chamber. The
reaction did not increase the volubility of the NBL
scrap sample in nitric acid.

The same experiment was done with chlorine gas
which provided a higher concentration of reactive
gas than was provided by Freon-13 decomposition.
Again, the reactions with the two materials were
slight and the volubility of the NBL scrap sample in
nitric acid was not increased.
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Another technique being investigated is the reac-
tion of various gases at elevated temperatures with
uranium-containing materials. An NBL-supplied
scrap material was reacted with chlorine-containing
gases at elevated temperatures in a quartz tube fur-
nace. The volatilized quantities of total material and
of uranium were measured and the residue was sub-
jected to volubility tests. Chlorine gas at 800°C
volatilized 38% by weight of the sample. This
volatile fraction, which condensed in the cooler por-
tions of the tube, was readily soluble in nitric acid
and contained 98% of the uranium initially in the
sample. The unvolatilized residue was subjected to
an overnight reaction with nitric acid in the Teflon-
container metal-shell apparatus. The residue did not
dissolve and the remaining 2% uranium was not
leached. These results and results obtained with HC1
gas and air are summarized in Table I.

At this point, several pure uranium compounds
were reacted with chlorine gas in the quartz tube fur-
nace at 800”C to gain an insight into the NBL
sample—chlorine gas reaction. With U30S and U03,
the weight loss was insignificant, except for the con-
version of Uos to U3OS, and no uranium volatilized.
With U02 the weight loss was great and uranium
volatilized. The apparent conclusion is that the UO 2
reaction product is UC14 (boiling point of 792” C) and
that neither U03 nor U3OS react to form volatile
chlorides at 800”C.

An x-ray fluorescence analysis of the initial NBL
sample and of the volatile fraction showed much zir-
conium, as well as uranium. It is conjectured that
the NBL sample is scrap material of zirconium-
containing U02 fuel. Chlorine would react with
zirconium or ZrOz to form volatile zirconium
tetrachloride (sublimation point of 331”C) thereby

exposing the UOZ which then reacts to give volatile
UC4.

With the intent of decomposing the material by
subliming only the zirconium, thereby leaving the
uranium in a more reactive state, portions of the
NBL-scrap material were reacted with chlorine at
temperatures of 400 to 600”C plus a repeat reaction
at 800° C. The experimental conditions were l-g
samples, 7-h reaction time, a fairly large volume
quartz tube, and a chlorine pressure of about 0.2
atm.. The volatile and residue fractions were analyz-
ed for uranium. The analysis of the residue fraction
involved an overnight reaction with concentrated
HNQ at 275°C in the Teflon-container metal-shell
apparatus, followed by measurement of the uranium
in the solution with the automated spec -
trophotometer (Sec. V) and the uranium in the un-
dissolved residue by the previously developed
gamma-assay method. As shown in Table II,
material with no uranium volatilized at 400 and
5000C and the nitric acid volubility of uranium in
the residue (after the reaction in the Teflon-
container metal-shell apparatus) was increased.
However, the increase was not sufficient for practical
use. At 600° C, a third of the uranium volatilized and
at 800° C, 98% volatilization again. was obtained.

A different NBL-supplied scrap material was
reacted with chlorine at high temperatures. This
material was considered slightly more resistant to
nitric acid dissolution because only 69T0 of the
uranium was solubilized in the Teflon-container
met al-shell apparatus using the same treatment
conditions as for the previous material. The chlorine
react ion at 800° C for 7 h volatilized 39% by weight of
the material and 69% of the uranium. A further reac-
tion with chlorine at 950”C for 5 h increased the total

TABLE I

EFFECTIVENESS OF GAS REACI’IONS - NITRIC ACID TREATMENTS ON NBL SCRAP*

Reaction with Gases Post Treatment

Weight Loss Uranium Uranium Uranium still
of Sample Volatilized Dissolved in Residue

Gas (%) (%) (%) (%)

No treatment --- -.. 72 2/3
Air 3 0 54 46
HC1 23 46 0 64
Ck? 38 98 0 2

——————
Whe NBL scrap sample was reacted with various gases at 800°C and the residues were
treated with nitric acid in the Teflon-container metal-shell apparatus. .“

?

●
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TABLE II

EFFECI’IVENESS OF CHLORINE GAS REACTIONS - NITRIC ACID TREATMENTS
ON NBL SCRAPa

HN03 Solubilization of
Reaction with Chlorine Uranium in the Residue

Weight Loss Uranium Uranium Uranium not
Temperature of Sample Volatilized Dif4BOhd “Dissolved

(“c) (%) (%) (%) (%)

No treatment 72 2S
400 13 0 81 19
500 21 0 81 19
600 29 33 50 17
800 38 98 0 2

The NBL scrap material was reacted with chlorine gas at various temperatures and the
residues were treated with njtric acid in the Teflon-container metal-shell apparatus.

material volatilized to 439o and, most importantly,
increased the uranium volatilized to 96%.

From these experiments, the most practical
application of the technique appeared to be quan-
titative volatilization of uranium, its condensation,
and subsequent dissolution in acid. Uranium oxides
of UOZ, U03, and U306, and UCZ were subjected to
the chlorine reaction at temperatures up to 1000”C.
Experimental conditions were 0.1 g of compound
and 0.2-atm chlorine pressure. The data presented
in Table III show that the volatilization order is UO 2
> Us OS= U03. The residue remaining after the UC 2
reaction with chlorine at 1000” C volatilized com-
pletely when heated in air at 1000”C indicating that
the residue was carbon and that all the uranium had
volatilized. Another sample of the UCZ was first
oxidized by heating in air at. 1000°C for 4 h, then
reacted with chlorine at 1000”C. The material
volatilized completely in 8 h. From the use stand-
point, uranium is completely volatilized from UO 2,
UOS , Us OS, and UCZ at 1000°C.

The technique appears applicable to many
uranium materials. The chlorine reaction can, if
necessary, be preceded by an oxygen reaction to
produce uranium oxide. To further evaluate the
system, a quartz apparatus was constructed that
provides for controllable atmosphere and for effec-
tive and fast recovery of the volatilized uranium by
nitric acid dissolution. About the same reaction
times are required for complete volatilization of
Us 0/3in this apparatus as in the quartz tube furnace.

The condensed uranium from the scrap samples
dissolved readily in 8M HN03. The condensed
uranium from the pure uranium compounds reacted

with chlorine at 1000”C was more difficult to dis-
solve and it was necessary to use hot, concentrated
nitric acid to remove completely the uranium from
the quartz tube.

D. Acid Dissolution with Ultrasonic Energy (D.
D. Jackson, S. F. Marsh, R. M. Hollen, and J. E.
Rein)

An ultrasonic generator can impart much acoustic
energy to a fluid, thereby generating shock waves
and high shearing pressures. This phenomenon
could enhance acid dissolution of samples by disrup-
ting the surface of the solid material to provide faster
leaching of the uranium. The technique was
evaluated using a small, bench-top ultrasonic
system. An NBL-supplied, uranium-containing
scrap material was reacted with concentrated HNO 3

at 80°C for 6 h using the ultrasonic system. There
was no increase in the amount of uranium dissolved
compared to 6270 solubilized from another portion of
the material treated in the same manner but without
the ultrasonic energy.

IV. GAMMA ASSAY OF URANIUM AND ‘
PLUTONIUM (S. F. Marsh, M. R. Ortiz, and J.
E. RAn)

Techniques stressing operational simplicity and
low-cost e uipment have been developed for gamma

hassays of 2 in uranium-containing material and of

5



\

TABLE III

VOLATILIZATION OF URANIUM COMPOUNDS WITH
CHLORINE AT TEMPERATURES TO 1000”C

Weight Pereent Volatilized

Temperature

Time
U timpound (h) 800”C 960”C 1000”C—— —

UO.2 7
U368 7

5.5
10
12

U03 7
8

12
Uck 8
UCz After pre- 8
oxidation in air)

23%% in plutonium-containing and mixed uranium-
plutonium materials. These techniques, intended
primarily for assaying residues remaining after
acidic reactions in the Teflon-container metal-shell
dissolution apparatus, involve collecting the sampIe
on a 25-mm-diam membrane filter, mounting the
filter on a suitable support, and counting over
selected gamma energy regions using a NaI(Tl)
detector. The measurement recisions obtained with
uranium standards with & enrichment ranging
from natural to 93% and with plutonium standards
have been about 5% relative standard deviation,
about twice better than the goal of 109ZO.

A more difficult gamma assay measurement is
that for ~~ in residues containing both uranium
and plutonium. The much lower specific activity of
2~ relative to ‘@u and the poor resolution of
NaI(Tl) detectors combine to make previously
developed counting systems unsuitable. Higher
resolution detectors and more complex electronic
equipment have been evaluated with the continued
goal of the simplest possible equipment to attain a
precision of 10% relative standard deviation.

This evaluation required a series of counting
references containing homogeneously distributed
mixtures of 23% and ‘@u mounted similarly to
residue samples. A large series of counting
references, having various levels of uranium and
plutonium isotopic abundances at fixed uranium-to-
plutonium ratios, were prepared by reducing known
mixtures of uranyl and plutonium nitrate solutions

50 ---
nil 26
. . . ---
--- ..-
.-. ..-

slight ---
--- ---
. . . -..

86 ---
--- ---

100
. . .

60
100
100
. . .

80
100
88

100

with NaHSOz “ CHZ O “ 2Hz O, and precipitating
U4+ and PU3+ oxalates using ethyl oxalate. 1

In this counting reference series, the variables are
‘%J isotopic levels of 1, 3, 6, 11, 35, and 93Yo; 24@u
isotopic levels of 6, 12, 16, and 2070; and total
uranium plus plutonium amounts of 10, 30, and 90
mg at a constant U/Pu ratio of 3/1 to simulate FBR

fuel. The total number of variable combinations was
72. Eight of the references were not used because of
losses incurred during filtration or because of exter-
nal contamination. The remaining 64 references
were analyzed by gamma spectroscopy using a high-
resolution Ge(Li) detector coupled to a multichannel
analyzer. Each reference was counted for 1000s at a
10-cm distance from the detector.

The precision of the ‘*u measurement was 7.3%
relative standard deviation based on simple integra-
tion of the 129-keV gamma peak. The relative stan-
dard deviation of the 2% measurement, based on
simple integration of the 186-keV gamma peak, was
about 10% at 2% isotopic levels above 6% and
worsened as the ~ isotopic level decreased. The
fact that the specific activity of 23% is 3 x 104 lower
than that of ‘*u accounts for small 186-keV
gamma peaks and the associated larger uncertainty.

The counting data were treated by the peak-
smoothing technique of Gibbons et al.,2 in which a
third-order polynomial is fit to five channels of data
using the least squares method. The equation is

“’

6
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Di = 1/35 (_3Ci_2 + 12Ci-1 + 17Ci + 12Ci+l

‘aCi+2 ) ,

where i is the observed number of counts in channel
i, and Di is the smoothed number of counts in
channel i.

The peak-smoothing routine improved the preci-
sion for an individual ‘%% assay from 7.3 to 5.3
relative percent standard deviation using the results
for all 64 counting references. On the other hand, the
2% assay precision was not improved by the peak-
smoothing technique and, in fact, worsened. It in-
creased from 10 relative percent standard deviation
for 23%-Jisotopic levels above 6% based on simple
integration to 15 relative percent standard deviation
using the peak-smoothing routine. Therefore, for low
2% activity levels in the presence of ‘*u, the oal

&of 10 relative percent standard deviation for the %J
assay is not achieved using relatively simple coun-
ting apparatus and data processing techniques.
More sophisticated data reduction routines have
been developed by other laboratories that will
provide this level of precision. It is considered redun-
dant and beyond the scope of our program to
evaluate these routines.

V. ANALYTICAL METHODS AND
AUTOMATED INSTRUMENTS FOR THE
DETERMINATION OF PLUTONIUM AND
URANIUM

A. Automated Spectrophotometer

1. Status of Instrument Transferred to NBL
(D. D. Jackson, R. M. Hollen, and J. E.

~Rein) NBL completed an evaluation of the
34 transferred thereautomated spectrophotometer I

last year. Aa the final study, the reliability of the in-
strument was established for the determination of
uranium. Four weight aliquots of a standard
uranium solution at each of 8 levels covering the
range from 1 to 14 mg of uranium were processed for
each of 12 days giving a total of 384 measurements.
Preliminary statistical treatment of the results by
NBL and LASL statistical personnel indicates that
the relative standard deviation for a single deter-
mination is less than 0.5% for greater than 2 mg of
uranium, increasing to about 1.5% at the 1-mg level.
No major operating difficulties were reported by
NBL personnel.

A detailed report of this automated spec-
trophotometer is being prepared. 5 Included are
complete operating instructions with preoperational
adjustments; chemical procedures for determining

plutonium and uranium; information on tolerances
for diverse ions including data from the original
publications; 6J7and details of the mechanical con-
struction, the electrical control circuitry, and the
microcomputer hardware and software.

The NBL instrument was returned to LASL,
renovated for minor damage incurred in shipment,
and demonstrated at the ERDA Safeguards Briefing
and Demonstration, held at LASL on June 16, 1975.
It also was on display for an AIF-sponsored Public
relations tour June 18 at LASL.

2. Determination of Plutonium (D. D. Jackson,
R. M. Hollen, and J. E. Rein)

Past experiments have shown that the instrument
provides essentially equal accuracies and precision
for the determinations of uranium and plutonium.
The tolerance to impurities found in nuclear fuel-
cycle materials has been excellent for the uranium
determination. An added step used for the
plutonium determination is an oxidation with silver
(II) oxide, necessary to produce PUG+ because the
measured spectral species is the extracted ion
association complex, tetrapropyl ammonium
plutonyl trinitrate. This oxidation can produce ox-
idized ions of impurity elements that also extract
and spectrally interfere at the wavelengths used for
the plutonium measurement.

A review indicated that chromium is the only im-
purity element likely to interfere in the above
manner; therefore its effect on the plutonium
measurement was investigated. For this investiga-
tion, we used the automated spectrophotometer
prototype placed in a glovebox. The wavelength
characteristics of the interference filtera in this in-
strument are identical to those in the advanced
model transferred to NBL, consequently the findings
apply to both instruments. The spectrum of the ex-
tracted Cr6+ complex in the 2-nitropropane
extractant has a broad peak at 450 nm with a tailing
absorbance to about 580 nm. The absorbance of this
complex at 501.4 nm and 518.0 nm, the wavelengths
used for the peak and valley measurements for
plutonium, are not equal, resulting in a positive
bias. Unexpectedly, the bias was not linear with the
quantity of chromium, whereas it was linear when
the chromium was added as Cr6+ and the addition of
silver(II) oxide was omitted. Precipitation of
Ag2Cr2Q, which started at about 4-mg total
chromium level, caused the nonlinearity.

Because the oxidation potentials of Cr6+ and PUG+
are nearly equal, it is not feasible to reduce
chromium to nonextracting Cr3+ without reducing
PUG+. Thus the plutonium measurement for
chromium-containing samples must be made using
the 806-nm peak where the extracted Cr6+ species
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does not absorb. The sensitivity for plutonium is
about threefold lower at this peak than it is at 501.4
nm.

Other potential interferences with the plutonium
determination are the halides, chloride, bromide,
and iodide, which form an insoluble silver halide
coating on the added silver oxide to prevent oxida-
tion of the plutonium to Pu 6+. Two fumings to
essential dryness, each with 0.5 ml of concentrated
HN03, remove these halides. The residue is dissolv-
ed with 0.5 ml of warm 2~ HN03 and the usual
operations give complete plutonium recoveries. The
fumings are done in the tubes (made of Tru-bore
tubing) used in the instrument so that no transfers of
sample are involved.

3. Determination of Plutonium and Uranium in
Mixtures (D. D. Jackson, R. M. Hollen, and J. E.
Rein) As stated previously, both the prototype and
the instrument constructed for NBL are equipped
with identical peak-valley filter pairs for deter-
mining both plutonium and” uranium. The in-
strument’s capability to determine both elements in
mixtures was investigated using a series containing
weighed aliquota of standardized uranium and
plutonium solutions. The normal mode of operation
for plutonium analysis, including the oxidation with
a pellet of silver(II) oxide, was followed.

The extracted uranium complex had no absor-
bance at either the peak or valley wavelengths used
for the plutonium measurement. The only restric-
tion applying to the plutonium measurement is an
upper limit of 12 mg for the sum of plutonium and
uranium, above which there is insufficient complex-
ant for complete recovery.

The extracted plutonium complex absorbs at both
the peak and valley wavelengths used for the
uranium measurement. Fortuitously, the absor-
bance are essentially equal at the two wavelengths.
The end effect is that the difference in peak and
valley absorbance, as the measure of uranium,
remains the same. The increased absorbance at both
positions results in measuring a difference of two
larger signals. This may cause a loss of precision that
must be evaluated by additional experiments. The
same restrictions of an upper limit of 12 mg for the
sum of plutonium plus uranium apply.

The effect in the uranium determination of omit-
ting the Ag(II) oxide when analyzing mixtures of
uranium and plutonium was investigated. Under
these conditions, the plutonium can be present
primarily as the +4 oxidation state. Measurements
made on mixtures of plutonium and uranium omit-
ting the oxidation step gave low values for
plutonium, as would be expected, and high bias for
uranium. The oxidation with Ag(II) oxide is

necessary for plutonium determinations as well as
for uranium determinations in samples containing
plutonium.

Because it is necessary to use the oxidation with
Ag(II) oxide when determining uranium in mixtures
containing plutonium, the effect of Cr6+ on the
uranium determination was invest igated. Although
the absorbance of the extracted Cr6+ species by
itself are equal at 452.4 nm and 460.0 nm, the
wavelengths of the peak and valley positions used for
the uranium determination, Cr6+ caused a negative
bias in the uranium determination. This effect is
believed to be caused by an interaction of the ex-
tracted Cr6+ and U6+ complexes.

Unlike plutonium, Cr6+ can be reduced to
nonextracting Cr3+ without reducing U6+. Various
reductants were evaluated of which sodium sulfite
gave excellent results. For Cr6~ -uranium samples, a
0.3~ Na@Os solution is added dropwise until the
color changes from orange Cr6+ to blue Cr3+. The
uranium analysis then is done in the usual manner,
Other reducing agents investigated (formic acid,
hydrogen peroxide, and Fe2+ ) reduced Cr6+ but
caused a negative bias for uranium.

In the above study, the organic extractant was 2-
nitropropane. The use of methylisobutyl ketone
(MIBK) was evaluated. For plutonium-chromium
mixtures, the results were the same as obtained us-
ing 2-nitropropane and the 806-nm peak must be
used for the plutonium measurement. For uranium-
Cr6+ mixtures, there was no adverse effect on the
uranium determination when MIBK was used as the
extractant. Therefore, the reduction with sodium
sulfite is not necessary.

Similarly to the case with 2-nitropropane, the ex-
tracted uranium complex in MIBK has no absor-
bance at either the peak or valley wavelengths used
for the plutonium measurement. The same restric-
tion of a 12-mg upper limit for the sum of plutonium
and uranium applies. Unlike the situation with 2-
nitropropane, the plutonium complex extracted into
MIBK interferes with the uranium determination,
giving a small positive bias. Mixtures covering the
range of O to 10 mg of uranium and O to 8 mg of
plutonium were processed to establish the bias. For
the prototype instrument, the bias correction is
0.027-mg U/mg Pu.

Based on the above, the following are recommend-
ed for various combinations of uranium, plutonium,
and chromium. For uranium-plutonium mixtures
free of chromium, use the Ag(II) oxide oxidation, 2-
nitropropane as the extractant, and measure the
plutonium at the more sensitive 501.4-nm peak posi-
tion. There is no effect of either element upon the
other. For Cr6+ -uranium mixtures, use MIBK as the
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extractant, except for samples containing thorium. 8
When 2-nitropropane is used, a prereduction with
sodium sulfite is required. For chromium-plutonium
mixtures, the less sensitive 806-nm peak position
must be used for the plutonium measurement either
with 2-nitropropane or MIBK as the extractant. For
uranium-plutonium-chromium mixtures, use the Ag
(II) oxide oxidation, MIBK as the extractant, and
measure the plutonium at 806 nm. Correct the
uranium result for plutonium interference using the
factor of 0.027 mg U/mg Pu.

4. Effeet of Acidity on Uranium Determination
(D. D. Jackson, R. M. Hollen, and J. E.
Rein) Inorganic acids, such as nitric acid, extract
into the organic phase of MIBK or 2-nitropropane.
The aluminum nitrate salting solution is made basic
with ammonium hydroxide thereby increasing the
tolerance of the method to acid. The nitric acid con-
tent of the aluminum nitrate reagent varies among
lots and the strength of ammonium hydroxide
depends on ita, storage integrity. Also, during the
preparation of the salting solution, ammonia may
volatilize. Therefore, the tolerance to acid varies
among salting solutions.

The acidity of a salting solution was determined
by an oxalate completing-pH titrimetric methodg
and this salting solution then was used to investigate
the effect of acid on the determination of uranium.
This salting solution was prepared as 2.8~
Al(N@ )3, 0.025~ tetrapropylammonium hydrox-
ide, 2~ NHAOH. The determined base
concentration was 1.2 ~. The acid effect was
measured at two uranium levels of 2.5 and 10 mg, us-
ing 4 ml of the salting solution and 0.5-ml samples
with levels of nitric acid ranging from 6 to 15.8&j (3
to 7.9 mmole). The absorbance was constant for both
uranium levels up to 5 mmole of nitric acid, then
decreased continuously with increasing acidity. At
the 10-mg uranium level, the negative bias was 0.8%
for 6.1 mmole HN03, 1.5% for 6.6 mmole, and 2.5%
for 7.0 mmole. The effect was greater at the 2.5-mg
uranium level being 1.9% for 6.1 mmole HN03, 2.3%
for 6.6 mmole, 3.4% for 7.0 mmole, and 5.8% for 7.9
mmole. The effect appears to become significant
when the acidity content of the sample exceeds the
base content of the salting solution. For this reason,
each prepared salting solution should be analyzed
for its base content.

5. High Sensitivity Determinations for
Plutonium and Uranium (S. F. Marsh, D. D.
Jackson, M. R. Ortiz, R. M. Hollen, and J. E.
Rein) Experience with analyses of various scrap-
type samples provided by NBL showed the

desirability of developing a more sensitive measure-
ment for uranium and plutonium. At present, the
automated spectrophotometer has a lower limit for
uranium determination of about 2 mg/ml, but many
solutions resulting from acid dissolution in the
Teflon-container, metal-shell apparatus have
uranium levels lower than 2 mg/ml. Samples are
presently analyzed by evaporating a larger aliquot to
dryness in the spectrophotometer sample tube and
then adding 0.5 ml of 8~ HN03. Because a usual
characteristic of scrap-type samples is a high ex-
traneous element content, voluminous salts are
deposited that can inhibit the extraction of uranium.

A way to increase the measurement sensitivity
without a major instrument modification is to incor-
porate a chromogenic agent in the organic extrac-
tant. Initial studies emphasized the use of a
chromogenic agent with the existing extraction
method.

Many chromogenic agents were investigated
without success. Most uranium complexes having
high molar absorptivities do not form at the low pH
levels of the present system. Also, many require a
critical pH adjustment for reproducible color
development. Dibenzoylmethane (DBM), a fre-
quently used chromogen for uranium, known to be
soluble in the organic extractant, was investigated.
The complex did not form at the low pH of the
system. The addition of an organic base that would
be preferentially soluble in the organic phase was in-
vestigated to attain pH adjustment. This was not
successful.

The few chromogenic agents that gave enhanced
color had insufficient separation of the wavelengths
for the absorbance peak and the unreacted reagent.
This caused an unacceptable large measurement
error for the single-beam automated instrument.

One inorganic chromogenic agent, thiocyanate,
was investigated because the colored uranium com-
plex is formed at low PH. Instability of the reagent
and the uranium complex, as well as inadequate
wavelength separation of the reagent and the com-
plex, prompted its abandonment.

The study has been expanded from finding a
chromogen useful with the existing extraction
system to any promising extraction -spectra-
photometric method. Currently, extractants such
as Alamine-336, Aliquot-336, and tridodecyl-
amine are being evaluated with arsenazo III as the
chromogen. Another system being studied is extrac-
tion of the benzoyltrifluoroacetone-uranium(VI)
complex into but yl acetate. 1°
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B. Investigation of Electrotitrimetry for Deter-
mining Plutonium (D. D. Jackson, R. M. Hollen,
and J. E. Rein)

1. Apparatus Development. A versatile ap-
paratus was assembled and successfully tested that
provides for the investigation of a variety of elec-
trometric titration systems. It consists of commer-
cial components centered around a Princeton
Applied Research Corporation 173D Potentiostat
and 179 Digital Coulometer and a Hewlett-Packard
9820 desk-top programmable calculator. These in-
struments are interfaced for two-way communica-
tion. The calculator controls most functions of the
potentiostat and coulometer, and receives and
processes data from them. Also interfaced and under
control of the calculator are a digital multimeter and
a plotter.

With this apparatus, titrimetric conditions such
as controlled potential and controlled current are
done under control of the calculator and the elec-
trolysis measurement of interest such as current,
voltage, coulombs, and time are monitored with the
calculator and plotted in any desired display. The
programmable calculator uses a simple language
readily mastered by personnel with no previous
programming experience. Therefore, changes are
easily made to provide a high level of flexibility. For
example, the electrolysis data can be processed for
decision-making such as decreasing the current of a
controlled-current electrolysis as the end point is ap-
proached to provide highly precise results or chang-
ing the controlled potential to obtain reaction
specificity. Several programs have been written for
the Hewlett-Packard 9820 calculator to allow control
and operation of the electrometric system in
different modes. For example, one program carries
out a controlled potential coulometric titration
through the prereduction step, the measuring oxida-
tion step, and then halts the electrolysis at the end-
point.

Once the electrometric conditions are established
and the electrolysis is started, the operation is
automatic including initial clearing of the
coulometer, electrolysis to the established
background current level for the reduction step,
clearing the coulomet er, swit thing to the preset ox-
idation potential, and electmlyzing to the establish-
ed background- current-level endpoint. At the end-
point, the electrolysis is stopped and the ac-
cumulated coulombs are out put. During all phases
of the electrolysis, the on-line digital plotter can
record a variable of interest, usually a plot of log
current vs time. The electrolysis can be interrupted

at any time and run manually or returned to any
place in the automatic mode.

A conventional electrolysis cell was constructed
having a platinum-gauze working electrode, a
saturated-calomel reference electrode in a fiber-tip
compartment, a Vycor counter electrode centered in
the cell, and a glass stirring paddle driven by a syn-
chronous motor. The electrolysis time is relatively
short in this cell. For example, 5 mg of Fe(II) is ox-
idized to Fe(III) in 7 min.

The precision of the system was determined using
pure iron. The relative standard deviation of a single
determination of 2.5 mg of iron was 0.15%.. A slight
spattering of the sample was observed caused by
wobble of the stirring rod which can degrade the
precision. The stirring mechanism has been im-
proved to eliminate the wobble.

2. Method Development. Investigations of elec-
trotitration systems applicable to the determination
of plutonium have been started. The objective is to
develop a method that has features of (1) high
specificity, (2) precision of 0.1-0.2% relative stan-
dard deviation, and (3) sensitivity of low-milligram
plutonium levels to serve as the basis for an
automated instrument. Unlike the situation for
uranium, there is no reported electrometric method
for plutonium that has the above required features.

Two systems are being considered. The first in-
volves extraction of a plutonium complex into an
organic solvent to provide specificity and an elec-
trometric measurement of the plutonium in the
organic phase without its physical separation from
the aqueous phase. The second involves a
preliminary reduction of plutonium to PU3+, an
oxidation in a medium in which PU3+ is not oxidized
but potentially interfering diverse ions are oxidized,
addition of completing agents that reduce the PU3+ -
PU4+ potential, then oxidation of PU3+ to PU4+.

The first solvent extraction system evaluated was
the one used for the determination of plutonium by
the automated spectrophotometer. The tetrapropyl-
ammonium trinitrate complex of Pu(VI) is extract-
ed from an aluminum nitrate salting solution into
the organic phase. Various organic extractants can
be used to extract greater than 99.5’% of the
plutonium.

In preliminary work, iron was used as a stand-in
for plutonium because only one titration apparatus
was available that was not yet installed for glovebox
operation. Iron(III) as the chloride complex was ex-
tracted into 2-nitropropane and its electrolytic
reduction to Fe2+ was attempted. It was not reduced
although the conductance of the organic phase was
adequate and the blank background current was

1
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satisfactorily low. The failure ta get reduction is at-
tributed to the strong oxidative power of nitrate in
an organic medium. In aqueous medium, the reduc-
tion is not hindered by nitrate. It is concluded that
an organic extraction from an aqueous nitrate
medium camot be used for this application. A
chloride medium also is considered unsuitable
because diverse ions, such as iron, extract and have
the same oxidation potential as the PU3+ -Pu4+
couple.

The use of higher molecular weight amines as ex-
tractants for uranium from acidic sulfate media has
been reported. This separation has promise for this
application because sulfate media are excellent for
PU3+ -Pu4+ titrations and sulfate should not be a
strong oxidant in organic media. A literature search
is under way to select specific amines suitable for the
efficient extraction of plutonium from sulfate media.

Although the desired mode of an organic extrac-
tion was to do the electrometric measurement in the
organic phase with no separation from the aqueous
phase, thereby avoiding the difficult automated
operation of transferring an exact volume of the
organic phase, this latter technique was investigated
briefly. After extraction of the tetrapropyl-
ammonium-iron(lII) chloride complex, an aliquot of
the organic phase was transferred to an electrolysis
cell containing dilute sulfuric acid and the iron
stripped into the sulfuric acid was determined by
controlled potential coulometry with the organic
phase present. With methylisobutyl ketone or 1, 1,2,
2-tetrachloroethane as the extractant, iron(III) did
not reduce. Apparently, these organics or impurities
in them stripped to the dilute sulfuric acid and
preferentially reduced. With 2-nitropropane or car-
bon tetrachloride as the extractant, the iron was
determined with no difficulty.

An analytical method for determining plutonium
applicable to solutions containing a wide range of
metal and nonmetal ions and with a precision of
0.2% relative standard deviation has been reported
recently by Davies and Townsend. 11In this method,
an excess of copper(I) chloride reduces plutonium to
plutonium(III) in an aqueous solution containing
hydrochloric acid, aluminum chloride, and sulfamic
acid. The mixture is then titrated potentiometrically
with standard potassium bichromate solution to a
first end point that corresponds to complete oxida-
tion of the excess CUL+ and any Fez+. Sulfuric and
phosphoric acids are added and the titration is con-
tinued to a second end point of the oxidation of PU3+
to PU4+ .

A study of this procedure is under way with the in-
itial objective of adapting it to controlled potential
coulometry. The results so far are promising. The
redox potentials of the Fe 2+ -Fe3+ couple and of the

PU3+ -Pu4+ couple in the aluminum chloride-
hydrochloric acid mixture were measured as 0.41 V
and 0.67 V vs a saturated calomel electrode (SCE).
Electrolysis at a controlled potential of 0.30 V vs
SCE should reduce plutonium to PU3+ and iron to
Fe2+ and not reduce U6+ nor other oxidized ion

6+. Electrolysis at a controlledstates such as Mo
potential of about 0.54 V vs SCE should oxidize Fe2+
to Fe3+ without oxidizing PU3+. Subsequent
addition of the sulfuric and phosphoric acids
decreases the redox potential of the PU3+ -Pu4+
couple to a measured 0.43 V vs SCE and the
plutonium should be determinable coulometrically
at a controlled potential of 0.67 V vs SCE. The
potential of the Fe2+ -Fe3+ couple decreases to about
0.31 V vs SCE after adding the sulfuric and
phosphoric acids so the already oxidized iron should
remain stable. A sample of iron was carried through
this sequence with good results. The iron reduced at
0.30 V vs SCE to a satisfactory current level of 30 uA
and oxidized at 0.55 V vs SCE to this same level.
The number of coulombs measured agreed with
theoretical based on the measured quantity of added
iron. The current did not increase when the sulfuric
and phosphoric acid mixture was added nor when
the controlled potential was increased to 0.67 V vs
SCE. Blank values measured by cycling the suppor-
ting electrolyte through the electrolysis were
satisfactorily low.

VI. PREPARATION OF PLUTONIUM-
CONTAINING MATERIALS FOR THE SALE
PROGRAM (S. F. Marsh, M. R. Ortiz, H. J.
Kavanaugh, and J. E. Rein)

The Safeguard Analytical Laboratory Evaluation
(SALE) Program has the following objectives.
(1) To generate timely data on the capabilities of
ERDA licensee and contractor laboratories to
analyze typical uranium and plutonium materials.
(2) To prepare well-characterized uranium and
plutonium materials for use as working calibration
test materials (WCTM) by analytical laboratories.

A. Plutonium Oxide

Two batches of 900°C-fired PUOZ powder were
extensively characterized for plutonium assay,
plutonium isotopic distribution, and impurity ele-
ment concentrations. The homogeneity of one batch
was satisfactory, whereas the other was not satisfac-
tory even after a second sieving through a 200-mesh
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screen and remixing. One hundred vials, each con-
taining 1 g of the acceptable batch of PuOz powder,
were packaged and shipped to Allied Chemical Cor-
poration (ACC), Idaho, for use as surveillance
samples.

B. Uranium-Plutonium Mixed Oxide

Two batches of 1600°C-sintered mixed oxide
powders, with differing uranium-to-plutonium
ratios, were characterized for uranium and
plutonium contents, uranium and plutonium
isotopic distributions, and impurity element concen-
trations. The homogeneity level of each batch was
satisfactory. Sixty vials, each containing 1 g of
powder, were packaged for each batch of mixed ox-
ide and shipped to ACC, Idaho, for use as sur-
veillance samples.

C. Plutonium Metal

Six portions each of two different lots of high-
purity plutonium metal were shipped to ACC,
Idaho. Each portion was weighed in an argon-
atmosphere-controlled glovebox used to prepare the
plutonium metal shipped to NBS for distribution as
the assay Standard Reference Material (SRM).
Each portion was individually sealed in an argon-
flushed, partially evacuated glass tube identical to
the packaging used for the SRM plutonium metal.
Complete chemical and isotopic characterizations
were provided for each lot. The accurately weighed
high-purity plutonium metal will be dissolved with
accurately weighed high-purity uranium metal at
ACC, Idaho to prepare WCTMS and RCTMS
(reference calibration test materials) of mixed
uranium-plutonium nitrate solution that simulate
reprocessing plant dissolver solution.

VII. ANALYSIS OF HTGR FUEL (A. D. Hues
and W. H. Ashley)

The analysis of monthly samples is complete for
the NBL-administered Mixed Carbide Laboratory
Comparison Program, Phase II. Ten sets, each con-
sisting of two UOZ -ThOz samples, one BISO bead
sample, and one TRISO bead sample, were analyzed
for uranium and thorium. The coatings were remov-
ed from the bead samples by igniting them in oxygen
or by heating them alternately in oxygen and
chlorine gas. 12After dissolution in acid, the uranium
and thorium were separated by anion exchange in

strong HC1, uranium was determined by a modifica-
tion of the Davies-Gray method, and thorium was

, determined by Versene titration. 12 The pooled,
relative standard deviation of the determinations,
computed from the four results for each sample for
each of 10 months, were 0.02% for the uranium and \

0.07% for the thorium...
a

VIII. ANALYSIS OF SALE URANIUM
MATERIALS (A. L. Henicksman, A. D. Hues, W.
H. Ashley, R. M. Abemathey, and J. E. Mln)

Analyses of the SALE monthly (now bimonthly)
samples of uranium nitrate and uranium oxide were
continued for uranium content and isotopic distribu-
tion. There were no significant biases and the
measurement precision continued to be smaller
than the averages of the participating laboratories.

The NBL-modified Davies-Gray method, 13
modified by us for determining l-g uranium samples
using a weight buret for the K&r20T titration rather
than a volumetric buret, has replaced the previously
used LASL method. 14The measurement precision is
0.008’% relative standard deviation.

IX. CHEMICAL CHARACTERIZATION OF
SPECIAL SAMPLES (G. R. Waterbury and
Staff)

Various Safeguards Appraisal Survey samples, in-
cluding aqueous, organic, and multiphase solutions
with a wide range of plutonium contents were
analyzed for inventory surveillance purposes. These
samples were taken at ERDA-contractor facilities.
Both the plutonium contents and isotopic dis-
tributions were determined. Complete conversion to
single-phase solutions was accomplished before
analyses.

X. PLUTONIUM ISOTOPE HALF-LIFE
MEASUREMENTS (S. F. Marsh, M. R. Ortiz, R.
M. Abernathy, R. K. Zeigler, G. L. Tietjen, J. W.
Dahlby, J. E. Rein, and G. R. Waterbury)

LASL is participating in an inter-ERDA
laboratory program to measure accurately the half-
lives of longer lived plutonium isotopes. The efforts
at LASL include the preparation, extensive
characterization, and distribution of high-purity
batches of plutonium metal from specially provided,
enriched isotope materials, and half-life

r
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measurements using the technique of isotope dilu-
tion mass spectrometry for measuring the produced
daughter isotope. The LASL characterization
measurement include’ assay, isotopic distribution,
metal impurities including other transuranics, and
nonmetal impurities.

The plutonium isotopes in the pro am are ‘*u,
F2*u, and 2*u, and perhaps u Pu. An initial

batch of 23%% metal (99.26% 23*u isotopic
abundance), designated Pu-1, was prepared and
characterized. This metal was sent to the Mound
Laboratory for a calorimetric measurement of half-
life and was then returned. Accurately weighed pr-
tions of the metal were sealed in Pyrex tubes under a
dry argon cover gas and distributed to laboratories.

The goal of the LASL half-life measurement
program is at least 1% relative accuracy. Based on
an error propagation, an experimental program has
been formulated to attain this goal using the Pu-1
metal. Six weighed portions of the metal were dis-
solved and separated from the ~own-in and impuri-
ty uranium by ion exchange, a measured quantity of
23~ was added, and the growth rates of daughter
2% are being measured at selected time periods by
mass spectrometric determinations of the 23%J/’~
ratio. The 23%% half-life will be calculated from the
fundamental decay equation, – (dn/dt)239 = Nh,
where -(dn/dt)239 represents the loss of 23*u
atoms per unit time. Because each ‘*u decay
produces an atom of 23% (whose own half-life is -3

‘%%), the above equationx 104 times longer than
may be written + (dn/dt)235 = NA, where
+ (dn/dt)235 represents the growth of the ~
daughter per unit time. In both equations, N is the
number of ‘qu atoms and A is the 23@u decay
constant. Therefore

235u fomation per unit time
&9 =

- Pu atoms
, and

(!2n2) (=9Pu atoms)
t~g = fi5 u fom~tion per unit time

For this application, N, the number of ‘*u
atoms, is calculated from the plutonium metal
weight corrected for chemical purit and isotopic

6distribution. The formation rate of x is measured
by isotope dilution mass spectrometry using an ac-
curately measured initial addition of ‘~ as the
internal standard.

From the experimental standpoint, highly ac-
curate values are required for (1) the initial weights
of the six Pu-1 metal samples, (2) the isotopic abun-
dance of 23%% in Pu-1 metal, (3) the character-
ization measurements of the Pu-1 metal for total im -

purities, (4) the quantity of 2% added to each
dissolved Pu-1 sample, and 5) the mass spec-
trometric measurement of 2& /a% ratios. The
experimental goals, in terms of relative percent, are
0.01 for weighing each of the six Pu-1 samples, 0.05
for the ‘%% content of the six Pu-1 solutions 0.1 for
the quantity of 2~ added, and 0.1 for the 23@33(J

measurements. Any small losses of plutonium dur-
ing the ion-exchange removal of uranium will be
measured and the appropriate corrections applied.

Because there is no source of high-enrichment
23~ metal from which a known concentration 2~
solution can be directly prepared, the 2~ solution
concentration was established by isotope dilution
mass spectrometry using four separate uranium
standard solutions. For this purpose, two solutions
were prepared from NBS SRM-960 (natural U
metal) and two were prepared from high-purity 9370
‘%J metal available at LASL.

The quantity of 23% added to four of the dissolved
Pu-1 metal solutions was selected to equal the quan-
tity of 23% grown-in during a time period of 1.5 yr.
The quantity of 23% added to the remaining two
solutions will provide equal amounts of 2% and
233U after 4.5 yr. Mass sp~ctrometric measurement
of isotope ratios is most accurate and precise at 1/1
ratios. The 23~/233u mass spectrometric
measurements for the first four solutions will cover
the time period 0.5 to 2 yr, with data then being
reported. Data from the remaining two solutions
should be more accurate with the threefold longer
grow-in period and will serve to substantiate the
earlier data. The initial and the first 6-month grow-
in measurements of ‘~ daughter have been
completed. Two more 6-month grow-in intervals will
be measured during FY 76.

A batch of -90% enriched 23*u metal will serve
as the test material for the ‘~u half-life
measurement. The packaging and distribution of
this metal to the participating laboratories for
characterization and half-life measurements will
proceed based on agreements reached by represen-
tatives of ANL, DOW-RF, LLL, Mound, and LASL
at the second meeting of the Half-Life Evaluation
Committee (HLEC) at LASL, February 18-19,1975.
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