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PREFACE

Standard Reference Materials (SRMs) as defined by the
National Bureau of Standards are "well-characterized mate-
rials, produced in quantity, that callbrate a measurement
system to assure compatablllty of measurement in the nation."
SRMs are widely used as primary standards in many diverse
fields in science, industry, and technology, both within the
United States and throughout the world. In many industries
traceability of their quality control process to the national
measurement system is carried out through the mechanism and
use of SRMs.  For many of the nation's scientists and tech-
nologists it is therefore of more than passing interest to
know the details of the measurements made at NBS in arriving
at the certified values of the SKMs produced. An NBS series
of papers, of which this publication is a member, called the
NBS Special Publication - 260 Series is reserved for this
purpose,

This 260 Series is dedicated to the dissemination of
information on all phases of the preparation, measurement,
and certification of NBS-SRMs. In general, much more detail
will be found in these papers than 18 generally allowed, or
desirable, in scientific journal articles. This enables the
user to assess .the valldity and accuracy of the measurement
processes employed, to judge the statistical analysis, and
to learn details of techniques and methods utilized for work
entailing the greatest care and accuracy. It is also hoped
that these papers will provide sufficient additional infor-
mation not found on the certificate so that new applications
in diverse fields not foreseen at the time the SRM was
originally issued will be sought and found.

Inquiries concerning the technical content of this
paper should be directed to the author(s). Other questions
concerned with the availability, delivery, price, and S0
forth will receive prompt attention from:

Office of Standard Reference Materials

National Bureau of Standards
"Washington, D. C. 20234

J. Paul Cali, Chief
Office of Standard Reference Materials
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URANIUM ISOTOPIC STANDARD REFERENCE MATERIALS

E. L. Garner, L. A. Machlan and W. R. Shields

Institute for Materials Research
National Bureau of Standards
Washington, D. C. 20234

An ignition procedure has been developed that will yield
reproducible stoichiometry for U3;0s. The effects of tempera-
ture, length of ignition, rate of cooling, pressure and type
of atmosphere were investigated. This ignition procedure
has been used for the blending of high purity 235U and 238U
separated isotopes to prepare calibration standards for the
determination of bilas effects in the thermal emission mass
spectrometry of uranium. Weight aliquoting was used to prepare
calibration mixes with 2°°U/%38U ratios of more than 10 and
less than 0.1 and to add a 233U spike for the determination of
minor isotope abundances in the uranium isotopic standards by
the isotope dilution technique.

A description of the unique features of the mass spectrom-
eter instrumentation including the source, NBS collector and
expanded scale recorder are given. Two specific analytical
procedures were used for the isotopic analysis of uranium and
are adaptable, within a general framework, to fit the particular
ion current intensity requirements of a wide range of isotopic
distributions. Mass discrimination due to evaporation. and
lonization on the filaments,. and other parameters such as
temperature, time, sample size, sample mounting, total sample
composition, acidity, filament material, pressure, ncn-ohmic
response, R-C response and source memory were studied as part
of the development effort to establish sound analytical
procedures.

The absolute isotopic abundances of 18 uranium SRMs were
determined by thermal emission mass spectrometry. The general
approach was to determine absolute 2?3%°U/23%8U ratios by using
calibration mixes to correct for filament bias. Then the
absolute 23%U and 235U were determined by 233U isotope dilu-
tion. For SRM U-0002, isotope dilution was the only practical
means of determining the low abundance of 23°U as well as the
23%7. The limits given for the isotopic composition of the
uranium SRMs are at least as large as the 95 percent confi-
dence limits for a single determination and include terms for
inhomogeneities of the material as well as analytical error.

Key words: Absolute isotopic abundance; ignition procedure;
isotopic standards, mass spectrometry;
stoichiometry; uranium.

1



1. INTRODUCTION

This publication describes the work by the Analytical
Mass Spectrometry Section of the National Bureau of 3tandards
on the development and characterization of standard reference
materials for the iéotopic composition of uranium.

The initial measurement of the isotopic composition of
uranium Standard Reference Materials (SRMs) was completed in
1959 with 95 percent confidence limits of 0.5 percent for the
least abundant of the major isotopes (%*°U and *3*°®U) and above
one percent for the minor isotopes (*®*"U and **°U). A 5 year
period of intensive evaluation and development of the chemical
procedure, the mass spectrometric instrumentation and the mass
spectrometric analytical procedure followed this initial effort.
The SRMs played a unique and dual role of providing a group of
high purity working standards to develope methods to analyze
uranium, and also to provide a uniform set of standards with
a wide range of isotopic abundances to evaluate, develop and
' improve the mass spectrometric instrumentation. Informational
fallout from the development of a uranium analytical method
was beneficial and applicable to the analysis of other ele-
ments. It was demonstrated that many of the general rules and
control procedures necessary to make a meaningful comparison
of ion currents were basically the same and were independent
of the elemental ions measured.

The complete analytical method for any isotoplc measure-—
ment is divisible into three broad areas; chemlstry, instru-
mentation and mass spectrometric procedure. A prerequisite
for an accurate isotopic measurement is an evaluation of the
error contributions from each of these sources. Since any
of these can cause a serlious 10ss of preclslion and accuracy,

equal attention must be given to all phases of the measurement.



2. CHEMISTRY

A. Introduction
The chemistry requirements in the characterization of

these standards were the accurate blending of separated isotopes
to provide standards. for mass spectrometer calibration and the
accurate additions of "U233" separated isotope for the isotope
dilution determinations of the minor isotopes. In addition it
was necessary to provide solutions that were uniform in uranium
and acid concentrations, and that were very low in impurities.

B. Ignition of U304

The goal of the early investigation was to find an ignition
procedure that would glve a reproducible stoichiometry for U;O0g
irrespective of the previous history of the starting materials.
If a reproducible oxide could be produced, weighed portions of
the high purity "U235" and "U238" separated isotopes could be
blended directly or aliquots taken to prepare accurately known
mixes for the mass spectrometer calibration. Even if the
ignited samples of U30g were not stoichiometric, as long as
the oxides were both nonstoichiometric to the same degree, the
blending would produce the same isotopic composition as
stoichiometric oxides. The same criteria also applied to the
2337y isotope dilution for the minor isotope determinations.
Previous work on the certification of uranium oxide (U304)
assay standards, SRMs 950 and 950a, indicated a difference of
about 0.06 percent between the assay and the value calculated
from impurity determination. This difference was considered
to represent deviations from the nominal stoichiometric com-
position. The assay, 99.94 percent, was based on material
ignited at 900 °C for one hour in an open crucible and cooied
in a desiccator.

The ignitions in this investigation were conducted in a
tube furnace. In a comparison with the previous work samples
off SRM 950a, ignited 1n the tube furnace for one hour at
900 °C, had a weight loss that agreed to within 0.005 percent

3



of samples from the same bottle of 950a ignited in an open
cruclble for one hour at 900 °C. Samples of hlgh-purilty,

99.98 percent, uranium metal were ignited at 900 °C for one
hour after slow oxidation at a lower temperature. The increase
in weight, taking into consideration the metallic impurities,
was from 0.07 to 0.12 percent more than the calculated welght
increase to produce U30g. This meant that the same stoichi-
ometry was not obtained for these two starting materials and
further investigation was necessary. Ignitions at temperatures
from 900 to 1050 °C were tried on SRM 950a and the metal. It
was found that the higher temperature (Table 1) gave greater

Table 1. Weight loss on 1gnition of 1 gram samples

of SRM 950a.
Loss in weight
Temperature Ignition time? Sample 1 Sample 2
(°c) (%) (%)
900 1 0.096 0.098
" 17 0.108 0.111
" 18 0.109 0.107
" 34 0.112 0.115
1000 1 0.127 0.129
n 2 0.132 0.136

a Total ignition time in hours at each temperature.

ignition losses on 950a, all less than stoichiometric, and
increased length of l1lgnltlon tlmes also gave larger lgnltion
losses (Table 1). Experiments with ignition in an oxygen
atmosphere (>99%) showed slowly increasing losses with increas-
ing temperatures to 1000 °C (Table 2). Ignition in oxygen
after ignition in air at 1050 °C appeared to give reproducible
ignition losses. Further investigation showed that several

hours, usually overnight, ignition at 1050 °C in air and then
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Table 2. Weight loss on ignition of 1 gram samples of
SRM 950a in an oxygen atmosphere.

Loss in weight

Temperaturea Sample 1 Sample 2
(°¢) (%) (%)
450 0.050 0.049
550 0.061 0.058
650 0.073 0.070
750 0.077 0.074
800 0.079  0.076
850 0.082 0.080
900 ©0.085 0.082
950 0.087 0.085
1000 0.088 0.087

a Ignited for one hour at each temperature.

an ignition in oxygen from 700 °C to 1000 °C gave an oxide
that was reproducible. Repeated ignition cycles in ailr and
then in oxygen showed nearly constant weight (Table 3). Since
calculation showed both SRM 950a and the metal to have the
same stoichiometry after ignition in air at 1050 °C for 16
hours followed by one hour in oxygen at 850 °C, several
uranium samples with different histories were ignited by this
procedure and titrated coulometrically by George Marinenko of
the Microchemical Analysis Section [1,2,3;4]. The results

are given in Table 4. The five samples represent starting
materials of metal; nitrate, roasted at 850 °C; and a peroxide
precipitate roasted at 800 °C. The first four samples have
less than 100 ppm impurities and the fifth sample, the metal,
has been corrected for an assay ol 99.977 percent which had
been determined by the same coulometric titration. Impurities

detected in the metal are about 200 ppm which agrees very well



Table 3. Weight loss on repeated ignition of 0.5 gram samples

of SEM 950a.

Loss in weight
Temperature Ignition time Atmosphere Sample 1 Sample

(°c) (hours ) (%) (%)
900 i air 0.075 0.075
1050 16 " 0.101 0.110
850 1 02 0.079 0.079
" " " 0.080 0.080
1050 16 air 0.102 0.114
850 1 02 0.082 0.082
" " " 0.082 0.081
1050 16 air 0.105 0.117
850 1 0, 0.085 0.085
" " n 0.084 0.084
1050 16 air 0.105 0.115
850 1 02 0.086 0.085
" " " 0.086 0.085
" 16 " 0.086 0.085

with the assay. When this correction is made, the assay value
of. the oxide, 99.929 percent, is in good agreement with the
othcr four samples. These results indicate thal Lhe lgnitlon
procedure will give samples of the samé stoichiometry regard-
less of the starting materials.

This ignition procedure was used for all samples in this

paper.,



Table 4.

Sample

SRM 950a

SRM U-0002

"U238"

||U235"

Dingot

Coulometric assay of ignited UsOs

Sample No.

la
1b
2

la
1b

la
1b

la
1b

la
1b

Average

Average

Average

Average

Average

Assay

(% Us0s)

99.
99.
99.

.923

99

99

99.
.932
99.

99.

99

99.
99.
.921

99

99.

99.
99.
.934

99.

99

904
946
918

917
99.
99.

99.

911
960

929

913

919
921

928
918

922

929
923

929

samples.

.d. = 0.023
.d. = 0.027
.d. = 0.010
.d. = 0.005
.d. = 0.005
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One gram samples of SRM 950a were ignited in a tube furnace
to obtain ignition losses under different cooling procedures
as well as under various temperatures and pressures. These
ignitions were carried out using the same equipment and under
the same conditions, except as noted, that were used for all
samples in the isotopic program as described later in Section
6,B,3. Three rates of cooling were used in addition to the one
normally used. For convenience the rates of cooling are iden-
tified as follows: "fast", meaning that the boat containing
the sample was quickly pulled into an iced portion of the
quartz tube; "normal", meaning that the furnace was quickly
moved back from the sample area of the tube; "slow", meaning
that the furnace was slowly moved back from the sample area of
the tube over a period of approximately 15 minutes; "very slow",
meaning that the furnace was turned off and allowed toc cool
over a period of several hours while still covering the sample
area. Table 5 shows the average loss on ignition of at least

two samples ignited for one hour at the temperature indicated.

Table 5. Ignition loss on 1 gram samples of SRM 950a under
different cooling rates

Cooling rate

Temperature Very slow Slow Normal Fast
(°¢) (% loss) (% loss) (% loss) (% loss)
850 0.076
900 0.084 0.087 0.096
950 0.086 0.102
1000 0.085 0.090 0.114 0.120
1050 0.082 0.094 0.126

The results show not only a significant increase in loss on

ignition at increasing temperatures but increasing loss with

faster cooling rates. The results indicate that a very slow

cooling rate might give a reproducible ignition loss but that
12



i1t would be nonstoichiometric to approximately the same extent
as the ignition described in Section 6,B,3. The TGA curves,
the assay, and the ignition data indicate that the U3;0g 1s very
close to stoichiometric after the loss at approximately 925 °C
in alr is complete as shown on the TGA curves but that weilght
‘is picked up, apparently oxygen by the U30s, in amounts that
vary depending on the cooling rate, temperature of the ignition
and length of ignition.

In an air atmosphere at a reduced pressure of 550 mm of
Hg the loss on ignition for one hour at 900 °C was 0.104 percent
compared to 0.087 percent at a pressure of 750 mm with a normal
cooling rate for both. When a slow cooling rate was used the
losses were 0.083 percent at the reduced pressure and 0.084
percent at atmospheric pressure. These results indicate that
samples l1gnited at higher elevations could have an assay as
much as 0.02 percent higher than the same sample ignited at
sea level if normal cooling rates are used.

Ignitions in 5 and 10 percent oxygen atmospheres resulted
in greater losses. The loss on two samples at 1050 °C for one
hour in 10 percent oxygen with normal cooling was 0.166 and
0.172 percent. The loss at 1000 °C for one hour in 5 percent
oxygen with normal cooling was 0.175 and 0.187 percent, with
slow cooling was 0.154 and 0.141 percent, and with very slow
cooling atter one hour at 1050 °C was U0.091 and 0.093 percent.
An ignition loss of approximately 0.15 percent would be required
on this sample to obtain stolchiometric U3z03. Thesce ignitions
in 5 and 10 percent oxygen with normal cooling exceed the 0.15
percent loss but again with slower cooling the loss decreases
until it approaches,. within 0.01 percent, the loss found in an
alr ignition with a very slow cooling. It might be possible to
obtain stoichiometric U304 by‘ah ignition in an atmosphere of
less than 20 percent oxygen to an exact ignition temperature
and by a very carefully controlled cooling rate but, it would

not be practical because of the difficulty in reproducing

13



these ignition conditions. For this reason the procedure
developed in the previous section (2,B) was used for all

ignitions in the SRM characterization.

D. Aligquoting of Uranium Solutions
The preparation of "U235" and "U238" separated isotope
calibration mixes for the range of 10 percent 2°°U to 90 per-

cent 23%U could be done by blending weighed portions of the
separated isotopes; but, outside this range and for all the
"U233" additions for isotope dilution determinations of the
minor isotopes, aliquoting of solutlons would be required.
The aliquoting needed to be accurate to within a few parts in
ten thousand, and preferably to one part in ten thousand, so
that the aliquoting uncertainty would not contribute signifi-
cantly to the overall uncertainty in these determinations.

An automatic buret was investigated to determine if it
could be used for aliquoting. Repeated aliquots of 5 ml were
found to differ by as much as 0.01 ml, which was twenty parts
in ten thousand and would not be satisfactory. Since in this
laboratory it has been found difficult to do volume aliquoting
to an accuracy of much better than one part per thousand, it
was decided to try weight allquoting.

A teflon bottle used as a "squirt" bottle was investigated
for use in aliquoting by weight. The regular cap on the teflon
bottle was replaced with a similar cap that had inserted in it
a piece of polyethylene tubing shaped for use as a "squirt"
bottle and the outside end of the tubing was covered with a
polyethylene cap to prevent evaporation. When the weight of
aliquot obtailned by weighing the "squirt" bottle before and
after delivery of the aliquot, was compared with the weight of
solution delivered to a glass weighing bottle, the discrepancy
was 0.5 to 1 mg less in the glass weighing bottle. Since the
weighing bottle with solution lost about 0.5 mg per minute
when covered with a filter paper having a small hole, as had

been used for the aliquot checking, and since the aliquoting
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required about one minute, the weight of aliquot using a
nsquirp" bottle should be accurate to within 1.0 mg. It was
gecided to use aliquots of at least 3 g of solution from the
tgqulrt" type teflon bottle which should give aliquots accurate
to at least three parts in ten thousand. This procedure was
used on the "U233" isotope dilution of SRMs U-005 through U-930.
A better weight aliquoting technique using plastic
syringes was developed before the remaining aliquoting was
done. In this technique the weight of solution was determined
and the cap of the teflon bottle was quickly replaced with a
rubber serum septum. A platinum needle was inserted thru the
septum and a short second needle served as a vent. A 2.5, 5
or 10 ml plastic syringe, with the rubber plunger covered by
a thin teflon sheet to prevent possible contamination, was
attached to the Kel-F hub of the platinum needle and the
desired amount of solution was drawn into the syringe. After
a small amount of air was drawn into the tip of the syringe,
the syringe was disconnected and quickly capped with a Kel-F
cap. The syringe was wiped with a damp paper towel to remove
any static charge and weighed. The aliquét was delivered from
the syringe and the syringe was capped, wiped and rewelghed.
Repeated weighings of the filled or empty syringe gave welghts
that duplicated to within 0.1 mg. Aliquoting by this procedure
[5,6] has been shown to be accurate as well as precise to at

least one part in ten thousand.

E. Preparation of SRM Samples by Union Carbide Nuclear Company
The 18 SRM samples were supplied through the AEC from
Union Carbide Nuclear Company, Oak Ridge, Tennessee.
A1l but SRM U-0002 were prepared at Oak Ridge by the
following procedure. '

Approximately 1900 grams of uranium hexafluoride of the
specified isotopic concentration was withdrawn from the cas-
cade. The hexafluoride was liquified, thoroughly mixed,

vacuum transferred to a large nickel cylinder, cooled with
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liquid nitrogen, "knocked out" into a 15 liter always-safe
polyethylene container, and hydrolyzed with 8 liters of cold
distilled water. After mixing, the solution was evaporated
to dryness in platinum dishes under infrared lamps and the
uranyl fluoride was converted to urano-uranic oxide by pyro-
hydrolysis at 800 °C. This oxide was dissolved in 2 N nitric
acid and the solution was filtered into a clean always-safe
container and thoroughly mixed by inverting and rolling the
container.

Portions of the solution containing 100 to 125 grams of
uranium were transferred to Vycor beakers and the uranium was
precipitated by adjusting the pH to 1.0 with ammonium hydroxide,
adding 1.3 ml of 30 percent hydrogen peroxide per gram of
uranium, and allowing the UO,*2H,0 to settle at least 16 hours.
The supernatant liquid was decanted, the precipitate was washed,
and after allowing the precipitate to settle, the supernatant
was again decanted. The precipitate was filtered, washed,
transferred to a platinum dish, and ignited to urano-uranic
oxide at 850 °C for 16 hours. This oxide was ground in a
boron carbide mortar, sieved through a 60 mesh screen, and
blended. All of the oxide was then placed in a polyethylene
bottle and agaln blended for 10 minutes.

The U-0002 sample was purified by a cupferron precipitation
and an additional peroxide precipitation in addition to the
procedure used on the other 17 SRMs.

These samples were checked by spectrographic analysis for
64 possible impurities. The total impurities detected on each
of these samples were less than 50 ppm. A typical spectro-
graphic analysis 1s given in Table 6. If all the other elements
not detected were present at their limits of detection the
total could be approximately 200 ppm, this, however is highly
improbable.

For each SRM sample, except the U-0002, one kllogram of
uranium in the form of oxide was shipped to the National Bureau

of Standards. Twenty kilograms of SRM U-0002 were shipped.
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Table 6. Spectrographic analysis of SRM U-050.

Limit of a Limit of ~

Element detection Detected Element detection Detected®
(ppm) (ppm) (ppm) (ppm)

Ag 0.3 - Pt 1 1
Al 1 - Rb 10 -
As 3 - Re 5 -
AU 1 - Rh 1 -
B 0.1 1.5 Ru 1 -
Ba 10 - Sb 1 -
Be 1 - Sc 1 -
Bi 1 - Si 1 3
Ca 1 - Sn 1 -
cd 1 - Sr 1 -
Cco 1 - Ta 1 -
Cr 1 - Th 1 -
Cs 10 - Ti 0.3 -
Cu 0.1 0.5 T1 2 -
e 1 2 v 1 -
Ga 1 - W 1 -
Ge 1 - n 20 -
Hf 1 - Zr 1 -
Hg 1 - Lanthanide
In 3 - Elements
Ir 1 - La 1 -
K 5 5 Ce 1 -
Li 1 - Pr 1 -
Mg 0.1 - Nd 1 -
Mn 1 - Sm 1 -
Mo 1 - Eu 1 -
Na 1 2 Gd 1 -
Nb 1 - To 1 -
Ni 1 5 Dy 1 -
Os 20 - Ho 1 -
P 3 - Er 1 -
Pb 3 - Yb 1 -
Pa 1 - Lu 1 -
% The symbol "-" means that the element was looked for but

not found.
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These samples were packaged at NBS for distribution to
AEC approved facilities. One gram of uranium in the form of
oxide, weighed to within 5 mg, was transferred to glass micro
bottles. A thorough cleaning of the hood was conducted betwee
SRM samples to prevent isotopic contamination by a previously

weighed sample.

F. Preparation of Separated Isotope Samples by Union Carbide

Nuclear Company
The "U233" (Lot No. 3), "U235" and "U238" separated iso-
tope samples were supplied by the AEC through Union Carbide

Nuclear Company. The original "U235" sample, plle waste, was
enriched by Calutron treatment. The sample was then purified
by two ether extractions, a hydrogen peroxide precipitation
and volatilization of the vanadium as vanadyl chloride. The
"Ug238" sample was prepared from natural uranium in a similar
manner. Spectrographic analysis indicated approximately 50

ppm detectable impurities in these samples.

G. Solution Preparation for Mass Spectrometric Analysis

Solutions were prepared with a uniform matrix so they
would give a uniform response on the mass spectrometer (Section
4,6 and 4,H). All solutions were prepared to contain 5 mg U/ml
in nitric acid (1+19). Impurities, especially alkali metals,
were kept to a minimum. The reagents used were selected for
fheir high overall chemical purity as well as being checked
for any uranium contamination. The uranium isotopic SRM
samples and the separated isotope samples were of high chemical
purity and did not require further purification.

Although the solutions described in this publication did
not require further chemical purification, a chemical purifica-
tion step is included when the isotopic composition is being
determined on an unknown sample so the unknown and standard
are as near the same purity and concentration as possible.

The purification step used 1s an anion exchange separation.
For samples containing up to a few milligrams of uranium, a
18



column (0.6x7 cm) of strongly‘basic anion resin which has

peen cleaned by alternately adding 0.3 N nitric acid and

pitric acid (1+1) is used. The sample is dissolved in a
pinimum of nitric acid (1+1) and added to the column. Most
clements are not held by the resin in nitrate form [7] and

gre quickly eluted with nitric acid (1+1), a maximum of 3-4

ml of nitric acid (1+1) is used for both the sample and the
elution of the impurities. The uranium is then eluted with

0.3 N nitric acid. The uranium eluate 1s evaporated to dryness
and then dissolved in sufficient nitric.aoid (1+19) - to give a
solution containing 5 mg U/ml of solution. On samples con-
taining low concentrations of uranium, this anion exchange
separation should be repeated. Two anion exchange separations
have proven adequate for uranium at the ppm level in glaés
samples [8]. Other separation techniques may be réduired for
some samples, but the solutions prepared'for mass specfrometric
analysis should be as nearly as posslble 1ldentlical to the

calibration solution.
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3. MASS SPECTROMETRY - INSTRUMENTATION

A. Introduction

The objective of this section is to briefly discuss some
of the unique instrumental features and to indicate their
effect in the measurement method. Instrumental parameters
restrict the selection of conditions for certain analytical
procedures and are frequently the limiting or decisive factor
in selecting optimum conditions to determine isotopic composi-
tion. All probable sources of systematic error attributable
to the mass spectrometers must be identified, eliminated,
reduced or controlled before bias components associated with
the ionization process can be studied effectively. Thus, the
mass spectrometer is the second area to be mastered before
the maximum amount of information can be extracted from each
analysis. Whenever applicable, some historic information is
included because of the long and continuous nature of the

instrumentation development period.

B. General Description of Mass Spectrometer

The mass spectrometers were single focussing, solid sample
instruments with a 12-inch radius of curvature 68° analyzer
tube and 60° sector magnet. During the past decade there were
no newly discovered basic or fundamental innovations in the
spectromcters utilizcd for uranium analysis, but all of the
major component systems were repackaged, rearranged and, in
many instances, extensively modified (see Appendix I). The
basic 12-inch 68° analyzer tube mass spectrometer and some of

the developmental changes are described in other publications
[9,10,11].

C. Source

The source is a linear thin lens with each succeeding
lens being approximately twice as far from the ionizing fila-
ment as the previous lens [9]. The source was constructed
without baffles or skirts to facilitate the maximum pumping

speed possible in the vicinity of the filaments. Initially,
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the source defining slit was movable and was adjusted by an
external micrometer screw mounted in the source housing. The
major shortcoming of this type assembly was the inability to
precisely determine or reproduce a given slit width once the
micrometer was moved or the source was disassembled for clean-
ing or maintenance purposes. The results of this unavoidable
variation in the slit width was a change in transmission.
Since sample filament temperatures cannot bebmeasured directly,
the analytical procedure is based on maintaining a constant
signal 1intensity withln a limlted temperaturé range wlth all
other focal parameters constant. Thus, the effect of slit
variations Was a sample filament temperature compensation to
maintain the intensity as a fixed parameter. If this tempera-
ture compensation was large enough and remained undetected,

it would be the cause of apparent differences in isotopic
composition between different sources, shifts in data between
source cleanings, or sudden shifts in data on a source when
the micrometer screw was inadvertently repositioned.

The problem was solved by redesigning the source [10] so
that the micrometer adjustment was replaced by a slit assembly
formed by two movable knife edges firmly fixed in position by
screws. The slit adjustment is external to the source housing
and i1s made on the work bench where the width can be accurately
determined with gauges. The newly desiéned source can be dis-
assembled and cleaned without a compulsory change in the slit
width or, if necessary, the slit knife edges are removable
for cleaning purposes and the desired slit width reproduced
accurately.

The redesigned source also included the addition of a "Z"
focussing lens which increased the transmission of the l2-inch
spectrometer by a factor of approximately 3. The increasé in
transmission permitted the option of obtaining the standard
signal intensity at slightly lower filament temperatures and
with a correspondingly lower rate bf fractionation. Since

signal intensities between 5x10 '°A and 1x10 °A are obtainable
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without large changes in the isotopic composition with time,
the lower isotopic abundance limit at which satistactory
measurements could be made without using ion multiplier detec-
tion was extended to the 100 ppm level with a 95 percent
confidence limit of approximately 1 percent.

D. Collector

The NBS collector is a conventional Faraday cage collector
and has a transmission grid and a series of suppression grids
{9]1. Although the transmission grid monitors a fraction of
the total ion current (50% or less), the prime function is to
mask the suppression grid system from the ion beam. The grid
is made of 0.030 inch tungsten ribbon separated by an opening
of equal width. The width of the tungsten ribbon is large
enough to completely shield the suppression grids from the
ion current. The purpose of the suppression grid system is to
provide cubic suppression of secondary particles between the
defining slit of the collector and the transmission grid. By
applying appropriate potentials to the grids, a nearly constant
grid response is obtained as ion currents of the isotopes are
switched on and-off the Faraday cage. A collector that is
dirty or exposed to large quantities of the alkali elements
will produce an excessive number of secondary electrons. Thus,
an adequately designed collector, ”aged“ with time, will
~gradually acquire a thin film deposit of extraneous material
on various surfaces. As the level of contaminant increases
the number of scattered particles increases and some of these
particles are collected on the transmission grid. When this
stage is reached, the grid response changes from a constant
for ion currents switched on and off the Faraday cage to a
variable that increases with time. The change in the constant
nature of the grid response 1s the prime indicator in deter-
mining the need for a collector cleaning. The suppression
grids extend the operational life of a collector beyond the

normal expectancy for a non-grid system, and eliminate a
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random bias ecomponent which can be several tenths of a per-
cent. This blas component is dependent upon the energy of
the ions, magnitude of the ion current, and the degree of

cleanliness of the collector.

E. Ion Multipliers

The ion multipliers were either 8 or 12 stage units con-
structed of copper-beryllium dynodes. Although these units
were capable of operation at high gain, the standard procedure
was to operate at abnormally low gains of 30-100 for uranium
isotopic measurements. Thus, the analytical objective of the
multiplier was to provide sufficient gain to maintain a minimum
amplified output signal from the vibrating reed electrometer
(VRE) of approximately 10 mV (100 chart divisions) for opera-
tion of the expanded scale recorder in measuring minor isotope
ion currents. Additional objectives were (1) to obtain nearly
uniform gain (flat top peaks) as the ion beams moved across
the first dynode, (2) to obtain long term stability and (3) to
operate at approximately the same background noise level as
the standard collector. '

Ton multipliers were used sparingly in analyzing uranium
SRMs and were installed as détector only when the precision
of 23%U and 2°°U measurements was deemed to be unsatisfactory
with conventional collectors. Prior to the development of
the "Z" lens source, the general guideline was to use ion
multiplier detection when the abundance of a uranium isotope
was equal to or less than 0.1 atom percent. At a 0.1 atom
percent composition it was possible to use both types of
detectors and obtain direct evaluation of the accuracy of the
total bias correction (filament and ion multiplier) for multi-
plier measurements. The standard procedure was to determine
experimentally a single correction factor which includes a
component for the ion multiplier and to use this single cor-

rection factor to correct for all bias effects.
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F. Measuring Circuit

The measuring curcuit consisted of (1) two vibrating reed
electrometers (VRE) operated as a master-slave combination
and (2) an cxpandcd scalc rccordcr.

1. Slave VRE

The slave unit was used to monitor that portion of the
total ion current intercepted or collected by the transmission
grid. The input resistor for the slave VRE was always 10'°
ohm and the output of the unit was displayed by the X; pen
of a dual pen strip chart recorder. The grid signal provided
a quick and reliable means of establishing uniform quality
control for all analyses and facilitated the detection of col-
lector failures and/or abnormal collector response. Abnormal
or sudden changes 1in grid response were indicative of mal-
functions such as loss of suppression potential, unstable
suppression potentials and broken or malaligned grid wires.

The stability and behavior (growth or decay) of the grid
signal are used as STOP or GO flags to reject or accept an
analysis without ever measuring the ion currents of the iso-
topes on the Faraday cage. Concentrations of the alkali
elements, either from the filament assembly or the uranium
sample, produce sharp erratic spiking of the grid signal, even
when these isotopes were not focussed on the grid or Faraday
cage. Thils partlicular response was a clue to their presence
which was quickly verified by scanning to the appropriate mass
positions. Even though the concentration of these elements
was not known, any concentration that produced the random
spiking response was considered to be undesirable. If this
response occurred within an analysis and did not end before
the ratio measurement was started, the analysis was terminated
-and no data were taken. If this response was reproducible for
different filament loadings, the contaminant had to be identi-
fied and the necessary measures were taken to reduce the

background below the critical level.
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2. Master VRE

The master VRE is used to measure the ion current collec-
ted on the Faraday cage. Input resistors of 10'! and 10%!°
ohms were available on all units and were switched in or out
of the measuring circuit at the option of the analyst.
Although 10° ohm resistors were available on some units, they
were not normally necessary for uranium analysis. Input
resistors of 10'? ohms were not used because they were found
to be non-linear.

3. Expanded Scale—recordef

The 10 mV and 100 mV outputs of the master VRE are utilized

in the expanded scale recorder circuit which is discussed in

detail in another report [9]. These two outputs permitted the
design and operation of the unit so that either standard
(unexpanded) or expanded modes of operation were selectable at
the option of the analyst. In the standard mode of operation,
a 10 mV output of the master VRE produced full scale deflection-
of 100 recorder chart divisions. When operated in the expanded
mode, a 100 mV output from the VRE produced 10 full chart
widths of deflection (1000 recorder chart divisions), and by
selecting the proper potential for the bottom of the slide
wire, the recorder is balanced "on scale". Independent of the
mode of operation, there is a recorder error component due to
dead zone and linearity of the slidewire which is approximately
1/4 of a chart division (0.25% of full scale deflection).

There is also an error component in peak height determinations
of aboul 1/4 charl division. The tolal error of approximately
1/2 chart division from these two sources is always present,

is constant in magnitude and is independent of peak height.
This error contribution, as a percentage of the peak height,

is a variable that reduces to approximately 0.5 percent for

a maximum deflection of 100 chart divisions for the standard
recorder, or to 0.05 percent for a peak height approaching

1000 chart divisions for the expanded scale recorder. Thus,

the 1limit of error of bias for the standard mode of operation
25



is 0.5 percent, and drops to 0.05 percent for the expanded

mode of operation because the uncertainty due to recorder and
peak height determination 1s a smaller percentage of the

larger deflection. The net result is a factor of 10 reduction
in the systematic error contribution from the recorder when
operated in the expanded mode. A secondary benefit of expanded
operation is more uniform wear of the slidewire over its entire
length and, consequently, a more linear response, than when
operated in the standard mode which produces excessive wear

at one end of the slidewire.

Since the benefits of an expanded scale recorder are not
inherently obtained by moving the functional switch to the
expanded position, the analyst must, when possible, avoid
operating the measuring circuit with less than 100 chart divi-
sions of deflection. The 1limit of error for this operational
condition is 0.5 percent and is independent of the mode of
operation. To obtain maximum precision, the measuring circuit
must be operated so that recorder deflection is a maximum for
the ion current collected on the Faraday cage. Unless 1t was
impossible or imﬁractical to achieve the necessary ion current
intensity, the expanded scale circuit was always operated so
that the minimum deflection was 200 chart divisions. Because
of thc rccorder dead zone, slidewire non-linearity and the
inability to determine the true resistance of the VRE decade
resistors, the minimum error statement of a direct isotopic

ratio determination was 0.00002.
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4, MASS SPECTROMETRY - MASS DISCRIMINATION EFFECTS AND AN
EVALUATION OF PARAMETERS

A. Introduction

Good analytical procedures are based upon (1) a knowledge
of the sources of bias, (2) establishing control of the various
parameters that contributed to this bias and (3) selecting an
optimum combination of parameters that is uniform and repro-
ducible for each analysis. Even when the error contributions
from chemistry and the instrument are negligible, large bias
components are possible because of irregularities in the sample
mounting or the pattern df heating the filaments to obtain ion
emission. The difference between the observed and true isotopic
ratio is not necceesarily small [6,13,14,15] and no cffort is
expended to obtain a minimum deviation from the true value or
to accurately ascertain the magnitude of each component of the
bias. The effort is to determine the degree of Constancy of
the isotopic ratio under various conditions, choose the best
set of conditions, and verify the constancy of the total bias
under identical experimental conditions for chemically prepared
calibration mixes of known isotopic composition and the samples
to be calibrated. Thus, a single, experimentally determined
correction factor is calculated and used to correct for all
bias effects for all ratios.

B. Mass Discrimination Effects

For thermally produced ions the light isotope is prefer-
rentially evaporated and ionized with respect to the heavier
isbtopes of an element. This effect is temperature dependent
and is a function of the mass. The preferrential depletion
of the light isotope was observed for uranium and all other
absolute isotopic abundance studies by the Analytical Mass
Spectrometry Section [5,6,13,14,15,16,17,18,191. The bias
due to preferrential depletion of isotopes is referred to in
this report as filament bias.
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For uranium this effect was studied by measuring the
23575/238y patio for many variations and permutations of the
analytical parameters and over. a wide range of isotopic ratios.
The dependency of the bias on temperature, its irreversible
nature, and its consilstency under controlled analytical con-
ditions, over the range of ratios represented by SRMs U-050
through U-930, formed the basis for the conclusion that the
observed bias was due to the effects of ionization and evapor-
ation in the source and was independent of isotopic composition.
By selecting different combinations of parameters, usually
temperature, time and sample size, the filament bias for uranium
23%7/2387 measurements can be made additive, zero or subtrac~ ’
tive. For low temperature analysis of a 200 ug uranium sample
the filament bias of the observed %°°U/%%°%U ratio is approxi-
mately 0.5 percent. A high-~temperature analysis of the same
amount of material gives a 2%°U/2%8U bias of approximately
0.2 percent. The only difference in parameters for these
techniques 1s a significant increase in sample filament tem-
perature for the high temperature procedure. Further increases
in sample filament temperature can make the filament bias zero
or even subtractive. Thus, one should be aware that prefer-
rential depletion occurs during thermal ionization even if the
observed blas is small or nearly constant for long periods of
time or when the measured ion current ratio is identical to
its composition in the sample.

By developing fixed analytical procedures in which all
parameters are constant or maintained within narrow iimits,

‘it was demonstrated that bilas effects due to fractionation are
a characteristic of the combination of analytical parameters
used for the measurement and are reproducible to better than
0.05 percent for a given procedure. The degree of accuracy
aehieved in evaluating bias effects due to fractionation is
directly dependent upon the abllity to control and reproduce
all parameters between sample loadings. Consequently, it was
necessary to investigate some of the parameters that controlled
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the rate of depletion of the sample reservoir and to develop
the means of starting each analysis with the same amount of
material on the sample filaments. Even after the chemistry
fulfilled one of its functions and supplied solutions of uni-
form concentration, it was necessary to look for conditions
during sample mounting and the mass spectrometric analysis
that could produce an apparent loss in sample size by either

a failure to convert to the proper oxide or by material simply
flaking off the filament surface.

¢. Filament Temperature

"ilament temperature is onc of thc morc critical param-
eters to be controlled because evaporation and the rate of
depletion of uranium from the filament are primarily a function
of temperature. Ideally, it is desirable to measure the
temperature of each filament and maintain it within the same
limits for each analysis. The methods used to control sample
filament temperatures were constant current control and a
combination of filament current and signal intensity. The
ionizing filament temperature was determined by adjusting to
a constant rhenium signal intensity and by dlrect measurement
with an optical pyrometer.

1. Sample Filaments

Strict reliance on a constant filament current to produce
a constant temperature for a large lot of rhenium ribbons was
unacceptable for precise isotopic measureménts. Dimensional
variations within a lot of rhenium ribbon, 0.001x0.030 inch,
were large enough to cause a 1 A difference for filaments at
2160 °C. Sample filaments were normally operated at less than
1650 °C and the current variation attributed to dimensional
variations was at least 0.3 A. Dimensional variations in the
thickness of ribbon between lots supplled by commercial manu-
facturers were found to be large enough to cause a definite

shift in filament currents at a constant temperature.
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Although the preferred method of sample filament tempera-
ture control was indirect and imperfect, it accomplished the
goai of limiting the sample filaments to a constant temperature
range for each anaiyticalqprocedure used. It was based on
the'assumption; that; if all parameters were maintained nearly
eonstant'and approkimately the same amount of uranium was
1oaded on the fllaments for each analysis, the signal intensity
was a_ coarse measure of the filament temperature Therefore,
the 51gnal 1nten31ty for each analytical procedure was restrict-
ed to very narrow limits and was reproduced for each analysis
ef a given procedure ﬁeing the long term performanee of many
sample loadings, ion current intensity - filament current rela-'
tlonshlps were established. This type of relatlonshlp was used
as .a common reference for each uranium procedure. Fallure to
maintain the signal intensity within the prescribed limits for
a fixed current range was sufficient reason to terminate an
analysis without any further consideration. This type of con-
trol was in some respects tenuous because it was subject to
distortion by failure to properly focus for maximum intensity,
malfunction in the focus control circuit, changes in the
jonization efficiency of the filaments or the transmission
efficiency of the source. In spite of these handicaps, the
reproducible signal intensity method has worked very well for
uranium and many other elements, in lieu of a direct method
of measuring sample filament temperatures.

By meaSuring the ionizing filament temperature over the
' same currcnt rangc as thce samplc filamcnts werc operatced,
estimates of the sample filameht temperature limits were made
for analysis of 200 ug samples. The minimum sample filament
temperature for an analysis was 1200 °C (2.2 A) and the
maximum temperature used for any of the analytical procedures
was approximately 1600 °C (~3.0 A). Analysis of SRM U-500 at
random temperatures over the entire range with all other
parameters maintained as constants gave a scatter in the

observed 23%%U/?%®8(U data of 0.3 to 0.5 percent. By operating
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at either extreme or even in the middle of this temperature
range the scatter in observed ?°°U/?°®U ratios was reduced by

a factor of three. It was concluded that sample filament
temperature limits of less than 200 °C were essential for ratio
measurements with a 95% confidence level (C.L.) of better than
0.1 percent.

2. JIonizing Filaments

The optimum temperature of the ionizing filament was
selected to provide efficient ionization, long filament life,
and to deplete the interstitial oxygen which was a source for
formation of the UO+. The Re+ signal from the hot ionigzing
filament was useable as a reference point to precisely repro-
.duce the optimum filament temperature for each analysis. This
technique was based on the assumption that a nearly constant
temperature would yield approximately the same Re+ signal
intensity for all filaments. Verification of this assumption
was 1nitially made by installing a clear plastic source flange
and using an optical pyrometer to determine filament tempera-
tures. Rhenium filaments at 2150 °C yielded a '®7Re ion
current of approximately 6x10 *2A. This method was believed
to be reproducible to within #20 °C for most rhenium filaments.

Modification of the source flange to include a small
diameter window made temperature determinations with an optical
pyrometer the preferred method. Because the scale of the
pyrometer was calibrated in increments of 20 °C, the optimum
temperature was changed to 2160 °C for convenience. Pyrometer
mcasurements quickly revealed that the temperature drifted
downward approximately 20 °C during the first few minutes of
heating. After readjustment to 2160 °C, the temperature
remained nearly constant for long periods of time. As the
filament developed cracks or "hot spots" the temperature
increased, and continued to increase until burnout occurred.
The response of the rhenium signal closely paralleled the

trends of the temperature, and as the filament developed "hot
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spots" the signal intensity started a continuous growth cycle
that ended in filament burnout.

| There are shortcomings in the exclusive use of either of
these methods but the -optical pyrometer is superior and more
precise. The constant rhenium signal intensity method is
dépendent upon any parameters which change the transmission
of the source or the ionization efficiency of the filament.
Pyrometer measurements are free of these restraints and only
require a stain free window and a mihimum of shadow on the
filament. Monitoring the rhenium éignal was not discontinued
but was used as a secondary reference to mutually support the
‘pyrometer measurements or serve as an indicator of abnormal
instrumental or analytical conditions.

'D. Sample Size

The optimum amount of uranium necessary for an analysis
of the SRMs was determined experimentally and is primarily a
product of perfofmance and analytical experience. The prime
requisite was the ability to complete an analysis using only
a small fraction of the total sample on the filament and to
avoid making ratio measurements under the gross fractionation
conditions of complete sample depletion. . A large uranium
sample size also made it possible to measure a wide range of
1on current ralios under the same thermal fractionation con-
ditions.' Some of the prime indicators used to make a decision
: about the optimum sample size were the rate of change of the
2357y/238y patio, the maximum signal intensity obtainable and
the length of time it was maintained.

Initially, approximately 400 ug of uranium was considered
to be optimum for an analysis and was used for several years.
Prior to use of a "Z" lens source the sample size was reduced
to approximately 200 ug because of improvements in the trans-
mission characteristics of the spectrometer, improvements in
the analytical procedure, and identification of some of the

bias components necessary for precise and accurate isotopilc
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measurements. The development of a "zZ" lens source made a
further reduction of sample size by at least a factor of three
reasible but was rejected to kéep this parameter constant for
211 uranium SRM measurements.

Calibrated micro-pipettes were not used to measure the
volume of solution placed on each sample filament because of
the greater probability of sample cross contamination and the
increased cost and time involved in sample mounting. Uncali-
prated, throw-away pipettes are prepared from 5 mm pyrex glass
tubing, are thoroughly cleaned, and are consldered to be gulck,
inexpensive and safe with respect to cross contamination. The
chief disadvantagc of the unoalibrated pipette is visual deter-
mination of drop size, and the inability to precisely reproduce
the required volume of solution for each filament, or between
different sample loadings. Variation in the volume of solution
is believed to be large enough to cause a 25 percent variation
in the total sample size. With the relatively large amount
of uranium used for an analysis (200 ug), this variation is
not critical and the effect wasyless than 0.05 percent of the
ratio at the 95% C.L. [9]. Figure 4 shows the tip of a throw-
away pipette after depositing a drop of solution on a sample
filament. Figure 5 is a close-up of the sample after conver-—
sion to the yellow oxide of uranium.

For years the volume of solution deposited on a filament
was estimated to he 1/50 of an ml or approximately 20 micr-
liters. Using this guideline each drop of solution from a
5 mg U/ml solution contained 100 pg of uranium. Recent cali-
bration of the drop size with a calibrated micro-syringe
indicated the volume of solution was approximately 15 micro
liters and the estimated quahtity of uranium per drop was
75 ug. This evidence strongly indicated that all previous
estimates of the amount of uranium per analysis was more of

an upper limit and a better average estimate was 150 ug.
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Figure 4. Deposition of sclution on a sample filament.

Figure 5. The yellow-orange oxide of uranium on a sample
filament.
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E. Time

Because of preferrential evaporation and ionization, the
isotopic composition of the uranium on the sample filaments
is continuously changing. The change in composition is also
peflected in the ratio of 23%U/%%®U ion currents detected at
the collector. A plot of the observed 2°°U/%238U ratio versus
time over several hours of heating and under controlled analyt-
ical conditions gave a fractionation curve with a measurable
slope. When sample filament temperature and sample size were
variables; a series of curves with different slopes was
obtained. When these two parameters were constants for all
analyses, a series of curves was obtained with approximately
the same slope. In general the shape of the fractionation
curve 1s a characteristic of the temperature, time and sample
size parameters used. The ratio of the light (?3°U) to heavy
(2387) isotope decreased with time and was not reversible once
heating of the filament was commenced.

F. Sample Mounting

The method of depositing a drop of solution on a filament
and converting it to the desired form is discussed as a param-
eter because of the potential of unwittingly effecting a net
reduction in sample size. The objective of the mounting pro-
cedure is to efficiently convert uranyl nitrate to the oxide
and to bind the sample to the filament so that it does not
fall or flake off. Uranium oxide (UO3) is a preferred sample
form since it is more refractory than uranyl nitrate and is
not depleted from the filaments as readily.

Conversion to UO3; was performed in a fume hood. The
magnitude of the electrical current used to heat the sample
and the final coloration of the sample were monitored to
determine the effectiveness of the process. The sample was
subjJected to the cooling effect of alrflow which was dependent
upon the degree of cleanliness of the absolute filter and the

position of the hood door. The electrical current necessary
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to convert the sample fluctuated in direct relationship with
the volume of airflow and made curfent readings nothing more
than a coarse indicator. The fine adjustment was to heat the
gsample until the color of the oxide was observed to change to
a yellow=-orange.

Failure to efficiently convert to uranium oxide meant
that a significant portion of the sample was the more volatile
uranyl nitrate and was evaporated from the filament in signifi-
cant amounts at temperatures less than 1200 °C. The remaining
uranium oxide sample could be abnormally small and the net
result would be a pfobable increase in the rate of change of
the isotopic ratios with time. Drying the sample too quickly
or heating it too hot usually produced poor contact between
filament and sample which invarilably f'laked of'f" when subjected
to either mechanical or thermal shock. At the conclusion of
the mounting procedure filaments were inspected to ascertain
if there was any migration of solution to the ends or reverse

side of the filament away from the ionizing filament.

G. Total Sample Composgition

Solutions of uniform and high chemical purity are essential
for accurate determination of the absolute isotopic abundance
of any element. High concentrations of impurities require an
increased sample filament temperature to obtain the standard
signal intensity for an analytical procedure. The increased
sample filament temperature can be a source of bias when com-
paring or pooling data from the analysis of samples of variable
chemical purity. Frequently, this type of temperature compen-
sation was small and not always detected by the analyst but
the net effect was usually a decrease in analyticél precision
of the measuremeht.

Onece contaminant fons are identified, chemical processing
will normally reduce the concentration below the critical level.
For uranium analysis sodium and potassium were the major inter-

ferring elements and, although normally present in only trace
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quantities, required special precautions to maintain below the
critical level. Sodium and potassium were also constituents
of the rhenium ribbon and the filament post. Degassing prior
to analysis in the mass spectrometer was used to reduce the
concentration of these elements below the critical level that
produced interference. |
Potassium is also the source of a polymer (Kg) which pro-
duced backgrbundvpeaks at mass 234 and 236. When present the
background peaks produced broad bases and abnormally sloped
peak tops for 2°%U and 2°%U. With adequate precautions to
maintain a minimum potassium concentration in the uranium
solutions, and degassing of filaments, the potassium polymer
was not detected at a 1x10 '%A ion current sensitivity.
' Suspected organic peaks were occasionally detected during
the sample degassing phase of an analysis at an ion current
intensity of approximately 2x10 *3A. After a brief cooling
and pumpdown period, organic peaks were not detectabie with
an ilon current sensitivity of 1x107!'*A. Organic peaks were
bbserved when high gain ion multipliers were used. This back=-
ground was persistent and was not degraded below the detection
level of the multiplier over extended periods of heating when
ionizing filaments were operated at 2160 °C. Reducing the
ionizing filament temperature below 2000 °C reduced the back-
ground below the detection limit of the multiplier.

H. Acidity

Isotopic analysis of uranyl nitrate dissolved in water
revealed that a significant number of these samples were
"hard" to analyze and required higher sample filament temper-
atures to obtailn the standard signal intensity. Operation at
the higher temperatures produced an increased rate of frac-
tionation which resulted in a systematic difference in the
data for "hard" solutions. This error term was estimated to
be as large as 0.25 percent and was eliminated by adjusting
all solutions to a constant acidity. With a constant acidity
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all samples were "hard" to analyze and responded uniformly
without any detectable systematic temperature differential
between samples.

After speéific analytical procedures were developed, the
effects of variable acidity and sample size were evaluated
under low temperature and high temperature signal conditions.
SRM U-500 was used as a working standard and was prepared in
a nearly neutral solution (nitric acid solution evaporated to
dryneés on a steam bath and dissolved in water) and in acid
solutions of 1; 5 and 10 percent [9]. Statistical analysis
of the data revealed no systematic differences for the acid
solutions as large as 0.05 percent at the 95% C.L. There was
a small (<0.1%) systematic difference between the nearly
neutral solutions and acid solutions ahalyzed under low
temperature signal conditions.

The work on uranyl nitrate dissolved in water established
the need for the acidity to be constant.for all solutions and
was reinforced by the experiment under controlled analytical
conditions. For the certification analysis of the uranium
SRMs, the U30g was dissolved in nitric acid (1+1) and diluted

to a final concentration of nitric acid “1+70):

I. Filament Material

Rhenium was the only filament material used for canium
analysis. Rhenium was preferred to tungsten and tantal.
because of a higher lonlzatlon efficiency and a lack of  anium
background which was not detected at a 10”!5A ion current
sensitivity. The material was prepared to be especially "fr "
of organics and the alkali elements but there were always
detectable ion currents of sodium and potassium. The hack-
ground of the filamentvassembly was further reduced before use
in the spectrometer by degassing for é minimum of one hour in
a vacuum and under a potential field. Failure to apply a
potential allowed the contaminants to remain in the immediate
‘volume of the filament and the cleaning process was inefficient.
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The surface tension of a cleaned filament was reduced and
solutions migrated to the edges, ends, and reverse side of the
filament before drying. Thus, only limited degassing of the
sample filaments was beneficial. Affer the sample was inserted
into the spectrometer, the filament and sample were heated for
a total of 45 minutes as part of the analytical procedure
before data were taken. This final heating step was sufficient
to insure insignificant background contribution from the sample

or filament.

J. Pressure ,

Early in the development of the uranium analytical method
samples subjected to overnight pumpdown frequently required
abnormally high sample filament temperatures or a brief period
of overheating to produce the same standard signal intensity
as samples with only several hours of pumping. This tempera-
ture differential between samples was the source of a small
but significant bias component which was reduced by installing
a cryogenic pump (liquid nitrogen coldfinger) in the sourée
housing. The cryogenic pump made it possible to achieve a
more uniform vacuum between samples and, after a short pump-
down (<1 hour), to obtain vacuums comparable to overnight
pumpdown.

Subsequent to the introduction of the source cryogenic
pump, the flight tube was modified to include a beam valve [11].
The beam valve made it possible to isolate the flight tube and
eliminated the regular venting to atmosphere in order to change
the sample in the source housing. Except for sample degassing
and the isotopicianalysis, the flight tube was isolated and
was maintained at a pressure of 10 °? torr. Near the end of
the uranium program and during the analysis of SRM U—0002 it
was observed that under normal operating conditions, the
collector vacuum was improved to the extent that the mean free
path of scattered electrons was long enough to produce baseline

interference of a few parts per hundred thousand of the major
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peak. This interference was a significant part of the 23°5U
peak height but was not detected during degassing and was not

a problem during previous uranium analyses. The interference
was eliminated by devising a procedure to complete the ratio

measurement before the collector vacuum could become too high.

K. Non-ohmlc Response

Vibrating reed input resistors of 10!! ohms exhibited a
non-ohmic response for ion Currents significantly greater than
5%10"'!'a and became the source of an intensity dependent bias
compbnent. The standard operating procedure to eliminate the
problem was the use of a 10!! ohm input resistor for ion cur-
rents less than 5x10 ''A and switch to a 10'° ohm input resistor
for ion currents significantly greater than 5x10 !'!A. The 101!°
bhm resistors eliminated non-ohmic response as a major bias
component but reduced the amplified output of the VRE by a
factor of 10. For some isotopic distributions, unless a
compensating increase in the total signal intensity was made,
the reading error in determining peak heights significantly

limited the precision of the measurement.

L. R-~C Response

R-C response of the measuring circuit is a source of bias
when comparing large:ion current ratios (>20). It was not
identifiable for an ion current ratid of 20, but was detectable
for a ratio of 30 and became more pronounced as a ratio of 200
was approached. When switching from a 107!°A to a 107!'3A ion
current and allowing several seconds for the circuit to stabi-
lize, the R-C response component was at  least 0.3 percent of
the small peak height. Failure to fully recover would result
in an apparent enrichment of the smaller isotope and without
adequate calibration standards such data would be bilased
significantly. Sufficient data was accumulated to prove that
the measuring circuit did stabilize within 30 seconds and the
recovery was more than 90 percent complete. Even with cali-

bration standards it was necessary to change from the normal
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cycle of equal 30 second observations per peak for 23°U/238Qy
measurements to a cycle of 30 seconds for the major peak and
60 seconds for the minor peak. The first half of the 60
seconds observation was for the measuring circuit to stabilize
and the remaining half was used for data. Although the accu-
racy improved with sufficient time for the measuring circuit
to stabilize, the'precision did not reflect it. Because of
the longer time intervals there was some difficulty in aligning
peak ftops fto deftermine average peak heights uniess the ion
current emission was nearly linear.

When mass scanning to compare the minor isotopes to either
2357 or 233U a minimum separation of 45 seconds between peak
tops was maintained to minimize the effects of R-C response.
The 235U peak was quickscanned (v2 seconds) during isotope
dilution analyses to avoid the full effect of a large 235U
ion current on the Faraday cage. For this type of analysis
the 2%°U intensity was maintained below the level that would
saturate the measuring circuit or require an abnormally longer
recovery period even when it was only momentarily collected

on the Faraday cage.

M. Memory
Memory or cross contamination between samples was not a

significant bias component during thermal ionization analysis
of uranium. Only one documented case of source memory was
observed. This occurred early in the uranium program and was
easily detected because the contaminant was 233U and was not
a constituent of the sample analyzed. No other significant
indication of memory was ever detected. After the original
Source shield was modified to remove a "skirt" that extended
Over the drawing-out and discriminator plates, the chance of
Source memory was significantly reduced.

The standard procedure for minimizing possible memory
contributions was to limit the analysis of SRMs on a source
to a 20 percent 233y abundance range and to clean the source
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after approximately 40 analyses. Further tests were made by
analeing separated isotopes on sources with a large number
of SRM analyses and comparing the results with separated
isotope data obtained on a cleaned source. Another technique
was tb anglyze both separated isotopes on the same source

and compare the data with results from a cleaned source. The
final conclysion was that under normal operating conditions

source memory was not significant.
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5. MASS SPECTROMETRIC ANALYTICAL METHOD

A. Introduction

Because the light isotope is prefereﬁtially depleted from
a heated filament and since the isotopic composition is coh—
tinuously changing, it is necessary, for precise and accurate
isotopic composition measurements, to approximate the same
fractionatibn Curve and the same point in time on the curve
for each analysis. Under these restraints all ratio measure-
ments are made over the same time span for each analysis and
the bias effects of fractionation are evaluated and appropriate
corrections made. A fixed analytical procedure is the means
of reproducing the same fractionation curve for each analysis,
and it gives the parameters and procedure for obtalning a
specified ion current intensity. All parameters must be accu-
rately reproduced and the rules of the procedure strictly
adhered to in order Tto maintain the same experimental condi-
tions for all analyses. Failure to be consistent will have a
dircet cffcet on the obscrved data and 1s detrimental to the
precision and accuracy of the ratio measurement.

The analytical method for uranium isotopic analysis con-
sisted of sample mounting, sample degassing, and the procedure
or heating pattern for obtaining ion emission for the ratio

measurements.

B. Sample Mounting

The same mounting procedure was used for all SRMS. One
drop of solution (75-100 ug of U) Was placed on each sample
filament and evaporated to dryness with a heat lamp and an
electrical current. The electrical current was adjusted in
the following manner: 1 A for 5 minutes; 1.3 A for 3 minutes;
slowly increased until the yellow-orange oxide forms (between
1.8-2.3 4).

Rapid evaporation of the solution usually produced poor
COntacf between filament and sample. Under these conditions
significant amounts of material flaked off when subjected to
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mechanical shock. Overheating of the sample produced a black
uranium oxide which was judged to be inferior in performance
to the yellow-orange oxide. Overheating also produced weak
contact between the filament and the sample which resulted in
material flaking off when the sample filaments were'operated
at high temperature (1400-1600 °C).

' The sample filaments were placed into the filament block
with an lonizing filament and alignment Was made visually.
The ionizing filament was centered in the block and the sample
filaments were moved away (0.005-0.010 inch) from the edges of
the ionizing filament. The completed assembly was inserted

into the mass spectrometer and pumpdown commenced.

C. Degassing

Each sample was degassed for 15 minutes and then allowed
ﬁo cool for a minimum of 30 minutes before the analysis was
begun. When the source pfessure was less than 3x107 8 torr,
liquid nitrogen was added to the source coldfinger and degas-
sing was accomplished.in the following manner: adjust the ion
accelerating voltage to 8 kV; adjust the ionizing filament
temperature to 2160 °C and set the sample filament currents
at 1.5 A. After 3 minutes of heating readjust the ionizing
filament to 2160 °C and set the sample filament currents at
1.9 A. All filamentls dare turned off after a total of 15 minutes
of heating. The '®’Re signal at the start of degassing was
approximately 1.4x107!'A and decaying. The initial surge of
volatile material from the sample and filaments made an ion
accelerating voltage of 10 kV prohibitive because of the
greater freqﬁency of high—voltage breakdowns.

Degassing dehydrated the sample and depleted the filaments
of interstitial oxygen which were gources for formation of
significant oxide ions (UO+). Once’ the oxygen background was
depleted, a significant UO+ ion beam was not observed unless
there was an air leak in the system. Initially, the U+/UO+
ratio was small, but the UO+ intensity decayed much faster

Ly



than the U' ion current and was normally less than 107 13A
within 10 minutes of heating. If U" ion currents were not
degradeable to the 10 '2A range during degassing, it was
taken to be an indication of incomplete or inefficient con-
version of uranyl nitrate to the oxide. Apparent failure to
deplete the filaments of unconverted uranyl nitrate was a
critical indicator and was cause to terminate the analysis.
Degassing was also helpful in the degradation of potas-
sium, sodium, and orgahio materials below the critical level
that could cause interference, Organic background peaks were
not measurable and were'difficult to detect because their
intensity was approximately the same as the 1x10 !®A background
noise of the measuring circuit. Degassing followed by a brief
period of source cooling and pumping, reduced low level irreg-
ularities in the baseline below the detection limit of the
spectrometer., The critical check for organics was made during
the first 30 minutes of an analysis and, if suspected organic

peaks were observed, the analysis was terminated.

D. Analytical Procedures (Heating Pattern).

Two specific heating patterns were developed to obtain
standard ion current intensities for uranium ratio measure-
ments.. The low temperature and high temperature procedures
have been described previously [9] for instruments without
"Z" optics. Since publication of this report, both procedures
were modified to include use of an optical pyrometer to deter-
mine ionizing filament temperatures, and the high temperature
procedure was changed to take into account the increased
transmission of the "Z" source. Because of the wide isotopic
distribution of uranium SRMs, it was impossible to operate at
two standard ion current intensities and obtain maximum pre-
cision for each SRM. A general procedure was developed and
is flexible enough to be used over a wide range of isotopic

distributions and sample sizes (1-400 ug).
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1. Low Temperature Procedure

The low temperature analytical procedure was developed
and used primarily for 23%U/23%U ratio determinations of SRMs
U-930 to U-050. A total ion current of approximately 3x10” !4
was sufficient to make expanded peak height determinations
with the desired precision. When the "Z" lens source became
standard on all mass spectrometers in the laboratory, the
.options were continued use of the old procedure or development
of an equivalent procedure for the "Z" source. Both types of
low temperature procedures were gsuccessfully used, and it was
finally decided that the original procedure offered the best
chance of maintaining the sample filament temperatures well
within the desired limits (from 1200 °C to <1400 °C). Thus,
the procedure described in this section is basically the same
as was previously reported.

Details of the low temperature procedure are:

Time from start Procedure
(minutes)

0-1 The ionizing filament'temperature is adjusted
to 2160 °C and the sample filament currents
are set at 1.5 A. The '®7Re peak is located
and focussed (course) for maximum intensity.
The !'®7Re ie normally 1.5-1.8x10"*!A and
decaying. The stability of the rhenium

signal is considered critical and, if unstable

or erratic, the analysis is terminated. The
most probable causes of an unstable signal
are a defective filament, large alkali back-
ground, or electronic instability, etc.

5 The ionizing filament temperature will
normally drift downward approximately 20 °C
and is readjusted to 2160 °C.

L6

Time fron
(minut

6

12

17

18

19

24

30



Time from start
(minutes)

6

12

17

18

19

24

30

Procedure

The sample filament currents are increased

to yield a 1x107!'a (100 mv) U¥ grid signal.
The focus controls are adjusted for maximum
intensity.

The sample filament currents are increased

to yield a 2x107''a Ut grid signal.

The ionizing fiiament temperature is checked
to verify stabilization at 2160 °C and, if
necessary, adjustments are made.

The semple filameht currents are increased
to yield a 3x107'!a U' grid signal.

The U+ signal is focusséed for maximum
intensity.

If the U+ grid signal intensity has changed
significantly (25x107'2A), the sample filament
currents are readjusted to yield 3x1071!a.

The uranium mass range is scanned to determine

baselines.

The ratio measurcment is started. The ut gria
signal is expected to be approximately 3x107 114
and growing siowly; Ten peak sets of data are
taken by magnet switching between peak tops.
anh peak top is monitored for 30 seconds
except for measurement of ion current ratios
greater than 20. Then the observation cycle is
changed to 60 seconds for the small peak end

'30 seconds for the large peak. . One half of

the longer observation is allowed for recovery
from R-C response - effects and the latter half
is used for data. The measurement is concluded
with a mass scan to determine baselines.

b7



2. High Temperature Procedure

The high temperature procedure was developed to provide
large U" ion currents to make precise determinations of minor
isotope composition. The procedure is specifically designed
for an internal normallzation using the ??°U/?®°®U ratio of
uranium as a known to evaluate bias effects for each individual
analysis. The chief prerequisite is an accurate value for the
235(7/238)] patio and realization that this ratio and the ratios
to be corrected must be of the same magnitude or in the same
response region of thé measuring circuit. Also at ion current
intensities of 107 !%A a constant awareness of non linear
responses of the measuring circuit must be maintained, and
adequate precautions taken to reduce their effect on the data.

Thus, the first step in determining the isotopic compo-
sition of a uranium sample is to use the low—temperature pro-
cedurc, wherc applicable, in a separate experiment to obtain
an accurate value for the 2°%U/2%®U ratio. Then the high
temperature procedure is used in another experiment to determine
234%7 gnd 238U abundances. The best method of evaluating the
filament bias for. the minor isotope measurement is an internal
normalization using the 235U/238U ratio as a known. This
technique 1s a very precise and sensitive method of correcting
for bias effects since a correction is made for each analysis
according to its position on thé fractionation curve. For an
internal normalization some of the analytical control procedures
and parameters, such as time, can be relaxed and the loss in
precision in the average blas correction between analyses does
not effect the corrected data.

The alternative technique for evaluating filament bias is
to analyze a standard of known 2°°U/2%8U ratio and the sample
to be calibrated under identical experimental conditions. The
observed *°°U/*°°U data of the standard is used to calculate
correction factors which are applied to the observed data for
the unknown sample Lo obtlaln corrected values [or the 1sotoplc

composition.  In contrast to internal normalization, there must
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pe strict adherence to the rules of the analytical procedure
or there will be a serious loss in precision in determining
the average filament bias correction which has a direct effect
on the corrected isotopic composition. '

Details of the high-temperature procedure are:

Time from start Procedure
(minutes)
0-1 The ionizing filament temperature is adjusted

to 2160 °C and the sample filament currents
are set at 1.5 A. The '®’Re is normally
1.5-1.8x10"*'A and decaying. The stability
of the rhenium signal is considered critical
and, if unstable or erratic, the analysis 1s
terminated. The most probable causes of
unstable signals are a defective filament, a
large alkali background, or electronic
instability, etc.

5 The ionizing filament temperature will normally

drift downward approximately 20 °C and is
readjusted to 2160 °C.

6 The sample filament currents are increased to
yield a 1x1071%4 Ut grid signal. The focus

controls are adjusted for maximum intensity.

12 The sample filament currents are increased
to yield a 2x107!%a Ut grid signal.

17 The ionizing filament temperature is checked
to verify stabilization at 2160 °C and, if
necessary, adjustments are made.

18 The sample'filament currents are increased
to yield a 3x107!°A U grid signal.

19 : The U+ grid signal is focused for maximum

intensity.
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Time from start
(minutes)

24

30

Procedure

If the ut grid signal intensity has changed
significantly (£3x10”!!'A), the sample filament
currents are readjusted to yield 3x1071!°a.

‘The uranium mass range is scanned to determine

baselines.

The ratio measurement is started. The ut
grid signal is expected to be approximately
3%x107 %A and slowly decaying or growing.

Seven peak sets of 2%%U/23%y are taken
first, by magnet switching between peak tops.
Each peak is mOnitéred for 30 seconds except
for measurement of ion current ratios greater
than 20. Then the observation eycle is
éhanged,t_o 60 seconds for the small peak and
30 sécbnds for the large peak. One half of
the longer obéervation 18 allowed for recovery
from R-C resanse effects and the latter
half is used for data.

Then 23*U and %3°U are compared with a
reference peak of 225U or a known 233U spike
by continuous mass scanning which is necessary
for accurate measurement of baselines under
the small peaks. The scan rate is adjusted

to yield a minimum of 45 seconds between peak

Finally the ratio measurement is con-
cluded with anothef 7 peak sets of 235U/2“U
data. The *°°U and %°°U baselines are
determined by mass scanning.
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3. Outline of General Analytical Procedure

Because of the different isotopic distributions of the
gRMs and the desire to operate with a maximum precision,
analytical pfocedures that would yield intensities other than
3x107**A or 3x107'°A were necessary. Both the low and high
temperaturé procedures follow a general analytical pattern that
is flexible and adaptable to a wide range of signal intensities
The general outline for most uranium isotopic measurements
is as follows: adjust the ionizing filament temperature to
2160 °C; after 6, 12, and 18 minutes of heating adjust the
sample filament currents to yield 1/3, 2/3 and full intensity,
respectively; focus for maximum intensity after 7 and 19
minutes of heating; verify the stability of the ionization
filament temperature at 2160 °C before the final sample fila-
ment adjustment is made; after 24 minutes of heating and when
necessary, reset the sample filament currents to yield full
intensity. The ratio measurement is started after 30 minutes
of heating. Baselines are determined by mass scanning at the
beginning and end of each ratio measurement.

The general guideline in selecting a procedure for the
isotopic analysis of uranium samples is to fit the procedure
to the isotopic abundance ratios so that the ion current
intensity is sufficient to provide the maximum precision in
determining peak heights, without exceeding the limit for
non-ohmic response of the measuring circuit. Hence, linearity
of the input resistor is a limiting factor in determining how
much signal i1s to be used for a ratio measurement. The other
limit on the signal intensity is the ability of the collector
to adequately suppress secondary clcctrons when a large ion
beam impinges on collector surfaces. Ion current intensities
of 107°%A are available from a 200 ug uranium sample size but
Mmeaningful measurements at this intensity are difficult for
most of the SRMs because of non-ohmic response and the bias
effects of scattered electrons. Since obtaining sufficient

signal intensity is not a major problem, the rate of frac-
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tionation is the next factor to be considered. Once the
precision requirements for peak height determination are
satisfied and adequate attention is devoted to possible non-
linear effects, the best procedure is the one that yields the
smaller rate of fractionation.

Since the characteristic bias of both basic procedures
were well known, these procedures were used as known points
of departure for obtaining ion current intensities other than
those associated with the basic procedurcs. Therefore, select-
ing a procedure to fit. a particular isotopic distribution was
essentially modifying one of the existing procedures by
obtaining either more or less than normal intensity. The
only parameter that was changed to obtain a given ion current
intensity was the sample filament temperature. Once the
magnitude of the ion current intensity was fixed, temperature
adjustments were always made according to the restraints of
the general procedure described above. The advantage of this
technlque was the ability to predict the direction of change
of the filament bias and also its approximate magnitude.

Thus, a modification of the low temperature procedure to pro-
vide approximately 6-7x10"''A of ion current would require an
increase in sample filament temperature which would produce

an increased rate of fractionation. At the higher rate of
fractionation and with all other parameters constant, the
filament bias was less than the normal low temperature bias

of 0.45 percent. Under these conditions, and knowing the bias
for high temperature conditions, it was possible to accurately
predict a bias of between 0.4 and 0.3 percent for the modified
procedure.

The basic procedures have been discussed along strict
functional lines of low temperature for ?3*°U/2%°%U ratios and
high temperature for minor isotopés but these procedures are
not restrictive in application. When the 235U abundance is
greater than 95%, minor isotope determinations are usually

made with a modified low temperature procedure to limit the
52



pnagnitude of the ?°°U ion current and to avoid non-ohmic
response of the input resistor or saturation of the amplifier
circults to the extent of not recovering in time for minor
igotope detection. Also, the high temperature procedure can
pe used for 235U/23%y ratio measurements with approximately

the same precision as the low-temperature procedure.

E. Role of the Operator in the Analytical Method

A direct comparison of isotopic data for multiple analysis
of a single sample or fror analyses of many different samples
is meaningful and valid, only if all analytical parameters
are identical or maintained Within experimentally establishcd
limits, where the effect of a variation is known or is of
1ittle influence on the measurement. The task of the operator
is to provide the necessary quality control to insure that
each analysis falls within the prescribed analytical specifi-
cations. To accomplish this task it is necessary to verify
the correctness of instrumental parameters, make a judgement
as to the normalcy of the ion emission and stability, recognize
and detect instrument malfunctions, and avoid procedural errors
that could effect the precision and accuracy of the ratio
measurement. Although the operator may give the utmost in
care and attention to remain within the constraints of the
procedure, a significant but small percentage of all uranium
analyses will deviate from the normal pattern and must be
terminated. Termination of an analysis is made by the operator
as soon as it is determined that the analysis is abnormal or
that an unspecified of improper adjustment has been made.
Termination or rejection is always made before isotopic ratios
are calculated. If the ratio is calculated, it must be
accepted along with all other data until a sufficient number
of analyses are made to define the limits for the experiment.
If the limits are inadequate the entire series of measurements
is repeated.
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When the operator performs ideally and accomplishes his
task, he is merely an appendage of the instrument and does not
significantly increase the confidence limits of the measure-
ment. When the operator performs poorly or unsatisfaetorily,
not only are the confidence limits expanded but the operator
is 1ike1y to become the limiting factor in the measurement.
Thus, a large number of man-hours invested in chemistry and
instrumentation are negated by a failure to be consistent or

reproduce the same experimental conditions for all analyses.

F. Precision of the Analytical Procedures

The extensive development of the low and high temperature
procedures resulted in a degree of refinement that allows
thege procedures to be used as reference techniques to evaluate
mass spectrometric irnstrumentation and also as a performance
evaluation in training an operator. The bias correction for
both.procedures is reproducible to within 0.03 percent under
controlled analytical conditions.

After a new mass spectrometer is assembled, the first
analytical measurement series is a determination of the |
2357y/238y patios of SRMs U-050 through U-930. This series of
measurements has been designated as a systems calibration and
is performed for each new or rebullt 1Z2-inch radius of curva-
ture instrument before it is used for any‘other isotopic
measurements., The systems calibrétion tests the linearity of
the measuring circuit over a wide range of isotopic ratios by
evaluating the filament bias with a fixed analytical procedure.
The low temperature procedure was the preferred and most used
for the systems calibration becausge of the lower rate of
fractionation. Since the only bias measureable, over the
ratio range of 20 to 0.05, is a known constant for the low
temperature procedure and is due to fractionation effects in
the evaporallion and loniszalion process, analysis of Lhese
SRMs will quickly reveal any systematic error contributions

from the measuring circuit.
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Once a systems calibration has been performed on a mass
spectrometer, the instrument is then avallable for general
isotopic analyses and is also useful to evaluate the performance
of a trainee in using a procedure for isotopic analysis. All
assigned personnel of the Analiytical Mass Spectrometry Section
who regularly use an instrument for isotopic analysis and all
trainees or guest workers are requlired to successfully complete
the systems calibration before attempting extensive analytical
prbgrams for other elements. Thus, the characteristic filament
bias of the analytical procedure becomes a reference point and
the operator must learn how to accurately reproduce the exact-
ing conditions of the procedure for every analysis. When an
opérator makes the initial attempt to follow the instructions
of a fixed procedure, there may be some minor and unavoidable
differences in what he is doing and Whaf the specifications
of the procedure are requesting. These differences are fre-
guently systematic Z.e. consistent use of a slightly different
filament temperature, sample size or time span for completing
the ratio measurement. Procedural variations of this nature
may ylileld a systematic difference between the data of the
operator and the known bias of the analytical procedure. These
differences are usually small (<0.05%) for uranium analysis
and are gradually reduced as Lhe operalor gains more experlence
with the mechanics of the method. Although the low temperature
procedure was preferred for making the systems célibration,
other procedures are valid and were used. The high temberature
technique and an "intermediate" technique with biases of 0.2
and 0.3 percent, respectively, were used. Also, a systems
calibration was made using a 40 pg sample size instead of the
normal 200 ug sample sgigze. ‘Regardless of the type procedure
selected for the systems calibration, nearly constant use of
this procedure is recommended because it equates all instruments
and operators to the same reference point at a precision of a

few parts in ten thousand.
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When the operator performs ideally and accomplishes his
task, he is merely an appendage of the instrument and does not
significantly increase the confidence 1limits of the measure-
ment. When the operator performs poorly or unsatisfaétorily,
not only are the confidence limits expanded but the operator
is likely to become the limiting factor in the measurement.
Thus, a large number of man-hours invested in chemistry and
instrumentation are negated by a failure to be consistent or

reproduce the same experimental conditions for all analyses.

F. Precision of the Analytical Procedures

The extensive development of the low and high temperature
procedures resulted in a degree of refinement that allows
these procedures to be used as reference techniques to evaluate
mass spectrometric instrumentation and also as a pertormance
evaluaﬁion in training an operator. The bias correction for
both procedures is reproducible to within 0.03 pcrecnt under
controlled analytical conditions.

After a new mass spectrometer is assembled, the first
analytical measurement series is a determination of the
233y/23%8y ratios of SRMs U-050 through U-930. This series of
measurements has been designated as a systems calibration and
is performed for each new or rebuilf 12-inch radius of curva-
ture instrument before it is used for any other isotopic
measurements. The systems calibrdtion tests the linearity of
the measuring circuit over a wide range of isotopic ratios by
evaluating the filament bias with a fixed analytical procedure.
The low temperature procedure was the preferred and most used
for the systems cdlibration because of the lower rate of
fractionation. Since the only blas measureable, over the
ratio range bf 20 to 0.05, is a known constant for the low
temperature procedure and is due to fractionation effects in
the evaporation and ionization process, analysis of these
SRMs will quickly reveal any systematic error contributions
from the measuring circuit.
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Once a systems calibration has been performed on a mass
Spectrometer, the instrument is then available for general
ijsotopic analyses and is also useful to evaluate the performance
of a trainee in using a procedure for isotopic analysis. All
assigned personnel of the Analytical Mass Spectrometry Section
who regularly use an instrument for isotopic analysis and all
trainees or guest workers are required to successfully complete
the systems calibration before attempting extensive analytical
programs for other elements. Thus, the characteristic filament
pias of the analytical procedure becomes a reference point and
the operator must learn how to accurately reproduce the exact-
ing conditions of the procedure for every analysis. When an
operator makes the initial attempt to follow the instructions
of a fixed procedure, there may be some minor and unavoidable
differences in what he 1s doing and what the specifications
of the procedure are requesting. These differences are fre-
gquently systematic <.e. consistent use of a slightly different
filament temperature, sample size or time span for completing
the ratio measurement. Procedural variations of this nature
may yleld .a systematic difference between the data of the
operator and the known bias of the analytical procedure. These
differences are usually small (<0.05%) for uranium analysis
and are gradually reduced as the operator gains more experience
with the mechanics of the method. Although the low temperature
procedurc was prcfecrrcd for making the systcems calibration,
other procedures are valid and were used. The high temperature
technique and an "intermediate" technique with biases of 0.2
and 0.3 percent, respectively, were used. Also, a systems
calibration was made using a 40 pg sample size instead of the
normal 200 ug sample size. <Regardless of the type procedure
selected for the systems calibration, nearly constant use of
this procedure is recommended because it equates all instruments
and operators to the same reference point at a precision of a

few parts in ten thousand.
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When the objective of an experiment is to determine the
absolute abundance ratios of a sample or a group of samples,
more freedom is allowable for systematic differences in pro-
cedure between operators or between experiments, as long as
these differences are reproduced for each operator or for each
experiment. If these differences are allowed, a correction
factor must be experimentally determined by each operator and
for each experiment. Different sets of parameters are allow-
able since the bias correction is due to fractionation effects
and, if each set of parameters is precisely reproduced as a
set of constants, the abundance ratios will be averaged at
fixed polints on different fractionation curves. But as long
as known calibration standards are avallable and are analyzed
under the same experimental conditions as all the samples 1n
the same experiment, accurate corrections for differences in
fractionation between two different experiments can be made
and the corrected data should fall within the experimental
limits referenced to absolute. Thus, it is practical and
possible to make isotopic measurements without insisting upon
reproducing the exact procedure for each experiment or that

each operator obtain the same correction factor.
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6. ABSOLUTE 235U/2?3%U ABUNDANCE RATIOS OF URANIUM SRMs
U-970 THROUGH U-005

A. Introduction

Absolute isotopic abundance studies by the Analytical Mass
Spectrometry Sectlon of the Natlonal Bureau of Standards include
silver [16], chlorine [17], copper [13], bromine [18], chromium
[15], magnesium [14], lead [19], boron [5] and rubidium [6].
Exclusive of boron and lead, where sets of 2 and 3 SRMs were
certified, the end product was a single standard with an
accurately known isotopic composition and atomic weight. In
all of these studies it was possible to make a complete set
of isotopic measurements in a relatively short time span.

The goal of the uranium isotopic program was to determine
the absolute isotopic composition of 18 samples that were to
be certified as SRMs. These SRMs were established by the
Atomic Energy Commission (AEC) to serve as quality control
standards within the AEC complex. Uranium SRMs are available
to AEC contractors, AEC or state licensees, and foreign gov-
ernments which have entered an Agreement for Cooperation with
the U.S. Government concerning the Civil Uses of Atomic Energy.
Because of significant variation in nature [20,21,22,23,24,25,
26,27,28] and the wide range of isotope distributions from man
made processes, a well characterized set of uranium standards
that are available to meet the needs of commercial suppliers
of uranium are essential and invaluable. Since this is the
most extensive set of isotopic standards with known absolute
isotopic compositions for any element, they are finding
increased use in evaluating and calibrating mass spectrometric
measuring circuits. .

The isotopic measurements were completed over an extended
period as a series of independent self contained expériments,
until the data was acquired for all 18 SRMs. The general
experimental épproach was to determine the absolute 235U/238y
ratio using synthetic calibration mixes of known isotopic
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composition and then in a separate experiment determine minor
isotopic composition by 233U isotope dilution. With these
bits of information, the smaller of the major isotopes (23°U
and 238U) was calculated directly and the composition of the
remaining isotope was determined by difference.

The only measurable bias was the temperature and mass
dependent fractionation factor related to the ionization process
in the source. Thus, for the instruments used in this study,
it was necessary to demonstrate that a single correction factor
was valid over a wide range of isotopic ratios. Calibration
mixes prepared from nearly pure separated isotopes of 235U and
2387 were used to evaluate the bias factor at 235U/23%%U ratios
of 10, 1, and 0.1. The bias was a constant, within experimental
error, when the eamples were analyzed under identical experi-
mental conditions. By significantly changing the heating
pattcrn or incrcasing the samplc tcmperaturcs, the magnitude
of the bias was changed, but it was a constant for each set of
identical experimental conditions. The data for the low tem-

perature and high temperature procedures are given in Table 7.

B. Experimental Procedure

1. Mass Spectrometry

Isotopic measurements of the calibration mixes and the
SRM samples were made on three different single-stage solid-
sample mass spectrometers. Each instrument had a l12-inch
radius of curvature 68° analyzer tube and 60° sector magnet
and was equipped with the expanded scale-measuring circuit,
the NBS collector, source coldfinger, and triple filament
rhenium ribbons (0.001x0.030 inch) in the ion source.

The sample filaments were prepared for mass spectrometric
analysis according to the sample mounting procedure of Section
5.B. An ion accelerating voltage of 10 kV was used and ratios
were determined by measuring U+ ions. The low temperature
analytical procedure or a slight modification of this technique
was used for most measurements. In spite of the extended time
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Table 7. Comparison of the calculated 2%°U/%3®U ratio to
the observed 23%5U/23%U ratio for low and high

temperature analyses of synthetic uranium samples.

Mix Ratio of 0.1

.99564
.99523
.99574
.99488
.99520

.99534

"o w o
o o o O O

Average = O

0
0
0

Ul oW N e

Average = 0.

.99857
99852
.99786
0.
0.

99830
99783

99822

Low temperature

High temperature

Ratio of 1

0.99584
.99476
.99521
99567
.99563

o O O O

0.99542

0.99742
0.99795
0.99720
0.99851
0.99779

0.99777

Ratio of 10

0.99597
0.99590
0.99619
0.99585
0.99608

0.99%9600

0.99780
0.99786
0.99793
0.99800

0.99718
0.99775

period and the many instrumentation changes the fundamental

parameters for measuring ion currents were nearly the same

for each experiment in the series.

Because of the continuous

development and upgrading of the instrumentation, a brief

description of the mass spectrometer is included for each

series of measurements in this Section and in Section 7.

The standard procedure was to use the most advanced instru-

mentation available for the uranium isotopic abundance

measurements.
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2. Isotopic Composition of "U235" and "U238" Separated
Isotopes

.The isotopic compositions of the separated isotope samples

were initially determined by a direct comparison with the major
isotope. Then the measured 23*U of the "U235" sample and the
235y of the "U238" sample were used as target values for a
determination by isotope dilution. The isotope dilution
measurements -were made on a mass spectrometer equipped with

an ion multiplier, and corrections for the effects of bias

were made by analyzing SRM U-500 under the same experimental
conditions.

The difference between the isotope dilution data and the
data from .comparisons with the major peak was less than 1 per-
cent for the "U235" sample, and less than 1 ppm for the 23%QU
-of the "U238" sample. The isotopic compositions as determined
by the dilution technique were used as best values and the
results are given in Table 8. The 2%%U and 2%°U isotopes were
not detected in "U238" and the limit of detection was less
than 1 ppm.

Table 8. Composition of "U235" and "U238" separated isotopes.

Isotopic composition
(atom percent)

Separated isotope 234y 235y 2387 238y
ny235" 0.0442 99.8195 0.0574 0.0789
+.0005% +.0020 +.0005 +.0006
ny238" <.0001 0.0004 <.0001 99.9996
+.0001 +£.0002

2 The uncertainties are 95% C.L.
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3. U30g Ignition Procedure

a. Apparatus - Platinum Boats (Figure 6): The

poats were formed from 20%33 mm pleces of 2 mil platinum foil.
The sides were 6.5 mm high and the folds were left slightly
open to prevent material from being trapped. The boats were
cleaned by heating in hydrochloric acid (1+1), igniting to
1200 °C, heating in hydrochloric acid (1+1), rinsing with
water, heating in nitric acid (1+1), and rinsing with water.

Glass Desiccators (Figure 6): The desiccators were made

from ground glass joints fo contain the platinum boats during
movement and weighing. The weighlings were done on a 20 g
capacity microbalance so the weight of the desiccator was
limited to a maximum of 17 g. A minimum of silicone grease
was used as lubricant and sealer. The desiccators were
cleaned in hot nitric acid (1+1) before they were used on
samples with different isotopic composition.

Ignition Tube (Figure 7): A quartz ignition tube, 3 ft

long, 13 mm i.d., and 15 mm o.d. was used. End pieces of glass
were butt joined with plastic tubing. The front end piece was
13 mm i.d., had a side arm for air or oxygen entry, and was
closed with a sealed tuhe attached by a ball and socket joint.
The back end piece was a reducing adapter from 15 mm o.d. to

6 mm o.d. A separate quartz tube was reserved for each isotopic
level and was cleaned with nitric acid (1+1) before use. The
end pieces were cleaned by heating in nitric acid (1+1) before
use on the next tube.

Air and Oxygen Supply:. The air and oxygen supply lines

were copper and glass tubing, butt joined with plastic tubing.
The gasses were passed through sulfuric acid and then ascarite
and magncsium pcrchlorate before entering the sidearm of the

front end piece on the ignition tube.

Furnace (Figure 7): A tube furnace capable of continuous
Operation at 1050 °C was used. It was mounted on wheels to
€nable it to be moved back and forth over the sample area of

the ignition tube.
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Figure 7. Furnace with quartz ignition tube for ignition of
uranium oxides.

b. Procedure - The empty sample desiccator and tare
desiccators, after sitting at least one hour to reach tempera-
fure equilibrium, were opened momentarily to equalize pressure
in the desiccators and then placed on a grounded steel plate.
After waiting 15 minutes, the sample desiccator and tare desic-
cators (these were weighed each time a sample desiccator was
weighed) were weighed on a 20 g capacity microbalance. An
empty platinum boat, ignited in the ignition tube at 1050 °C
with an air flow of about 8 to 10 ml per minute, was drawn
out of the tube directly into the sample desiccator. The
desiccator was quickly closed and allowed to stand approxi-
Mmately 1 hour. The desiccator was opened momentarily and
Welghed as before.

The boat was removed from the desiccator and the sample
of uranium oxide was transferred to the boat. (All work
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involving open samplés of radioactive material was conducted
in a glove box or hood.) After transferring the boat and
sample back to the desiccator; the désiccator, boat, and
sample were weighed as before.

The boat with sample was transferred to the ignition
tube, the furnace was moved to cover the boat, and the sample
was ignited at 900 °C for 1 hour with air flowing at about 8
to 10 ml per minute. The furnace was moved back and the
sample was allowed to cool 10-15 minutes. The boat was drawn
into the desiccator and weighed as before. The ignition was
repeated at 1050.°C for 16 hours in air. After cooling the
boat was transferred to the desiccator and weighed as before.
The ignition was repeated at 850 °C for 1 hour in an oxygen
atmosphere (>99%) at a flow rate of about 8 to 10 ml per
minute. When the furnace had been rolled back and the sample
had cooled, oxygen was turned off and air was turned on at
about 10 to 12 ml per minute. After 30 minutes of air flow
the sample was removed and weighed as before. After the boat
and sample were removed the empty desiccator was rewelghed to
check for any desicdator welght change.

c. Discussion of Procedure - Glass desiccators were

used to contain the samples to prevent exposure of the sample
to moist air and to prevent contaminatibn of the balance and
surrounding area. The desiccators were constructed to weigh
not more than 17 g, so that the combined weight of desiccator,
platinum boat and sample would remain within the 20 g capacity
of the microbalance used. To achieve accurate weighing to
within a few micrograms several precautions were taken. The
desiccators were placed on a grounded steel platé and were
handled with grounded tongs, the balance was grounded and was
shielded from drafts, at least 30 percent relative humidity
was maintained in the room, and the balance was calibrated
with NBS calibrated weights. Four desiccators were weighed
with the sample desiccators so that corrections due to changes

in temperature and pressure could be applied. This correction
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nas been as large as 200 ug although it was usually less than
100 u8- The platinum boats were checked for loss on ignition
.t 1050 °C by heating at 1050 °C for 5 hours. They showed

n average loss of less than 2 ug.
The ignition at 900 °C was done so that the sample could

a

pe compared to earlier work. On samples that had consistent
jgnition loses, the ignition at 900 °C and the weighing after
the 1050 °C ignition were eliminated.

To establish a 1limit to any change in the desiccator
weight 1t was weighed after the boat and sample were removed.
A loss in weight of the desiccator could result from such
things as a chip of glass broken off from the desiccator, a
loss of lubricant or a loss of foreign particle which had been
on the desiccator before the first weighing. A gain in weight
of the empty desiccator could be due to U30s spilling from the
poat into the desiccator or to foreign particles landing on
the desiccator after the original empty desiccator weight had
been taken. These changes in weight could result in an error
in the apparent weight of U3;0g depending on when the weight
change occured. if the change happened after the empty boat
weighing and before the final sample weighing the apparent
U308 weight would be in error but if it happened before the
empty boat welghling or arfter the final sample weighing the
apparent U30g weight would not be in error. Since it might
or might not affect the U30s weight, onc-half of the empty
desiccator weight change was applied to the apparent weight
of U30s.' This correction was very small in most cases, with
the largest correction being equal to 0.004 percent.

The weight of U30g was obtained by subtracting the empty
boat weight from the ignited“at 850 °C in oxygen weight and
making the corrections for empty desiccator weight changes.

4. Preparation of Calibration Mixes Containing 2%5u/2%°%y

Ratios of 9, 1 and 0.1
a. Procedure - Each sample was ignited (Section

6,B,3) using the weight of sample calculated to give the desired
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235(;/238) patio. The platinum boat and sample were carefully
transferred from the desiccator to a 250 ml teflon bottle
wrapped in a damp paper towel to reduce any static charge on
the bottle. After both the "U235" and "U238" separated isotopes
were ignited and transferred to the bottle, sufficient nitric
acid (1+1) was added to the bottle to give a nitric acid (1+19)
solution containing 5 mg U/ml when diluted with water. The
bottle was sealed with a teflon-lined cap and heated on a
steam bath for an additional 1/2 hour after all the sample had
appeared to dissolve. Sufficlent water was added to give a
nitric acid (1+19) solution and the solution was thoroughly
mixed.

b. Discussion of Procedure - These samples were

prepared for point and systems calibration of the mass spectrom-
eter. The first mixes of "U235" and "U238" separated isotopes
were to bracket the SRM U-500. Five samples of approximately
0.25 g of the "U235" separated 1lsotope were ignlted and then
the calculated amounts of "U238" separated isotope to give a
. range of 235U/238U ratios from 0.99 to 1.0l were ignited.
Five mixes were prepared to allow an evaluation of the mixing
procedure as well as the mass spectrometry measurement.

The solutions with 23°U/23%8%U ratios of 9 were prepared
using 0.9 to 1.0 g samples of "U235" separated isotope and
0.10 to 0.11 g samples of. SRM U~0002. SRM U-0002 was of
adequate isotopic purity to use for these mixes. The solutions
with 235U/238%0U ratios of 0.11 were prepared by the same pro-
' cedure except for a reversal of the amounts of the "U235"
separated isotope and SRM U-0002.

Teflon picks up a static charge very easily and if the
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out of the boat onto the bottle. It has been found that a

damp towel will discharge the statiec charge on the teflon and

may Jump

then the boat and sample can be safely transfefred into the
bottle. Approximately 200 transfers using this technique have

been accomplished without any indication of a problem. All
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pnitric acid used for the uranium samples was checked for ura-
pium by either "U233" isotope dilution mass spectrometry or
py fluorescence. The fluorescence procedure indicated less
than 5 ppb U (1limit of detection) in one lot of nitric acid
and the isotope dilution procedure indicated less than 0.01
ppb in another lot. The samples were dissolved in nitric acid
(1+1) by heating over a small steam bath in a radioactivity
hood. This required from one to four hours for all visible
oxide to dissolve. The samples were heated for about 30
minutes after all the visible material had dissolved to insure
complete solution. The solutions were then diluted with water
to give a final solution of 5 mg U/ml in nitric acid (1+19).
The 23%U/238U ratio (Table 9) was calculated for each
mix using the following equations:

Moles 235U "U235" + moles 235y "y238"

calculated 23%°U/2387y = {1}

Moles 238U "U235" + moles 238y Myo3R™

moles of 23°U from the

"U235" separated isotope

Moles 235y "ya35"

Moles 235U "U238" = moles of 235U from the
"U238" separated isotope

Moles 238U "U235" = moles of 238U from the
"U235" separated isotope

Moles 2%8U "U238" = moles of 238U from the
"U238" separated isotope

The moles of 2%°U in the "U235" separated isotope were
calculated by equation {2}.
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A = moles of isotope 235U from the
"U235" separated isotope

B = g of "U235" separated isotope

C = atom percent of 2%°U in the

"U235" separated isotope

{2}

D = 1/3 of the molecular weight of UsO4

in the "U235" separated isotope

The values of the remaining isotopes were calculated in a

~“*milar manner.

Table 9.

Mix No.

13-186
13-185
13-35
13-36
13-37
13-38
13-39
13-177
13-179

Calculated 235U/2°8%U ratios ofvcalibration mixes
for SRM U-900, SRM U-500 and SRM U-100.

Separated isotope

"U238"a

(g Us04)

.103162
.26243
.27698
.25841
.25146
.24989
.911160
.921865

O O O O O O O o o

.102246

"U235"

(g U304)

0
0
0
0
0
0
0
0
0

.923314
.926991
.25911
. 27159
25757
.25206
.24836
.100724
.101374

Gaiouisted
9.0481
9.0038
0.9954
0.9886
1.0049
1.0106
1.0020
0.11173
0.11114

a "U238" separated isotope was used for mixes No. 13-35
through 13-39 and SRM U-0002 was used for the remainder.

68



The teflon, platinum and glass equipment such as bottles,
peakers, droppers and needles used to contain uranium, water
or nitric acid for all the work described in this publication,
were cleaned in detergent, rinsed with distilled Water, heated
to boiling for at least one hour in nitric acid (1+1), rinsed
with distilled water and allowed to dry.

5. Preparation by Solution Aliquoting of Calibration

Mixes Containing ?%°U/23°%U Ratios of 0.005 to 0.05
a. . Procedure - The "U238" separated isotope samples

were ignited (Section 6,B,3), transferred to teflon bottles
and dissolved as before (Section 6,B,4). The "U235" separated
isotope samples were also ignited as above. A teflon bottle
was wiped with a damp towel to remove any static charge, al-
lowed to stand 1-2 minutes and weighed. The "U235" separated
isotope sample was transferred to the weighed4teflon bottle
and dissolved in enough nitric acid (1+1) to give nitric acid
(1+19) solutions containing 3 mg U/ml when diluted. The "U235"
solutions were then diluted to 3 mg U/ml with water, mixed
thoroughly and allowed to stand overnight. before the final
welght was taken. The cap of the "U235" bottle was quickly
replaced with a rubber serum septum (Figure 8). A four inch
platinum needle was inserted through the septum. A short
second needle which just punctured the septum served as a vent.
A 10 ml plastic syringe with the rubber plunger covered by a
thin teflon sheet was attached to the Kel-F hub of the platinum
needle and the desired amount of solution was drawn into the
syringe. The needle with the syringe still attached was raised
above the level of the solution and a small amount of air was
drawn into the tip of the syringe. The syringe was discon-
nhected from the hub and the‘tip was wiped with a dry paper
towel and quickly capped with a Kel-F cap. Any static charge
that might be on the syringe was dissipated by wiping it with
& damp paper towel, and the syringe and contents were weighed
On a semi-microbalance to the nearest 0.01 mg. The solution
was delivered from the syringe to the weighed bottle containing
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Figure 8. Apparatus used for weight aliquoting.
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the "U238" sample solution. The syringe was quickly capped,
then wiped and weighed again. The weight of the "U235" aliquot
was determined from the weights of the syringe before and after
delivery of the sample. The calibration solution was mixed,
diluted with water to give 5 mg U/ml and mixed again.

b. Discussion of Procedure - These mixes were prepared

for mass spectrometer calibration at the 22°U/22%y ratios of
the six SRMs (U-005 through U-050) having less than 10 percent
2357, Unless very large amounts of "U238“ separated isotope
were used, the amount of "U235" separated isotope needed could
not be weighed directly with the required accuraby. Since the
guantity of séparated isotopes is>limited, the "U235" isotope
was added as a weighed aliquot. The "U238" separated isotope
samples of 0.5 to 1.2 g-wére ignited and transferred to teflon
pottles as before (Section 6,B,4). Two “U235"-separated iso-
tope samples of 0.30 and 0.35 g were ignited and transferred
to separate weighed teflon bottles. Two samples of "U235"
separated isotope were taken for greater reliability in the
results. With reasonable care the possibility of an error is
low, but an error in weighing, an error in recording the
weight, an unnoticed loss of sample or solution, or contamina-
tion can occur. Two samples of "U238", one spiked with one
"U235" solution and the other "U238" sample spiked with the
second "U235" solution, were prepared to closely bracket the
235y/2387 ratio of each of the SRMs.

Teflon bottles pick up static charges very easily and
can cause significant apparent weight changes. On 125 ml and
250 m1 teflon bottles, static charges have resulted in appar-
ent weight changes of as much as 30 mg. It was found that by
Wiping the teflon bottle with a damp paper towel and allowing
it to stand for 1-2 minutes the reproducibility was 1 mg. On
Welghing 100 g of solullon, Lhe gmount used on these samples,
the error would be no more than 2 parts in 100,000 from this
SOurce.

A discussion of aliquoting is given in Section 2,D.
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The 2%5U/23%8U ratio was calculated using equation {1}
(Section 6,B,4). The moles of 2®5U from the "U235" separated
isotope were calculated from equation {31}.

. BCE
A = FF {3}

A = moles of isotope 23°U in the
"g235" separated isotope aliquot

B = g of "U235" separated isotope
in the solution

C = atom percent of 233U in the
"y235" separated isotope

D = 1/3 of the molecular weight of UsOs
in the "U235" separated isotope

e
]

g of aliquot taken

|
]

g of "U235" separated isotope sdlution

The moles of 238U were calculated in a similar manner. The
calculated 235U/2%8%U ratios are given in Table 10.

6. Preparation of Calibration Mixes for SRM U-970

a. Procedure - These solutions were prepared ac-—
cording to the procedure used for the solutions containing
235y/2%87y ratios of 0.005 to 0.05 (Section 6,B,5) with the
"U238" separated isotope being thé solution aliquoted by
weight instead of the "U235" separated isotope. The "U238"
separated isotope samples were diluted to approximately 1.3
mg U/ml and 5 ml plastic syringes were used to add Wéighed
aliquots of the "U238" solution to the "U235" samples.
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rable 10. Calculated 235y/2387 pratios of calibration mixes
for SRM U-005 through SRM U-050.

goueton Mo UESBT U w  gusss
16-144 1.009929 7.01233 12 0.0209439
16-145 1.182429 5. 40564 ob 0.0156728
16-146 1.188715 3.99410 1 0.0101372
16-147 1.20L562 3.63029 2 0.0103335
16-148 1.225201 1.94921 1 0.0048020
16-149 1.255977 1.83482 2 0.0050110
16-152 0.595380 9.27539 2 0.0533976
16-153 0.985517 5.97268 2 0.0207755
16-154 1.139857 5.86156 1 0.0155123
16-159 0.592706 10.45382 1 0.0531937
16-160 0.665352 6.09923 2 0.0314218
16-161 0.624362 6.62499 1 0.0320039

& ny235" solution No. 1 contained 2.52977 mg U/g of solution.
b "U235" solution No. 2 contained 2.87501 mg'U/g of solution.

b. Discussion of Procedure - Four mixes were pre-

pared using 0.9 to 1.0 g samples of "U235" separated isotope
and two solutions of "U238" geparated isotope for aliquoting.
The two "U238" solutions of 103 and 106 g were prepared using
150 and 160 mg of U30g. Aliquots of from 2.5 to 3.0 g of the
"U238" solution were taken using plastic syringes. The
2355/238y patios were calculated using equations {1} and {3}
except the calculation was for the "U238" separated isotope
in equation {3}. The values for the calibration solutions
are given in Table 11.

73



Table 11. Calculated 2%°U/23%U ratios of calibration mixes
for SRM U-970.

Separated isotopes

Sample No. "U235". "y238" Calculated
P (g U30g) - (g soln) 235y/238y
17-86 0.995261 2.88470% 193.785
17-92 . 0.906216 2.67256% 190.956
17-93 0.922357 2.67714P 197.106
17-94 0.988828 2.97297° 191.316

@ pnis "U238" solution contained 1.29004 mg U/g of solution.
P phig "U238" solution contained 1.26260 mg U/g of solution.

7. Analysis of Calibration Mixes and SRMS U-900, U=500
and U-100
The point calibration téchnique was used for each SRM in

this group and consisted of using synthetic mixes blended to
have 2%%U/238U ratios approximately the same as the SRM to be
calibrated. This procedure provides an accurate means of
correcting for bias of a given ratio (point) but does not
yield any information about the dependency of the bias on the
magnitude of the ratio. ,

The 2357/238(y patio of SRM U-500 was the first to be deter—
mined because.all random and systematic bias components‘were
nearly identical for each isotope. Two different operators and
two different 12-inch radius of curvature 68° analyzer tube mass
spectrometers were used. Five calibration mixes and the SRM
were analyzed to obtain a single analysis for all samples on
Instrument No. 1 and to obtain duplicate analyses for all sam-
ples on Instrument No. 2. A modified low temperature procedure
was used and the U+ ibn current was approximately 5x10”''A and
decaying slowly. Correction factors were determined tor each
instrument by calculating the ratio of the "calculated"
235y/238y to thc obscrved 235U/238y, The correction factors and

the absolute ratio determination are given in Tables 12 and 13.
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Table 13. Absolute 235U/2%8U ratio of SRM U-500.

Instrument No. 1 Instrument No. 2
Observed Corrected Observed Corrected
1.0029 0.99989 1.0031 0.99999
1.0031 1.00009 1.0030 0.99989
1.0026. 0.99959 1.0023 0.99919
1.0032 1.00019 1.0022 0.99909
1.0035 1.00049 1.0026 0.99949

1.0037 1.00059
1.0023 0.99919
1.0027 0.99959
1.0025 . 0.99939
1.0020 0.99889
Average = 1.0000 0.9995

The absolute 235U/238U ratios of SRMs U-900 and U-100
were determined approximately one year after completion of the
measurement for SRM U-500. The 12-inch radius of curvature
68° analyzer tube mass speétrometer was used. Two calibration
mixes were prepared for each SRM and were used to determine
correction factors and calibrate for the effects of bilas. Two
reference solutions were used for each SRM and were selected
to evaluate possible differences between samples that had been
dissolved for different lengths of time. Solutions labeled
"A" were dissolved.approximately 1 year before the measurement
and solutions labelled "B" were dissolved several weeks prior
to the analysis. The calibration mixes and SRM solutions were
analyzed 1n an alternate pattern untll 4 analyses were obtained
for each sample, Although memory was not detected, all mea-
surements were completed on SRM U-100, and the source was
disassembled and thoroughly cleaned to further reduce any
chance of memory contributions before proceeding with ratio
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- ssurement for SRM U-900. The correction factors and
e

psolute ratios are summarized in Tables 14 and 15.

a .

sple 14. Correction factors for calibration of 23°U/?3%°%y
T ratios of SRM U-900 and SRM U-100.

SRM U-900
sbration Calculated Observed Correction
Ca;éxrl%lo. 235y /238 235y,/238 factor
13-185 9.0038 9.04750 0.99517
9.04628 0.99530
9.04301 0.99566
9.04459 0.99549
13-186 9.0481 9.09248 0.99512
9.08780 0.99563
9.08157 0.99632
9.08903 0.99550
Average = 0.99552
SRM U-100
13-177 0.11173 0.112149 0.99626
0.112129 0.99644
0.112176 0.99602
0.112198 0.99583
13-179 0.11114 0.111579 0.99607
0.111625 0.99566
0.111674 0.99522
0.111694 0.99504
Average = 0.99582
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Table 15. Absolute 2%°U/2%®U ratios of SRM U-900 and

SRM U-100.
SRM U-900 SRM U-100
Solution Qbserved Corrected Observed Corrected
A 10.4249 10.3782 0.114083 0.113606
10.4259 10.3792 0.114085 0.113608
10.4111 10.3644 0.114081 0.113604
10.4219 10.3752 0.114023 0.113546
B 10.4203 10.3736 0.114046 0.113569
10.h272 10.3805 0.114058 0.11313581
10.4213 10.3746 0.114173 0.113696
10.4194 10.3727 0.114064 0.113587
Average = 10.375 0.11360

8. Absolute 235U/238U Ratios by Interpolation

 Once it was demonstrated that the bias was independent of
isotopic composition for 2°°U/%%°U ion current ratios between
10 and O.l; it was decided to determine the remaining 238y/23%y
“ratios within this range by interpolation. The interpolation
method consisted of using samples of known 235y/238y ratios to
determine éorréction factors near the end points and at the
midpoint df the ratio range to be calibrated. If both the
calibration samples and the "unknown" samples are analyzed
under identical experimental conditions, then a single correc-
tion facﬁor is valid to correct all ratios within the limits
of the calibration. ’

SRMs U=900, U-500 and U-100 were used as standards of
known ??%U/?3°U ratios and were analyzed under the same exper-
imental COnditions as the SRM samples to be calibrated (SRMs
U-930, U-850, U-800, U-750, U-350, U-200, U-150 and U-050) .
SRMs U-930 and U-050 were included in the group although they

were beyond the end points of the calibration standards.
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A low temperature analytical procedure was used. Two
peference solutions were used for each SRM and were labelled
" for dissolution 1 year prior to the measurement and "B"
ror dissolution immediately before the measurement. Because
of the wide range of 235Uy/238y ratios to be determined, alter-
nate analyses of "calibration" samples with the SRMs was not
practical. All samples were divided into three groups, with
each group covering a maximum 233y composition range of approx-
imately 20 percent, énd were analyzed in order of decreasing
2357 composition. The sample groupings were U-930 to U-750,
ﬁ_500 and U-350, and U-200 to U-050. The source was disas-
gembled and thoroughly cleaned for the analysis of each group.
The calculation of correction factors is summarized in Table
16 and the absolute ratios in Table 17. Since there was no
experimental difference between "A" and "B" solutilons, thils
designation was not ihcluded in the Table.

9. Analysis of Calibration Mixes and SRMs U-050 through

U-005

The ratio of 23°U and 2°°%U ion currents of this group of
SRMs varied from approximately 0.05 to 0.005. Non-ohmic
response and the R-C response of the measuring circuit were

sources of bias that made point calibration of each SRM man-
datory. A single focussing, 12-inch radius of curvature 68°
analyzer tube mass spectrometer with a "Z" lens source was
used. The flight tube was equipped with a beam valve and was
used to l1lsolate the tube from the source houslng except during
sample degassing and the analysis.

SRM U-050 was an end-point for the 23%U/238yU ratio deter-
mination by the interpolation method and the ratio was redeter-
mined by the point calibration method as a tie-point between
the two sets of measurements. SRM U-050 was analyzed using an
equivalent low temperature procedure for the "Z" lens source.
The signal intensity was approximately 5x10”'!A and growing.
An optimum signal intensity was selected for each succeeding

SRM to yield maximum precision on the expanded scale peak height
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Table 16. Correction factor for callbratlon of 22°yus23%°ey
ratios by the interpolation method.

SRM Absolute Observed Correction factor

U-900 10.375 10.4278 0.99494
‘ 10.4193 0.99575

10.4299 0.99474

10.4180 0.99587

0.99532

U-500 0.9997 1.00460 0.99512
1.00425 0.99547

1.00422 0.99550

1.00442 0.99530

0.99535

U-100 0.11360 0.114118 0.99546
0.112%4110 0.99553

0.114100 0.99562

0.11414y 0.99523

0.99546

Average = 0.99538
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le 17. Absolute 235y/2387y ratios for SRMs U-930, U-850,

gab U-800, U-750, U-350, U-200, U-150 and U-050.
SRM Observed Corrected
U-930 17.4395 17.3589
17.4331 17.3526
17.356
U-850 6.17729 6.1488
6.17697 6.1484
6.149
U-800 Lh,28742 4,2676
L4.,28803 L4, 2682
4,268
U-750 3.17976 3.1633
3.18009 3.1654
3.164
U-350 0.548962 0.54643
0.548858 - 0.54632
0.5464
U-200 , 0.252293 0.251127
0.252422 0.251256
0.25119
U-150 0.181931 0.181090
0,181910 0.181070
/ —————————————
0.18108
U-050 0.052994 0.052749
0.053012 0.052767
0.05276
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determination. Each SRM and its corresponding calibration
mixes were analyzed in an alternate pattern until there were

a total of 6 analyses for the SRM sample and 6 analyses for

the calibration mixes. A correction factor was calculated
using the calibration mixes and was used exclusively to correct
the SRM with approximately the same 2°°U/2°%U ratio. The
calculation of correction factors and of absolute ratios are
summarized in Tables 18 through 23.

Table 18. Absolute 235U/2%23°%U ratio of SRM U-050.

Calculation of correction factor

Calibration Calculated Observed Correction factor

mix No.

16-152 0.053398 0.053624 0.995785
0.053640 0.995488
0.053622 0.995823

16-159 ) 0.053191% 0.053385 0.996422
0.053422 0.995732
0.053402 0.996105

Average = 0.99589

Absolutc ratio

Observed Corrected
0.053000 0.052782
0.053010 0.052792
0.053010 0.052792
0.052997 0.052779
0.052987 0.052769
0.052984 0.052766
Average = 0.05278
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Table 19.

calibration
mix No.

16-160

16-161

Absolute 23%U/23%8U ratio of SRM U-030.

Calculation of correction factor

Calculated Observed
0.031422 0.031531
0.031525
0.031526
0.032004 0.032094
0.032105
0.037107
Average
Absolute ratio
Observed Corrected
0.031533 0.031433
0.031535 0.031435
0.031508 0.031408
0.031515 0.031415
0.031539 0.031439
0.031531 0.031431
Average = 0.03143
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Correction factor

0.996543
0.996733
0.996701

0.997196
0.996854
0.996947

0.99682



Table 20.

Calibration
mix No.

16-144

16-153

Absolute 235U/23%U ratio of SRM U~-020.

Calculation of correction factor

Calculated

0.02094L

0.020776

Observed

0.021003
0.021015
0.021015

0.020847
0.020843
0.020843

Average

Abgsolute ratio

Observed

.020870
.020882
.020865
.020877
.020874
,020881

O o O O o ©

Average

Corrected

.020803
.020815
.020798
.020810
.020807
.020814

o o O o o o

0.02081

Correction factor

0.997191
0.996621
0.996621

0.996594
0.996785
0.996785

0.99677



Table 21. Absolute 23%°U/238U ratio of SRM U-015.

Calculation of correction factor

calibration Calculated Observed Correction factor

mix No,

16-145 0.015673 0.015721 0.996947
0.015720 0.997010
0.015709 0.997708

16-154 0.015512 0.015545 0.997877
0.015564 0.996659
0.015551 0.997492

Average = 0.99728

Absolute ratio

Observed Corrected
0.015610 0.015568
0.015609 0.015567
0.015612 0.015570
0.015598 0.015556
0.015609 0.015567
0.015612 0.015570
Average = U.015566
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Table 22. Absolute 235U/23%QU ratio of SRM U-010.

Calculation of correction factor

" Calibration Calculated Observed Correction factor

mix No.

16-146 0.010137 0.010175% 0.996265

0.010170 0.996755

0.010170 0.996755

16-147 0.010334 0.010365 0.997009

0.010364 0.997105

0.010364 0.997105

Average = 0.99683

Absolute ratio

Observed Corrected
0.0101698 0.010138
0.0101701 0.010138
0.0101777 0.010145
0.0101727 0.010140
0.0101690 0.010137
0.0101728 0.010141
Average = 0.010140
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Table 23.

calibration
mix No.

16-148

16-149

® The standard high temperature procedure was used for this

SRM.

Calculation of correction factor

Calculated

0.0048020

0.0050110

Observed

.0048110
.0048130
.0048073
.0048075

.0050219
.0050185
.0050181
.0050165

Average

Absolute ratio

Observed

O O O O O o O o

.0049273
.00L9245
0049313
.0049225
.0049275
.0049270
.0049233
.0049235

Average

87

Corrected

.0049195
.0049167
.0049235
.0049147
.0049197
.0049192
.0049155
.0049157

o O O 0O O o O o

(@]

.004918

Correction factor

o O O O

o O O O

Absolute 2%5%U/2%%y ratio of SRM U-005.

.998129
997715
.998898
.998856

997830
.998506
.998585
.99890%4

.99843

a



10. Isotopic Analysis of Calibration Mixes and SRM U-970
SRM U-970 was the mbst enriched of the uranium SRMs and
was the largest 23°U/23°%U ratio to be determined by the
point calibration technique. The 12-inch radius of curvature

68° analyzer tube mass spectrometer with a "Z" lens source

and a tube beam valve was used. A modified low temperature
procedure was used and the total ion current intensity was
approximately 4-5x10"''A and growing. The four calibration
mixes were analyzed in an alternate pattern with two different
solutions of SRM U-970 until duplicate analyses were obtained
for each mix and a total of 4 analyses for each SRM solution.
Table 24 summarizes the calculation of correction factors and
the absolute 2°°U/2?°°%U ratio.
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Table 24. Absolute 23°U/2%%QU ratio of SRM U-970.

Calculation of correction factors

calibration Calculated Observed Correction factora
mix No.
17-86 103.785 194.791 0.994835
194,826 0.994656
17-92 190.956 191.972 ' 0.994707
191.878 0.995194
17-93 197.106 - 198.327 0.993843
198.116 0.994901
17-94 191.316 ) 192.400 ' 0.994365
192.283 0.994970
Average = 0.99468

Absolute ratio

- Observed Corrected
187.679 186.680
187.738 186.739
187.716 186.717
187.687 186.688
187.874 186.874
187.942 186.942
187.763 186.764
187.847 186.848

Average = 186.78

a The standard low temperature procedure was used for this
SRM.
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7. ABSOLUTE ISOTOPIC ABUNDANCE BY 223U ISOTOPE DILUTION

A. Introduction

The initial method of measuring uranium isotopic composi-
tion was to mass scan (magnet) all isotopes at a constant rate;
select adequate decade sensitivity to give a maximum deflection
for each peak; then calculate the isotopic composition over a
small number of peak sets (~10). The chief disadvantage of
“this method was the relatively large amount of time spent on
baselines that were constant between the major isotopes and
the relatively small amount of time on peak tops that were
continuously changing in magnitude. An alternate method was
developed to take advantage of the constant baselines of the
major isotopes and consisted of the following steps: measure
the 2°5U/238%y ratio at the beginning and end of the data period
of each analysis by the "peak hopping" technique; compare the
minor 1sotopes wlth respect Lo ?%5U as a relference peak;
calculate isotopic abundance ratios and then the isotopic com-
position. This method provided superior 235U/238U measurements
without compromising the precision of baseline determinations.
A constant rate of scanning was still essential for minor
isotope measurements in order to accurately determine baselines
of the smaller peaks on the tail of 23°5U.

The improved measurement technique and exclusive use of
the expanded scale recorder reduced the limit of error below
0.5 percent for most minor isotope measurements. Further
modifications were made to give better vacuums which produced
a significant reduction in the scatter from the ?3%°U peak, but
the precision of the minor isotope measurements was larger than
could be accounted for under the analytical conditions of the
experiment. Since the ratio of the 235U with respect to the
minor isotopes was always between 50 and 660, it was concluded
that much of the imprecision was simply inability to measure
such large ion current ratios without non-linear effects
increasing the scatter of the data.
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Thus, the #?®°®U isotope dilution technique was utilized
to circumvent the requirement of measuring large ilon current
ratlos to determlne minor lsotope composition. The 2°°U spike
was added to each SRM to approximate the 23%y abundance and,
exclusive of SRM U-0002, the entire series of measurements
was reduced to comparing ion current ratios that were less
than twelve.

For SRM U-0002, the 238U isotope comprised 99.98 atom
percent of the sample and only two other isotopes were detec-
ted above the 1 ppm level, A preclise and accurate comparison
of such a large ion current ratio was not practical, so
isotope dilution was used to evaluate the 23°*U and 23°U
abundances of this SRM.

B. Experimental Procedure

1. Mass Spectrometfy

Isotopic measurement of the spiked SRMs and the calibra-—-
tion standards were made on the single~stage solid sample mass
spectrometer briefly described in Section 6,B,1. The only
significant change in instrumentation was the use of an ion
multiplier for SRMs with isotopic abundance less than 0.1 atom
percent. After the "Z" lens source became a paft of the stan-
dard iﬂstrumentation, minor isotope measurements for all but
four of these SRMs were reevaluated.

Excluéive of SRM U-0002 and SRM U-970, an unspiked solu-
tion and at least one spiked solution were analyzed for each
SRM. A single analysis of the unspiked solution was made
first and was then followed by three analyses of the spiked
solution. The ratio measurement consisted of measuring ?**U
and 2%°U with respect to ?3°U for the unspiked solutions and
also 2%%U and 2%°U with respect to 233U for the spiked solu-
tions. Magnet scanning was at a constant rate with a quick
scan step (v2 seconds) used for the 23°U peak of the spikead
samples. Each analysis was started and concluded with a

235y/238)y ratio measurement.

91



A high temperature analytical procedure or a modification
of this technique was used for all SRMs except SRM U-970.
Corrections for the effects of bias were determined by analyz-
ing SRM U-500 under the same experimental conditione as the
spiked samples or. by using the 233%U/23%®U ratio of the spiked
SRM as a known to make an internal normalization for filament
bias effects.

2. Isotopic ‘Analysis of "U233" Separated Isotope,

Lot No. 3

The 12-inch radius of curvature 68° analyzer tube mass

spectrometer was equipped with an ion multiplier. When this
series of measurements was made, the most accurate isotopic
standard available with ion current ratios similar to "U233"
was a Belgian Congo natural uranium sample with the 235y/238y
ratio determined by uranium hexafluoride mass spectrometry
[20]. The Belgian Congo sample was used as a calibration
standard and Wasvahalyzed under the same conditions to deter-
mine correction factors. The isotopic composition calculated
from corrected ratios is given in Table 25. The 23°®U isotope
was not detected and was believed to be less than 1 ppm.

Table 25. Isotopic composition of "U233" separated isotope,

Lot No. 3.
Isotope Atom percent
233y 99.924 £0,002%
234y ~ 0.0180 *0.0004
235y 0.0012 *0.0004
238y 0.0566 *0.0006

@ The uncertainties are 95% C.L.
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3. Preparation of Spiked SRMs U-005 through U-930

a. Procedure - Eaéh sample was ignited (Section

&5’3) and then the platinum boat and sample were carefully
transferred to a teflon bottle (0.5 g samples to 125 ml bot-
tles and 1 g samples to 256 ml bottles) which had been wrapped
in a damp paper towel. Sufficient nitric acid (1+1) was added
to the bottle to give a solution of nitric acid (1+19) con-
taining 5 mg U per ml when the "U233" spike and water had been
added. The bottle was sealed with a teflon lined cap and
neated on a steam bath for an additional 1/2 hour after all
the sample had appeared to dissolve. The "U233" separated
isotope samples were diSsolVed after the 16 isotopic standards
had been dissolved. After dissolution, the "U233" sample was
diluted to an equivalent of approximately 1 mg of Us0g/ml of
solution.

The cap on the "U233" bottle was replaced with a similar
cap that had inserted in it a pilece of polyethylene tubing
shaped for use as a "squirt" bottle. The outside end of the
tubing was sealed with a polyethylene cap to prevent evapora-
tion. The next more dilute solution of the "U233" was prepared
before the samples were splked. The polyethylene tube sealer
was removed and a small quantity of solution was squirted into
a waste bottle. The sealer was quickly replaced, the bottle
was allowed to stand 2-3 mminutes and then wiped with a damp
paper towel. After standing 1/2 minute the bottle was weighed
to the nearest 0.1 mg on a 200 g capacity magnetically damped
balance. An empty 125 ml teflon bottle was wiped with a damp
towel, allowed to stand 1/2 minute and weighed. - The sealer
was removed from the "U233" spike bottle and the calculated
amount of solution was squirted into the uncapped empty bottle.
Both bottles were reweighed after quickly resealing and wiping
as belfore. Sufrflclent nitric acld (1+19) was added to the
bottle containing the next dilution, to dilute it to the re-

quived concentration of 233U, The amount of spike added was
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calculated from the weight change of the "U233" spike bottle
and the aliquot receiving bottle, being open and subject to
evaporation loss, was used as an approximate check.

The SRM samples were spiked as above except the final
dilution was with water to give a nitric acid (1+19) solution
containing 5 mg U/ml.

b. Discussion of Proccdurc - Thcsosc wecre the first

uranium SRM samples to have the "U233" spike added by weight
aliquoting. The amount of "U233" separated isotope needed

to nearly equal the 2%%U isotopic content of each sample was
calculated. The 2?3%"U content of the samples varied over a
large range, 0.002 percent to over 1 percent. This meant that
for practical size samples several concentrations of "U233"
separated isotope solution would be required. It was decided
to use 0.5 and 1.0 g samples of the SRMs with additional SRM
sampltes "spiked" at each change 1in dilution of the "U233"
solution to provide a check on the dilution accuracy. Two
"U233" separated isotope samples were used for duplication to
ensure reliability of the results.

Approximately 0.1 g samples of "U233" separated isotope
were used and diluted to approximately 100 g of solution after
dissolving in nitric acid (1+1).

The sample bottles recelving the "U233" solutions were
weighed before and after receiving their aliquot to give a
check on the amount of aliquot added. These bottles were open
while receiving the aliquot and lost weight caused by evapora-
tion but they did insure that weight recording errors or
possible loss by splattering did not exceed a few milligrams.
The difference in weight of aliquot calculated from the spike
bottle and the receiving bottle was 2 to 7 mg.

The moles of "U233" added were calculated using equation
{3} and the moles of SRM calculated using equation {2}. The

aliquoting data is given in Tables 26 and 27.
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Table 26. Composition of "U233" spiked solutions of
SRM U-930 through SRM U-005, series A.

Isotopic standard

ny233"

golution No. Aliquot Weight SRM
(g soln) (g Us06)

1A% 10.9640 1.005215 U-930
" 7.8411 0.998426 U-900
" 6.3595 1.006923 U-850
" 6.6203 1.003400 U-800
" 6.0516 1.037086 U-750
" 5.2925 1.0174L6 U-500
2P 12.9181 0.506272 U-500
" 12.5021 0.999547 U-350
" 6.0825 0.997625 U-200
" 4.9750 1.004893 U-150
" 3.3367 1.022924 U-100
3A° 12.1196 0.L453468 U-100
n 11.1938 0.996259 U-050
" 7.4311 0.997973 U-030
" 4.9790 1.009391 U-020
4 12.5783 0.515267 U-020
" 8.8460 0.517468 U-015
" 9.5006 0.880029 U-010
L 5.2036 1.177292 U-005

.6134 micromoles U/g of solution.
.72232 micromoles U/g of solution.
.089989 micromoles U/g of solution.

[oTN e TR © S V)
OO{OUO

.017973 micromoles U/g of solutlon.
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Table 27. Composition of "U233" spiked solutions of
SRM U-930 through SRM U-005, series B.

Isotopic standard

HU233H
solution No. Aliquot Weight SRM
(g soln) (g U304)

182 ' 10.8180 1.006699 U-930
" 7.7439 1.002125 U-900
n 6£.6193 1.019177 U-850
L 6.5364 1.004216 U-800
" 6.0349 1.010581 U=750
" 5.2043 1.018733 U-500

oBP 13.51L6 0.508439 U-500
L 12.7793 1.037252 U-350
" 6.3829 1.013953 U-200
L 4.9651 1.015L415 U-150
g 3.5400 1.054223 U-100

3B° 12.2561 0.463396 U-100
L 11.1232 0.997781 U-050
m 7.6342 0.995414 U-030
" 4.9636 1.009075 U~-020

459 12.6011 0.502228 U-020
" 8.4375 0.499685 U-015
" 9.9743 0.897315 U-010
L 5.1542 1.177L09 U-005

.5906 micromoles U/g of solution.
. 71587 micromoles U/g of solution.
.089050 micromoles U/g of solution.

Q@ o T ®
o O o w

.017800 micromoles U/g of solution.
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Iy, Preparation of Spiked SRMs U-0002 and U-=970

a. Procedure - The samples were ignited (Section
4,B> 3) transferred to teflon bottles and dissolved as before
@ectlon 6,B,4). The "U233" separated isotope samples were
dj_luted to approximately 1 mg of U/ml of solution for the SRM
7-970 samples and aliquots of these "U233" solutions were
Mluted to approximately 40 ug of U/ml of solution for the
sgM U-0002 samples. The "J233" solution aliquots were weighed
using a 5 ml plastic syringe as before (Section 6,B,5). The

spiked solutions were mixed, diluted with water to give
5 mg U/ml and mixed again.

b. Discussion of Procedure - The analysis of these
two SRM samples was started after the first 16 uranium isotopic
standards were completed. Although these two samples of Widely
.different isotopic composition were determined at the same
time, all operations in the handling of them were done sepa-
rately, with care taken to insure that the chance of any cross

contamination was minimized.
Six samples of SRM U-970 were spiked with two different

"U233" solutions. On three of the samples 233U was added to
approximately equal the 23"U content of the SRM U-970 and on
the other three, ?°°U was added to approximately equal the
238y content.

Six samples of SRM U-0002 were spiked with the more dilute
"U233" solutions, approximately 40 pg U/ml of solution. Four
samples were spiked to equal the 23°U content. The other two
samples of SRM U-0002 were spiked with enough 2%3°U to equal
approximately ten times the #°*U content.

The first results on SRM U-970 samples indicated approx-
imately 0.4 percent dilfference belween samples spiked with
"U233" solution number 1 and those spiked with "U233" solution
2. Direct mass spectrometer determinations on SRM U-970 solu-
tions agreed to within experimental error with samples spiked
with "U233" solution 1. This indicated that solution 2 probably
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did nov o. " -~ much 23%QU as calculated from the weight of

oxide. The 233y

content of both solutions was determined by

isotope dilution using two "U235" separated isotope solutions
(Table 28). The concentration of 233U in "U233" solution 1
as determined by isotope dilution mass spectrometry agreed to

within 0.05 percent of the concentration calculated by using

the weight of oxide. The concentration of 233U in "U233"

solution 2 was 0.51 percent less than that calculated from

the weight of oxide. The reason for the low value was not

ascertalned. Three posslbllities suggest themselves: an

impure or contaminated "U233" sample, loss of U30g sample, or

an incorrect weight recorded. Any of these possibilities

could account for the difference but there is no way of

determining which one.

The corrected "U233" spike addition to SRMs U-970 and
U-0002 are given in Tables 29 and 30.

Table 29. Composition of "U233" spiked solutions of

SRM U-970.
1|U233n
Sample No. Soln No. g of soln
17-76 12 3.18399
17-77 oP 3.00664
17-78 1 2.95284
17-83 2 L. 67254
17-84 1 4,76840
17-85 2 4,81086

% 4.0961 micromoles 233y/g solution.

b

99

4.0582 micromoles 233U/g solution.

Uu-970
g of U304

0.675190
0.657376
0.651655
0.323509
0.323215
0.328024



Table 30. Composition of "U233" spiked solutions of

SRM U-0002.
"g233" U-0002
Sample No. Soln No., g of soln g of U304
17-68 a 0.36219 1.250375
17-69 1-2 bh,79468 1.206183
17-70 - 0-2P - 0.62141 1.513389
17-71 2=2 4, 43024 1.135712
17-72 2-2 4 72277 1.201320
17-73 1-2 4.63259 1.211331
@ 0.163531 micromoles 2%3U/g solution.
b

0.161327 micromoles 23311/g solution.

5. Analysis of SRMs U-005 through U-~150 to Determine

Minor Isotope Composition with ITon Multiplier

Detection

Minor isotope compositions were determined in two steps
by using ion multiplier detection for abundances less than 0.1
atom percent and then by using the standard NBS collector for
abundances greater than 0.1 atom percent. An abundance of 0.1
atom percent was the crossover point at which both methods
were to be used. The source was the standard linear thin lens
without the "Z" focussing plates. A modified high temperature
procedure with a total intensity of approximately 8x10"'!a
was used and the intensity was further reduced when the 23°%U
abundance was large enough to saturate the VRE.

The corrections for bilas were made by analyzing SRM U-500
under the same experimental conditions as all other samples.
Because of the gross difference in isotopic composition, SRM
U~-500 was usually analyzed on a clean source, but a small
number of samples were analyzed on fhe same source as the

spiked SRMs just prior to removal of the source for cleaning.
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There Was no significant experimental difference between thé
two 8roups of data and it was added support for the conclusion
that uranium memory was not normally detectable over a large
jsotopic composition range. SRM U-200 was analyzed to provide
5 minimum of 3 points for comparison of multiplier and stan-
dard collector data and is not the preferred method for this
minor isotope abundance. The correction factors were deter-
pmined to be 1.0040 and 1.0120 for the 2°%*U/233U and 2%%u/233%y
ratios, respectively. Composition of the minor isotopes was

calculated using equation {4} and is summarized in Table 31.

m m,
Isotopic Composition = R, | — AR = 1100 {4}
SRM SRM
R = Ratio of minor isotope with respect

to 233y corrected for bias

m = micromoles of spike

mSRM = micromoles of SRM sample

my = micromoles of minor isotope in
"U233" spike

6. Analysis of SRMs U-100 through U-930 to Determine

Minor Isotope Composition

The source was the standard thin lens without "Z" focus-
sing plates. A high temperature analytical procedure was used
and the total U+ ion current was approximately 1x107'%A. The
standard practice of analyzing uranium in groups of samples
covering approximately 20 percent in *°°U isotopic composition,
and cleaning the source prior to analyzing each group was used
to further minlmlze the chance of significant memory. Since
the 23°U/2%87 ratio of each SRM was known from previous mea-
surement, corrections for bias were determined internally for

each analysis by calculating the ratio of the theoretical
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,357/238%U to the observed ?°°U/%%°U. The data is given in
rable 32 for the_average of 3 analyses per solution.
7. Re-evaluation of Minor Isotope Composition of SRMs
U-030 through U-500 Using the "Z" Source
Subsequent to completion of the intial minor isotope deter-
snations by 233y dilution, the "Z" lens source was developed

and became part of the standard instrumentation. Since it was
posslble to achieve greater ion current intensities and maintain
the high degree of control necessary to accurately correct for
rractionation effects, a third series of measurements was under-
taken To demonstrate an extension of the lower 1limit for precise
minor 1sotope measurements and to increase the number of SRMs
with isotope measurements using conventional detection. A high
temperature analytical procedure was used and the total U+ ion
current ranged from approximately 3x10™'°A for SRM U-500 to
5x107'°A for SRM U-030. Other than increased signal intensity
theére were no major changes in the analytical method. Data
is given in Table 33 for the average of three analyses per
solution.

8. Analysis of SRM U-970 to,Detérmine Minor Isotope

Composition
Two groups of three bleed SRM bdmples were prepared w1th

the 233U approximating either the 2%"U or the 238y comp051t10n
The three-fold purpose of the equal atom ?3®U group was to
cross check 2°8%U by isotope dilution; to provide a spike within
a factor of 3 of the %3%°®U composition; and to obtain measure-
ments on a 23%U/2%3U ratio other than 1.

A low temperature procedure for the "Z" source was used
and the total U’ ion current was 5-7x10 ''A., Larger ion
currents were not used because it could not be satisfactorily
demonstrated that the measuring circuit recovered completely
from the effects of R-C response in switching from a 107 !0
to a 107 '*A ion currenl. For thls type of measurement, fall-—
ure to recover was not correctable on the basis of a point

calibration and would result in a systematic enhancement of
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the 23%U and 23%%U peaks. Each set of equal atom samples were
analyzed as a group. Within the equal atom 2°*U group tripli-
cate analyses were made for all spiked samples and, for the
equal atom %%%U group, duplicate analyses were made for each
sample.

The minor isotopes were compared by the normal magnet
scanning procedure and at all times the 23%U/27°°U and 23%U/2%%U
ratios were measured by alternating between peak tops. The
235U/ZE?U ratio was used strictly as an indicator of the posi-
tion on the fractionation curve for each analysis, and the
correction for bias effects was determined by analyzing SRM
U-500 on a cleaned source and under the same eXxperimental
conditions as the spiked samples. The correction factors for
2345/233y 0 238y7/283y gpg 238U/233%yU were found to be 1.0014,
1.0042 and 1.0070 respectively. The calculation of isotopic
composition is summarized in Tables 34 and 35.

9. Analysis of SRM U-0002 to Determine 2°°U by Isotope

Dilution

A high temperature procedure for the "Z" lens source was
used and the total U' ion current was 4-5x107*%4, The tube
beam valve was part of the standard instrumentation and it was
possible to operate with higher collector vacuums than were
previously obtainable. For this particular isotoplic distri-
bution and signal intensity it was demonstrated that the
collector vacuum was normally too high and scattered particles
rendered baselines at the 23%°U and 2°%°U mass positions inde-
termlnale., Wllh respecl Lo the 2*%U ion current of 4-5x1071%A
the interference was less than one part in 100,000 but was
approximately 2-5 percent of the 233U and ?3°U peak heights.

The continuous baseline curve was obtained with an esti-
mated collector pressure of 1-4x1077 torr. At an estimated
pressure of 4x1077 torr, the scatter tail from the large 2°°U
peak was signifigant. As the pressure was reduced below l><10—7

8

torr and approached mid-range 10”° torr, interterence from

scattered secondary particles was significant. An optimum
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Table 34. Minor isotope composition of SRM U-970.

Observed ratios Atom percent
Sa.mple 233U 23uU/233U zssU/zsaU 73uU 236U
No. added?

17-76 0.536L42 3.10020 0.276844 - 1.66524  0.14912
3.10089 0.277498 1.66561  0.14948
17-77 0.51545 3.22932 0.288310 1.66679  0.14923
3.22489 0.287253 1.66450 0.14868
17-78 0.51545 3.22820 0.287926 1.66621  0.14903
3.22743 0.2874k6 1.66581 0.14878
17-83 1.62776 1.02054 0.091398 1.66322  0.14939
1.02133 0.091314 1.66451 0.14926
1.02147 0.091141 1.66474  0.14897
17-84 1.67819 0.991292 0.088597 1.66560 - 0.14930
' 0.991055 0.088484 1.66520  0.14911
0.991412 0.088496  1.66580 0.14913
17-85 1.65287 1.00586 0.089960 1.66458 0.14931
1.00621 0.089773 1.66516  0.14900
1.00614 0.089848 1.66504  0.14913

Average = 1.6652 0.1491

a Atom percent.
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Table 35. 2%8U in SRM U-970 by isotope dilution.

Observed Atom percent
Sample 233U 238U/233U 238U
No. added?
17-76 0.53642 0.969450 0.52336
0.969326 0.52330
17-77 0.51545 1.00884 0.52335
1.00782 0.52282
17-78 0.51545 1.00725 0.52252
1.00715 0.52249
17-83 1.62776 0.319206 0.52230
0.319655 0.52304
0.319588 0.52293
17-84 1.67819 0.309926 0.52280
0.310564 0.52383
0.310254 0.52335
17-85 1.65287 0.314909 0.52321
0.314910 0.52321
0.314968 0.52330
Average = 0.5230

a Atom percent.

pressure of approximately 2x10° 7 torr gave a spectrum with
no baseline interference and a relatively small scatter con-
tribution from the 238U peak but this pressure could not be
maintained long enough to complete the ratio measurement.
Thus, the objective of the modified procedure used for this

measurement was to raise the base pressure of the collector
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from 107° torr and maintain it between limits (<3x10™7>8x107%)
that would avoid significant scatter contributions from the
tail of the 238U peak or baseline interference by secondary
particles. To acheive this goal it was necessary to condense
the pumpdown time and to abandon the normal procedure of sample
degassing, and to reduce the long waiting period proceeding
the analysis. The normal pumping time for a uranium analysis
was modified as follows: allow 5 minutes of source pumping

py the mercury diffusion pump; open the tube beam valve for

an additional ten minutes of pumping; add liquid nitrogen to
the source coldfinger and start the degassing procedure.
Immediately after completing the normal 15 minute sample
degassing, the ion accelerating voltage was increased to 10 kV
and the sample was degassed at higher temperatures for another
15 minutes. At the beginning of the high temperature degassing
the U7 signal intensity was adjusted to 1.3x107!%A and was
increased by this increment every 5 minutes until the total
intensity was approximately 4x1071%, After a combined total
of 30 minutes of degassing, the filaments were turned OFF, the
beam valve was closed and the source coldfinger warmed to room
temperature. After a five minute waiting period the analysis
was restarted and a 4x107!°A ion current was obtained in the
prescrihed manner for a high temperature analysis during the
next 20 minutes.

Approximately one hour after the start of pumping the
ratio measurement was started with an estimated collector
pressure of 1-2x10"7 torr. Extensive pumping either before
or after degassing, even with the beam valve open, was detri-
hental because the collector vacuum became too high before the
analysis could be completed. Completing the analysis within
2 hours after the start of pumping on the sample was mandatory
in order to avoid detectable interference at the baselines.

The correction for bias was determined by analyzing SRM
U-500 on a cleaned source and under the same experimental

tonditions as the spiked samples. The correction factor for
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the 2357/23%3%U ratio was found to be 1.0014. The 235U in SRM
U-0002 is given ih Table 36. Because of the small probability
of some organic contribution at an ionizing filament tempera-
ture of 2160 °C, a single analysis of most spiked samples was
made on the two-stage mass spectrometer using pulse counting
techniques. The measurements were made at a lower ionizing
filament temperature and under conditions of zero detectable
organic background. These results are given in Table 37 for
comparisoq with the conventional detector data.

Table 36. 2%°U in SRM U-0002 by isotope dilution.

Observed Atom percent
Sample 233U 235U/233U 235U
No. added®
17-69 0.018248 0.959330 0.017530
0.960011 0.017542
0.961432 0.017568
17-71 0.017666 0.984336 0.017549
0.983385 0.017532
0.985569 0.017571
17-73 0.017556 0.999208 0.017567
0.996700 , 0.017522
0.997662 0.017539
Average = 0.01755

a Atom percent.
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pable 37. 23%7 and 23*°U in SRM U-0002 by pulse counting.

Atom percent

sample No. 2337 a4deq? 234y 2335y

17-68 0.001330 0.000164

17-70 0.001859 0.000162

17-69 0.018248 0.000157 0.01759

17-71 0.017666 0.000158  0.01762

17-72 0.017804 0.000158  0.01749

17-73 0.017556 0.01758
Average = 0.00016 0.01757

& Atom percent.

10. Analysis of SRM U-0002 to Determine 2°%*U by Pulse
Counting ‘ '

Because of low isotoplc composition, pulse counting was
the method of determining the 23*U content of SRM U-0002.
Thesé measurements were made by L. J. Moore of the Analytical
Mass Spectrometry Section on the twb stage mass spectrometer.
A description of the procedure 1s given below.

The same set of SRM U-0002 samples, which were spiked with
the "U233" solution and used for determination of the 235U
content, also presented an opportunity to determine the 23%U
content, which was known to be <2 .ppm. To provide a statis-
tically useable 23*U signal of A100 counts per second, an
equivalent 2%%U signal of approximately 50 million counts was
required. The single V filament technique used for the 0.02
ppm trace elements in glass'series [8] proved to be inadequate
in terms of total signal intensity available. Therefore, a
fourfold modification of the conventional triple filament

technique was used:
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(1) Ionizing and sample filaments were degassed at

w2050 °C for one hour.
(2) One-half the usual amount of uranium was used;
i.e., approximately 50 ug per sample filament.

(3) A 30 minute degasslng period was used prilor to
analysis, with the ionizing filament set at
2150 °C and the sample filament currents set
at 1.75 A.

(4) An ionizing filament temperature of 1900 °C was
used during analysis to eliminate the contribution
of organic ions to the uranium spectrum.

A final 238U signal of ~1.6 V on a 10'!' ohm input resistor to
the VRE gave the requisite 100 cps 2°*U signal.

A scan of the mass region from mass 237 through 233 during
an analysis of SRM U-0002 spiked with "U233" solution showed
there was no discernible organic or other contribution to mass
position 236, nor in a scan of unspiked SRM U-0002 was there
any evidence of a contribution at the 236 or 233 mass positions.
Therefore, the only correction required for any contribution
to the various mass positions above the normal background was
for the scatter due to the tail of the large 2°%U beam. To
detérminevthe magnitude of the correction, a count was taken,
immediately prior to analysis, for 100 seconds at the half-mass
positions on. either side of each integral mass position of
interest. An average of the two half-mass counting results
‘then represented an approximate scatter correction for the
corresponding integral mass position. Since the scatter cor-
rection for the 2%®"%U amounted to 5 percent of the total count,
the accuracy of the analysis was 1imited largely by the
inability to accurately correct for scatter.

A mass discrimination correction was applied by also
measuring the 23%U/23%U ratio and comparing the corresponding
ratio as determined by the conventional triple filament tech-
nigque. The 2%%U data for the pulse counting measurements is

given in Table 37.
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¢. Results and Discussion
The NBS determined values for 235U/238U ratios and the

pinor isotopic composition by 2°°U dilution are given in Table

38. This data was used to calculate the isotopic composition
of the least abundant of the 235U and 23%U isotopes, and com-

position of the remaining isotope was determined by difference.

Table 38. Summary of NBS determined 2%°U/2%°®U ratios and
the isotope dilution values of 23%U and 238U for
SRMs U-0002 through U-970.

SRM 23577/238) Ratio / 234Ua 238Ua
U-0002 0.00016 <0.00001
U-005 0.004918 0.00218 0.00466
U=010 0.010140 0.00541 0.00681
U-015 0.015566 0.00850 0.01639
U-020 0.02081 0.01248 0.01651
U-030 0.03143 0.01897 0.02041
U-050 0.05278 0.02787 0.04804
U-100 0.11360 0.06761 0.03790
U-150 0.18108 0.09934 0.06601
U-200 0.25119 0.12459 ' -0.21168
U-350 0.5464 0.24970 0.16730
U-500 0.9997 0.51808 0.07547
U-750 3.164 0.59243 0.25014
U-800 4,268 0.65614 0.24448
U-850 6.148 0.64352 0.37015
U-900 10.375 0.77751 0.332/6
U-930 17.356 1.08183 0.20265
U-970 186.78 1.66520 0.14912
a

Atom percent.
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The. **3U values of SRMs U-005 through U-350 and the 2°°%U values
of SRMs U-750 through U-930 were converted to weight percent
composition and are given in Table 39 with measurements by
Union Carbide Nuclear Company (UCNC), Oak Ridge, Tennessee,

and by Goodyear Atomic Corporation (GAT), Portsmouth, Ohio.

Table 39. Comparison of 23%U and 23%U measurement by NBS,
UCNC and GAT.

Weight percent 2357

SRM NBS ucnc? GaT®
U-005 0.4832 ©0.483Y 0.4834
U-010 0.9911 0.9911 ©0.9915
U-015 1.513 1.513 1.513
U-020 2.013 2.013 2.013
U-030 3.009 | 3.009 3.008
U-050 4,949 4,948 4.950
U-100 10.075 10.078 10.077
U-150 15.143 15.139 15.146
U-200 19.807 19.812 19.811
U-350 34.899 34.906 34.904

Weight percent 238U

U-750 24.045 24.032 24,030
- U-800 19.007 19.018 19.014
- U-850 14,006 13.997 14.002
U-900 8.795 8.795 8.796
171-930 5.443 5.405 5.445

2 The only isotope determined in the SRM was the least
abundant of the two major isotopes.
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The UCNC and GAT measurements were made by uranium hexafluoride
anlaYSiS in which each SRM was compared to a set of bracketing
synthetic calibration mixes prepared from oxide blends of
enriched and depleted uranium. Separation of NBS data into a
point calibration group and an interpolation group for compari-
gon Wlth values by UCNC and GAT does not reveal any significant
systematic differences. The magnitude of the deviations for
the interpolation data is, as might be expected, slightly
larger than thaﬁ‘for the point calibration group. The only

SEM with a ratio determination by both techniques at NBS is
U-050 and the agreement is well within experimental error.

The consistency of the NBS interpolation data with respect
to the independent measurements by GAT and UCNC provided the
foundation for evolution of the method into the systems cali-
pbration technique. The systems calibration is designed to
test the linearity of the measuring circuit over a wide range
of isotopic ratios by evaluating the consistency of the fila-
ment bias under identical éxpefimental conditions for all
samples. If the bias is constant, within experimental error,
for each ratio over the range tested, a single correction
factor 1s valid for all isotopic ratios within that range.

SRMs U~930 through U-050 is the group of standards used for
this measurement and all of the 235U/23%%U ratios are within

the limits 20 to 0.05. The measurement of ion current ratios
outside of this range is subject to errors due to non-linearity
of the measurling clrcult and all such ratios must be corrected
using»the point calibration technique. The systems calibration
is a very sensitive and rigorous test for defining the linear
response range of the measuring circuit and is recommended for
each new or rebuilt mass spectrometer. Finally, the systems
calibration is useable as an exacting performance test for the
operator who is learning how to apply the rules of a fixed
analytical procedure and is a recommended means of evaluating
operator performance. The body of data accumulated from

systems calibration measurements gives strong support to the
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assertion that, for the mass spectrometers of this laboratory,
the observed bias 1s independent of isotopice composition and
is primarily a function of evaporation and ionization in the
source; a single correction factor is valid within the linear
response region of the measuring circuit.

For 2%3%U isotope dilution no significant systematic dif-
ferences were observed for extra SRM samples spiked at each
change in dilution of the stock "U233" solution. A comparison
of minor isotopic composition by ilon multiplier detection and
by conventional detection with a "Z" source for the SRMs U-200,
U-150 and U-100, indicated no systematic differences, and thus,
an accurate correction for the additional bias effects of ion
multiplier measurements was.made. Multiplier measurements were
also more imprecise than conventional detection with the "Z"
lens source. The "Z" lens source made it possible to use the
conventional NBS collector in determining the minor isotopic
composition of all SRMs except U-020 through U-005 and the
23%y composition of SRM U-0002.

Analysis of unspiked SRMs, as control samples, along with
the spiked SRMs revealed that minor isotopic composition for
the unspiked samples was systematically greater (v0.2%) than
the isotope dilution values. This apparent enrichment was
attributed to a non-linear effect of the measuring circuit
when comparing such large ion current ratios. When the minor
isotope composition of SRMs U-500 through U-~030 were redeter-
mined using the "Z" lens source, unspiked solutions were again
analyzed as control samples but with special precautions to
minimize the effects of non-linear response. The values of
the VRE decade resistors were carefully checked, the 23%U
signal intensity was maintained below non-ohmic response levels
and the magnet scan rate was reset to give approximately one
minute between peak tops. The isotopic composition of the
unspiked samples was agaln greater than the 1sotope dilution
values but the difference was less than 0.1 percent. On the

basis of these and a 1limited number of subsequent measurements
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it is believed that nearly all of the original difference be-
tween thq spiked and unspiked data 1is caused by a R-C response
contribution for an lon current ratio of 100.

SRM U-970 was the only sample for which an attempt was
nade to determine ?°°U composition by isotope dilution, and
qas also the only effort to measure ?°*U with a spike that was
not approximately the same magnitude. This limited test gave
po indication of dependence of %3**U composition on the magni-
tude of the spike. The 23%3U isotope dilution of the SRMs was
inferior to the point calibration technique of determining
238y composition because of the detrimental effect of propaga-
ting small systematic errors (nV0.02% per mass unit) over a 5
pass unit range. For highly enriched 2°°U samples in which
the 238U compoeition is at the parts per million lcvel, isotopc
dilution may offer some advantages in spite of the error
propagation.

The certified composition (atom percent) of the uranium
SRMs is given in Tables 40 and 41. All of the 23*U and 2%°fU
values are the results of NBS determinations by 223U isotope
dilution. The 23°U and 2°%U values were calculated, where ap-
plicable, from point calibration measurements of the 23°U/238y
ratio at NBS. For SRMs with 23°U/2%%U ratio determinations at
NBS using the systems calibration technique, the values of NBS,
GAT and UCNC were given equal weight and averaged to yield a
certified value. Some small and statistically insignificant
differences between minor isotope values in the certified data
tables and the NBS data of Table 38 exist, because once a
certificate is issued, it is not reissued to reflect shifts of
a few parts in ten thousand as additional data is accumulated.
The uncertainty statement for the isotopic SRMs is the 95%
confidence limits for a single determintion because this is
the limiting error statemént that can be made for an isotopic
measurement and is aiways_approximately equal to the overall
limit of error. The overall limit of error is the sum of the

95% confidence limité.for the ratio determination and other
117



Table 40.

SRM

U-0002

U-005

U-010

U-015

U-020

U-030

U-050

U-100

U-150

0.

x.

1+

23‘{-U'

00016
00001

0.00218

x,

00004

.00541
.00005

.00850
.00009

.0125
.0001

0.0190

I+

I+

.0001

.0279
.0001

0.0676

14

.0002

.0993
.0002

0.01755
.00005

+

o

I+

I+

235U

L4985
.0005

.0037
.0010

1.5323

.0015

2.038

I+

.002

3.046

10.

I+

15

I+

.003

.010
.005

190
.010

.307
.015
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Certified atom percent composition of
through U-150.

236U

<0.00001

.00466
.00005

(]

I+

.00681
.00007

o

1+

0.0L64
+,0001

o

.0165
.0001

I+

.0204
.0001

O

1+

.0480
.0002

o

+

o

.0379
.0001

I+

0.0660
£.0002

SRMs U-0002

238U

99

+

99

I+

98.
.002

I+

97.
.002

1+

96

I+

I+

89.
.010

I+

84

1+

.9823
.0001

.504
.001

.984
.001

4y3

933

.915
.003

.915
.005

704

.528
.015



Table 41.

SRM
y-200

U-350

U-500

U-750

U-800

U-850

U-900

U-930

U-970

Certified atom percent composition of SRMs U-200

through U-970.
2_3'4U

0.1246
+.0003

0.2498
.0006

I+

o

.5181
.0008

+

.5923
.0009

o

1+

o

.6563
.0013

I+

L6437
.0014

o

I+

o

LTTTT
.0015

1+

.0812
.0020

-

1+

[

.6653
.0017

H+

235'”

20

+

35.
.035

+

hg,
.050

14

75

+

80.
.021

I+

85

I+

90

1+

97

+

.013
.020

190

696

.357
.025

279

137
.017

.196
.011
336
.010

.663
.003
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[e]

236U

L2116
.0006

0.1673

+

.0005

0.0755

I+

I+

I+

.0003

.2499
.0008

.2lhLs5
.0007

.3704
.0011

0.3327

I+

.0010

0.2027

+

.0006

0.1491

I+

.0005

238_U

79.
.021

+

64

+

ug.
.050

+

23’
.024

t

18.
.019

x

13.
.014

I+

+

651

.393
.036

711
801
820

848

.693
.008

.380
.005

0.5229

14

.0006



known sources of possible systematic error and is determined
by performing the necessary experimentation to evaluate each
ibias component.  The overall limit of error has also been
determined for boron [5], rubidium [6], copper [13], magnesium
[14], chromium [15], silver [16], chlorine [17], bromine [18]
and lead [19] as part of the NBS absolute isotopic abundance
and atomié weight program. For each of these elements the
magnitude of the overall 1limlt of error is apprbximately the
same as the 95% confidence limits for a single ratio deter-
mination. Thus, usage of the confidence limits for a Single
determination to establish a minimum error statement which
approximates the summation of all uncertainty components
commonly assoclated wilith NBS 1lsotoplc abundance measurements

is based on an extensive volume of experimental data.
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APPENDIX T

The "NBS type" 1l2-inch radius of curvature 68° analyzer
tube mass spectrometer with the combinations of components
that were standard instrumentation from 1960 through 1970 is
shown in Figures 9, 10 and 11. Initially, the 12-inch
instrument (Figure 9) had differential pumping of the source
housing and analyzer. tube by mercury diffusion pumps. Gate
valves isolated the pumping system so that venting of the
source and analyzer tube to atmospheric pressure was accom-
plished without loss of vacuum in the diffusion pumps. Both
the source and collector [9] had slit assemblies that were
externally adjustable by means of a micrometer screw.

A major modification in the instrumentation of the 12-inch
mass spectrometer during the 1963-1966 period was replacement
of the analyzer tube diffusion pump with an electronic pump
(Figure 10). Other significant changes adopted as standard
instrumentation were a cryogenic pump (coldfinger) in the
source housing and a small diameter window in the source
housing flange.

Figure 11 shows the standard instrument during the 1966-
1970 period. The major modifications include the following:
replacement of the gate valves by air-operated valves [11];
installation of a high vacuum beam valve [10,11]; the use of
a slot type mount for both the source and collector [10];
elimination of the externally adjustable slit assembly of the
collector and source; and the use of a "Z" lens source [10].

The "NBS type'" 90°, 12-inch radius extended flight path
mass spectrometer is shown’in TP’'igure 12. The magnet and
analyzer tube are identical to the first stage of the multi-
stage mass spectrometer [10] developed several years ago.

The analyzer tube 1s mounted in a horizontal plane and 1is
pumped by a double-ended electronic pump. An air-operated

beam valve 1s located immediately behind the source housing
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and is closed except when an analysis is made. The source
housing is pumped by a mercury diffusion pump and is isolateq
from the pump by another air operated valve. The source [10],
collector [10], expanded scale measuring circuit [9] and the
other electronic components are interchangeéble with the
corresponding components of the 68° instrument.

The analytical performance of the 90° mass spectrometer
matches or exceeds that of the "work horse" 68° instrument in
all practical aspects. The 90° instrument has greater trénsf
mlsslon efflclency and nearly the same dispersion as the 68°
spectrometer. In addition, all components of the 90° instru-
ment are serviceable with the opcrator standing on the floor.
The most recent innovation, locating the filament control
panel in the console so that the operator can simultaneously
view the ionizing filament with the pyrometer and adjust the
filament current to obtain a given temperature, is shown in
Figure 12. The 1971 version of the 12-inch 68° analyzer tube

- mass spectrometer has been modified to include this feature
but will not be completed in time for a photograph to be
prevared for this publication. This modification is a direet
result of the increased use of the optical pyrometer in
measuring the temperature of the jonizing filament. Pyrometer
measurement is the exclusive method of reproducing an optimum
temperature for the ionizing filament for all triple filament
analyses. All of the current single filament procedures -
boron, chromium, lead and nickel - are based exclusively on
adjusting to temperatures measured with the optical pyrometer
rather than ion current intensity or current through the
filament. Since the introduction of the window in the source
housing flange, the use of the pyrometer has increased until
it is now an integral part of all mass spectrometric analytical
procedures.
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Figure 11. 12-inch radius of curvature 68° analyzer tube
mass spectrometer from 1966 to 1970.
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APPENDIX IT

CERTIFICATES OF ANALYSIS

Uranium Isotopic Standard:
PAGE

U=0002. . & & v v v v v v v o ow .. 133
U=005 + v v v v v v v e e e e .. 134
U—OlO..;............ISS
U-015 . . . . . .« . . . . . . .. 136
U=020 + + & « v v 4w w e w ... 137
U=030 « & v v v v v v v e e . . . . 138
U-050 .+ v v v ie . ... . 139
U=100 + .+ v + ¢ v v o v & o « o o < 1bo
U=150 © v v v e e e e e e e e .1k
U=200 &« v v v e e e e e e e e .. 12
U=350 & v v v e e e e e .. 143
U=500 . « & « v v v v . e e e . .. 1LY
U=750 v v e v e e e e e e e .. 1bs

U-800 v v v v v v e e e 116
U-850 . & v v v v e e e e e ... 1b7
U=900 + + .« . . . . . . .. . .. . 118
U-930 « v v v v v e e oo ... . . 1k9

U=-970 . . . . . o 0000 L 150
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U. S. Departﬁggn;f of Commerce
Mauricez}l. Stans

@ertificate of Analpsis

STANDARD REFERENCE MATERIAL U-0002

Uranium Isotopic Standard

234U 23SU 236U 238U

Atom Percent 0.00016 0.01755 <0.00001 99.9823
) + .00001 +* .00005 0 --.---- + .0001
Weight Percent .0ouleo 01733 < .00001 99.9825

The material consists of highly purified oxide, U;O4. The atomic weight of the material is
calculated to be 238.0503 using the nuclidic masses 234.0409; 235.0439;.and 238.0508.
{E Qle&?@pfx}i{ed with high purity
Uif0~225U was measured on a

n
S

~ The value for 235U is calculated from measurements made &
233U to approximate the 23°U concentration, the ratio 233

triple-filament equipped thermal ionization mass spectrons iw1t§} d-c amplifier circuits. Ratio
determinations were corrected for mass discrimirggﬁ?f%b r_measurements made under similar
conditions on SRM U-500. RS\ A

A
7

RN
The value for 224U is calculated frgr?;::qfé“ﬁ’s”ﬁ}mﬁénts made on samples spiked with high purity
2337, the ratio 233U to 23%U.mas feasurc#on a two stage mass spectrometer using a pulse
counting technique. s
The limits indig,até@gﬁ%h,@;ﬁ%otopic compositions are at least as large as the 95 percent
confidence level {é’r f@ﬁ‘gi’agaaermination, and include terms for the inhomogeneities of the
material as well as ei“'i}fgiytf‘éal error.

&
v

Mass spectrometfy measurements at NBS were made by E.L. Garner and L. J. Moore using
solutions prepared by L. A. Machlan.

The overall direction and coordination of the technical measurements leading to certification
were performed under the chairmanship of W. R. Shields.

The technical and support aspects in the preparation, certification and issuance of this standard
reference material were coordinated through the Office of Standard Reference Materials by J. L.

Hague.

Washington, D. C. 20234 J. Paul Cali, Acting Chief
July 30, 1970 Office of Standard Reference Materials
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of Commerce
. Stans

e ([ prfificate
Standard Reference Material U-005
Uranium Isotopic Standard

234y 235y 2367 238y
Atom percent 0.00218 0.4895 0.00466 99.504
+,00004 +.0005 +.00005 +,001
Weight percent 0.00214 - 0.4833 0.00462 99.510

The material consists of highly purified oxide, U; Og. The atomic weight of the material
is calculated to be 238.036 using the nuclidic masses 234.0409; 235.0439; 236.0457 and
238.0508.

The values for 234U and 23U were calculated from measurements at the National
Bureau of Standards. The samples were spiked with high-purity >33 U to approximate the
234U concentration, the ratios 233U to 23%U and 233U to 235U were measured on a
triple-filament equipped surface ionization mass spectromete w1th?§ on-multiplier amplifier

circuits. XX

The values for 23°U and 238U were calculate lements of the 235U to 238U
ratio made at the National Bureau of Stand dé%\li le-filament, surface ionization mass
spectrometer equipped with dc amplifj,&rﬁ ts. The observed ratios were corrected for
mass discrimination effects by inte 0 rls synthetlc mixtures prepared at the 0.5
percent 233U level from high-purjy® \\ p238

The limits indicated, the toplc Loncentrations are at least as large as the 95- percent
d detérmination, and include terms for inhomogeneities in the
a¥ error. The 235U to 23871] ratia for this standard, 0.0049019, is

material as wel
known to at\ea}

Mass specttdmetry measurements at NBS were made by E. L. Garner on solutions
prepared by L. A. Machlan.

The overall direction and coordination of the technical measurements leading to
certification were performed under the chairmanship of W. R. Shields.

The technical and support aspects in the preparation, certification, and issuance of this
Standard Reference Material were coordinated through the Office of Standard Reference
Materials by J. L. Hague.

Washington, D. C. 20234 - W. Wayne Meinke, Chief
April 21, 1969 Office of Standard Reference Materials
(This gerlificate supersedes certificate of March 2, 1959)
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A ertificate
Standard Reference Material U-010
Uranium Isotopic Standard

234y) 23s5y] 2367] 2387(]
Atom percent 0.00541 . 10037 0.00681 98.984

+.00005 +.0010 +,00007 +.001
Weight percent 0.00532 0.9911 0.00675 98.997

The material consists of highly purified oxide, U3 Og. The atomic weight of the material
is calculated to be 238.020 using the nuclidic masses 234.0409; 235.0439; 236.0457 and
238.0508.

'The values for *°*U and 2°°U were calculated from measurements at the National
Bureau of Standards. The samples were spiked with hi h purn‘.y >U to approximate the

2347 concentration, the ratios 233U to 234U and 2 ere measured on a
triple-filament equipped surface ionization mass spectro n-multiplier amplifier
circuits.

The values for 235U and 23® U were ca ’ easurements of the 235U to 238U
ratio made at the National Bureau f tand ~--/ triple-filament, surface ionization mass
spectrometer equipped w1th its. The observed ratios were corrected for
mass discrimination effect lte rison with synthetic mixtures prepared at the 1
percent 25U level fro Uand 2**U.

material as lytical error. The 235U to 238U ratio for this standard, 0.010140. is

The limits j e e 1sotop1c concentrations are at least as large as the 95-percent
confidence@ Org-single determination, and include terms for inhomogeneities in the
a
known to at 1&ast 0.1 percent.

Mass spectrometry measurements at NBS were made by E. L. Garner on solutions
prepared by L. A. Machlan.

The overall dircction and coordination of the technical measurcments leading to
certification were performed under the chairmanship of W. R. Shields.

The technical and support aspects in the preparation, certification, and issuance of this
Standard Reference Material were coordinated through the Office of Standard Reference
Materials by J. L. Hague.

Washington, D. C. 20234 W. Wayne Meinke, Chief
April 21, 1969 Office of Standard Reference Materials

(This certificate supersedes certificate of March 2, 1959)
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U. 8. Departihent/ of Commerce
Mauriceif. Stans
Qn -

J Stndaras (ertificate
Standard Reference Material U-015
Uranium Isotopic Standard

National B
A. V. A

2347 235(g 2367] 2387y]
Atom percent 0.00850 1.5323 0.0164 98.443
+.00009 +.0015 +,0001 +.002
Weight percent 0.00836 1.5132 0.0163 08.462

The material consists of highly purified oxide, U; Og. The atomic weight of the material
is calculated to be 238.004 using the nuclidic masses 234.0409; 235.0439; 236.0457 and
238.0508.

The values for 234U and 235U were calculated from measurements at the Nationa
Bureau of Standards. The samples were spiked with high-purity 2337 to approximate the
2347 concentration, the ratios 233U to 234U and 233U to ™ U were measured on a
triple-filament equipped surface ionization mass spectrometefygith ultiplier amplifier
circuits. :

rements of the 235U to0 2380
e-filament, surface ionization mass
The observed ratios were corrected for
with synthetic mixtures prepared at the 1.5
nd 2387,

The values for 235U and 238 U were calcula

ratio made at the National Bureau of Stan®(§r
spectrometer equipped with de a pl%
mass discrimination effects by iatexyo is
percent 233 U level from higheputity \R°

The limits indj at e 15otopic concentrations are at least as large as the 95-percent

_confidence lim r Asingle determination, and include terms for inhomogeneities in the
8 i:f) tical error. The 235U to 238U ratio for this standard, 0.015565, is

known to at ¥&@st O percent.

Mass spectrometry measurements at NBS were made by E. L. Garner on solutions
-prepared by L. A. Machlan.

The overall direction and coordination of the technical measurements leading to
certification were performed under the chairmanship of W. R. Shields.

The technical and support aspects in the preparation, certification, and issuance of this
Standard Reference Material were coordinated through the Office of Standard Reference
Materials by J. L. Hague.

Washington, D. C. 20234 W. Wayne Meinke, Chief
April 21, 1969 Office of Standard Reference Materials

(This certificate supersedes certificate of October 1, 1958)
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U. 8. Departlimm,%’ of Commerce
Maurlce* Stans

National B;’z Standards @Brtifitate

A. V. Ast Director

Standard Reference Material U-020
Uranium Isotopic Standard

234U 23SU 236U 238U

Atom percent 0.0125 2.038 0.0165 97.933
+.0001 +.002 +.0001 +.002
Weight percent 0.0123 2.013 0.0164 97.959

The material consists of highly purified oxide, U; Og. The atomic weight of the material
is calculated to be 237.989 using the nuclidic masses 234.0409; 235.0439; 236.0457 and
238.0508.

The values for 234U and 226U were calculated from measurements at the National
Bureau of Standards. The samples were spiked with hlgh purity 232U to approximate the

2347 concentration, the ratios 233U to 234U and 233U to 23%U were measured on a
triple-filament equipped surface ionization mass spectromgete ith ultiplier amplifier
circuits.

The values for 235U and 238U were calcylaff neasurements of the 235U to 238U
e-filament, surface ionization mass

ratio made at the National Bureau of S
he observed ratios were corrected for

spectrometer equipped with dc ampliffer_ciRuits:
mass discrimination effects by ifiteksompabisén with synthetic mixtures prepared at the 2
percent 23U level from higltpurity nd 238U,

e isotopic concentrations are at least as large as the 95- percent
confidence lipnaf3 a‘singl¢ determination, and include terms for inhomogeneities in the
material as @ anit#tical error. The 2 35U to 238U ratio for this standard, 0.02081. is
known to at ] ’ percent,

Mass spectrometry measurements at NBS were made by E. L. Garner on solutions
prepared by L. A. Machlan.

The overall direction and coordination of the technical measurements leading to
certification were performed under the chairmanship of W. R. Shields.

The technical and support aspects in the preparation, certification, and issuance of this
Standard Reference Material were coordinated through the Office of Standard Reference
Materials by J. L. Hague.

Washington, D. C. 20234 W. Wayne Meinke, Chief
April 21, 1969 Office of Standard Reference Materials
(This certificate supersedes certificate of October 1, 1958)
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U. S. Departtent/ of Commerce
i Stans

(ertificate

Standard Reference Material U-030
Uranium Isotopic Standard

234yg 235y 236y 2387
Atom percent 0.0190 3.046 0.0204 96.91

+.0001 +.003 - £.0001 +.00
Weight percent 0.0187 3.009 0.0202 06.953

The material consists of highly purified oxide, U;0g. The atomic weight of the
material is calculated to be 237.958 using the nuclidic masses 234.0409; 235.0439;

236.0457 and 238.0508. ' .
The values for 234U and 23U were calculated fro e »&t the National
Bureau of Standards. The samples were spiked with high-pukity o approximate the
2P¥U

2347 concentration, the ratios 233U to 234U and 2 were measured on a
triple-filament equipped surface ionization mags sffectry
circuits.

er with ion-multiplier amplifier
The values for 235U and 23*
a

2387J ratio made at the Natig
mass spectrometer equipp
for mass discrimingii6in e
3 percent 235

re_cglculated from measurements of the 235U to
u g Standards on a triple-filament, surface ionization
4\‘ amplifier circuits. The observed ratios were corrected
%{' By intercomparison with synthetic mixtures prepared at the

highpurity 235U and 238 U.

" 2
o

The limits Wudicated for the isotopic concentrations are at least as large as the
95-percent confidence limits for a single determination, and include terms for inhomogene-
ities in the material as well as analytical error. The 235U to 238U ratio for this standard,
0.03143, is known to at least 0.1 percent.

Mass spectrometry measurements at NBS were made by E. L. Garner on solutions
prepared by L. A. Machlan. :

The overall direction and coordination of the technical measurements leading to
certification were performed under the chairmanship of W. R. Shields.

The technical and support aspects in the preparation, certification, and issuance of this
Standard Reference Material were coordinated through the Office of Standard Reference
Materials by J. L. Hague.

Washington, D. C. 20234 W. Wayne Meinke, Chief
April 21, 1969 Office of Standard Reference Materials

(This certificate supersedes certificate of October 1,1958)
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U. S. Departthen/ of Commerce
MauricesH. Stans

Qertificate

Standards
irector

Standard Reference Material U-050
Uranium Isotopic Standard

National Bm
A V.

234U ' 235U 236U 238U
Atom percent 0.0279 _ 5.010 0.0480 94.915

+.0001 +.005 +.0002 +.005
Weight percent 0.0275 4.949 ' 0.0476 94.975

The material consists of highly purified oxide, U;Og. The atomic weight of the
material is calculated to be 237.898 using the nuclidic masses 234.0409; 235.0439;

236.0457 and 238.0508.
The values for 23%U and 23°U were calculated from gne »ﬂ the National
Bureau of Standards. The samples were spiked with high-puRty {f° >¥>to approximate the
2
U

234y concentration, the ratios 222U to 224U apd.? were measured on a
triple-filament equipped surface ionization mas er with ion-multiplier amplifier
circuits. .

The values for 235U and 232 re cicutated from measurements of the 235U to
2387 ratio made at the NationafRurflau ndards on a triple-filament, surface ionization
mass spectrometer equipp Al amplifier circuits. The observed ratios were corrected

for mass discrimination, e k., y intercomparison with synthetic mixtures prepared at the
5 percent 235U : urity 235U and 238U,

The limits Ngdicdted for the isotopic concentrations are at least as large as the
95-percent confidefice limits for a single determination, and include terms for inhomogene-
ities in the material as well as analytical error. The 23%U to 232U ratio for this standard,
0.05278, is known to at least 0.1 percent.

Mass spectrometry measurements at NBS were made by E. L. Gamer on solutions
prepared by L. A. Machlan.

The overall direction and coordination of the technical measurements leading to
certification were performed under the chairmanship of W. R. Shields.

The technical and support aspects in the preparation, certification, and issuance of this
Standard Reference Material were coordinated through the Office of Standard Reference
 Materials by I. L. Hague.

“Vashington, D. C. 20234 W. Wayne Meinke, Chief
\pril 21, 1969 Office of Standard Reference Materials

(This certificate supersedes certificate of October 1, 1958)
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bnt, of Commerce
[, Becretary

A. V. Aot Eéi)rector

Certificate of Analysis
Standard Reference Material U-100

Uranium Isotopic Standard

2347J ::mU zasU 238U
Atom percent 0.0676 10.190 0.0379 89.704
+.0002 +0.010 +.0001 0,010

Weight percent .0666 10.075 .0376 89.821

The material consists of highly purified oxide, U;0s. The atomic weight of the mate-
rial is calculated to be 237.741 using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

of Standards. The samples were spiked with high-purity¥§:Uito roximate the 2**U con-
centration, the ratios ***U to ***U and **U to 2 sured on a friple-filament
equipped surface ionization mass spectromete amplifier circuits.

)

\
The values for 2*+U and 2**U are calculated from mea. ur‘i%gp e National Bureau

The values for #5U and #®

’ %C ted from measurements made at the Na-
tional Bureau of Standards 234 35U ratio. “The observed ratios were corrected
for mass discriminatio ¢ infercomparison with five synthetic mixtures at the
10-percent 2*U level pfepardd from high-purity **U and ***U.

<‘;§1
The lim%d}ﬁ\ted for the isotopic eoncentrations are at least as large as the 95-

percent confidenge level for a single determination. The ***U to 2%*U ratio for this stand-
ard, 0.11360, is known to at least 0.1 percent.

Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A, Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
June 23, 1966 Office of Standard Reference Materials

(This certificate supercedes certificate of 7T-1-59)
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U. S. Depart { of Commerce

John T, ecretary b, ,
neonat itbiet seniorss Cprtificate of @Analpsis

Standard Reference Material U-150

Uranium Isotopic Standard

234U 235U 'zch 2387J
1 percent 0.0993 15.307 0.0660 84.528
=+.0002 +0.015 +.0002 +0.015
Weight percent .0978 15,143 .0656 84,693

The material consists of highly purified oxide, U,0.. The atomic weight of the mate-
rial is calculated to be 237.585 using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

The values for 23+ and 2**U are calculated from measurements at the National Bureau.
of Standards. The samples were spiked with high-purity ***U to approximate the ***U con~
centration, the ratios 233U to 22U and **U to **U were measured on a triple-filament
equipped surface ionization mass spectrometer with d-c amplifiegcircuits.

m
ng

The values for #*°U and #»**U are derived from measuremes est the National
id 7, and at Goodyear
being” given equal weight.
of the 2*U to U ratio
v s were corrected for mass dis-
biag/from measurements on standards
U-500 and U-100. Experience at NB&h through intercomparison of the stand-
ards, and synthetic mixtures at the B(i&- d 90-percent ***U level prepared from high-
purity 2*U and #»*U isotopes albonsiant bias for a given procedure can be maintained
over the range of 5- 19795 =3, Values from Union Carbide and Goodyear
Atomic are based on-dire férminations of the =**U concentration by oxide dilution and

UF, analysis, and-

the 23U valuengbtai
The limits ﬁ;\dicated for the isotopic concentrations are at least as large as the 95-

percent confidence level for a single determination. The ***U to **U ratio for this stand-

ard, 0.18109, is known to at least 0.1 percent; at the same time the pooled variance for
the calibration system is significantly smaller.

Bureau of Standards, at Union Carbide Nuclear Co., Oa
Atomic Corp., Portsmouth, Ohio, each laboratory’
Values obtained at NBS are the result of direct 7633
using triple filament thermal ionization. The gbsH
crimination effects by determining the/ #ys

d by difference.

Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WaASHINGTON, D.C. 20234 W. Wayne Meinke, Chief‘
August 5, 1966 Office of Standard Reference Materials

(This certificate supersedes certificate of 7-1-59)
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N
U. S. Departmggﬁ, of Commerce
John T. ecretary

i T i Certificate of @nalpsis

Standard Reference Material U-200

Uranium Isotopic Standard

234U 235U 236U 238U
Atom percent 0.1246 v 20.013 0.2116 79.651

=+.0003 =+=0.020 +.0006 +=0.021
Weight percent 1229 19.811 2103 79.856

The material consists of highly purified oxide, U,0.. The atomic weight of the mate-
rial is calculated to be 237.440 using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

The values for 24U and 22U are calculated from measurements at the National Bureau
of Standards. The samples were spiked with high-purity 232U to approximate the 23U con-
centration, the ratios 23°U to 23*U and U 'to 2*U were measured on a triple-filament
equipped surface ionization mass spectrometer with d-c amplj

The values for 235U and 225U are derived from measurdment
Bureau of Standards, at Union Carbide Nuclear Co., hn., and at Goodyear
Atomic Corp., Portsmouth, Ohio, each laborato ellbeing given equal weight.
Values obtained at NBS are the result of dirpct-n éent of the *°U to 2°U ratio
using triple filament thermal ionization. Yedyratios were corrected for mass dis-

crimination effects by determining Blx_bras from measurements on standards
U-500 and U-100. Experience at S n, through intercomparison of the stand-
ards, and synthetic mixtures at the 18-, and 90-percent **°U level prepared from high-
purity 2**U and #%U isoto a stant bias for a given procedure can be maintained
over the range of 5- D% ent #°U. Values from Union Carbide and Goodyear
Atomic are based Jeterminations of the 2**U concentration by oxide dilution and

UF, analysis
the >**U val @ alpe

The limit ‘undlcated for the isotopic concentrations are at least as large as the 95-
percent confidence level for a single determination. The 2°U to ?*U ratio for this stand-
ard, 0.25126, is known to at least 0.1 percent; at the same time the pooled variance for
the calibration system is significantly smaller.

the”ratio calculated using the NBS values for ***U and 23¢U, and
difference.

Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
June 1, 1966 . Office of Standard Reference Materials

(This certificate supersedes certificate of 10-1-58)
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Certificate of Analysis
Standard Reference Material U-350

Uranium Isotopic Standard

234U -.’:z:,U ‘ '_’36U '.‘3SU
Atom percent 0.2498 35.190 0.1673 64.393
+.0006 +0,035 +.0005 +0.036
Weight percent 2467 34.903 .1667 64.684

The material consists of highly purified oxide, U;0s. The atomic weight of the mate-
rial is calculated to be 236.979, using the nuclidic masses 234.0409; 235.0439; 236.0457 ;
and 238.0508.

The values for ***U and **°U are calculated from measurements at the National Bureau
of Standards. The samples were spiked with high-purity 23U to approximate the 23*U con-
centration, the ratios ***U to **U and **U to **U were measufkd on a triple-filament
equipped surface ionization mass spectrometer with d-c amplifie \I‘i&w

The values for ***U and 2**U are derived from mea @nte-made at the National
civ . alue being given equal weight.
& gasuirement of the *°U to 23U ratio
s¥ved ratios were corrected for mass dis-

Atomic Corp., Portsmouth, Ohio, each labo
Values obtained at NBS are the result
using triple filament thermal ionizat

crimination effects by determini g he s bias from measurements on standards
U-500 and U-100. Experienge at P hown through intercomparison of the stand-
ards, and synthetic mlxt 10— 50- and 90-percent **°U level prepared from high-
purity #°U and ##U i 150 pes constant bias for a given procedure can he maintained
over the range ercent 25(J, Values from Union Carbide and Goodyear

Atomic are bgs ol ”(‘iu:eet “determinations of the *°U concentration by oxide dilution and
UF; analysis, a;ﬁd the ratio calculated using the NBS values for U and 23U, and
the U value obtained by difference.

The limits indicated for the isotopic concentrations are at least as large as the 95-
percent confidence level for a single determination. The ***U to ***U ratio for this stand-
ard, 0.5465 is known to at least 0.1 percent; at the same time the pooled variance for the
calibration system is significantly smaller.

Mass spectrometry measorements at NBS were made hy Ernest 1.. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
May 23, 1966 Office of Standard Reference Materials

(This certificate supersedes certificate of 3-2-59)
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U. S. Depart e of Commerce

Secretary

e s Certifitate of Analpsis
Standard Reference Material U-500

Uranium Isotopic Standard

234U 23:’.U 23A;U 235U
Atom percent, 0.5181 49.696 0.0755 49.711
.1.,0008 1.0.050 =+.0008 =+=0.0560
Weight percent 5126 49.383 - .0754 50.029

The material consists of highly purified oxide, U;0s. The atomic weight of the mate-
rial is calculated to be 236.534, using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

The values for U and **U are calculated from measureipe ‘ X\'ﬁaﬁona] Bureau
of Standards. The samples were spiked with high-puritg \“?""*w proximate the 23U con-
centration, the ratios 232U to ***U and 2**U to 23@ mé?t%ured on a triple-filament
equipped surface ionization mass spectromete \ h d ;;%p iplifier circuits.

o

The values for #°U and 2*U vi} “alc ted‘ from measurements made at the Na-
tional Bureau of Standards U 38U ratio. The observed ratios were corrected
for mass discrimination i{i !iltercomparlson with five synthetic mixtures at the

50-percent 235U level k{@\\ m high-purity 2**U and 23°U,
f{”’““}

The limits i catéﬁ for the isotopic concentrations are at least as large as the 95-
percent confidence level for a single determination. The 25U to 2**U ratio for this stand-
ard, 0.9997, is known to at least 0.1 percent.

Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
May 24, 1966 Office of Standard Reference Materials
(This certificate supersedes certificate of 12-16-63)
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J. 8. Departmes

of Commerce
John T. €omx
Nat:onal Ei“

oy ety Certificate of @nalpsis

;A/W;D}rectm

Standard Reference Material U-750

Uranium Isotopic Standard

334U 235U 230U 238U
Atom percent 0.5923 75.357 0.2499 23.801
=+.0009 +0.025 +.0008 +0.024
Weight percent .5880 75.129 .2502 24.033

The material consists of highly purified oxide, U,O.. The atomic weight of the mate-
rial is calculated to be 235.756, using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

The values for U and ***U are calculated from measurements at the National Bureau
of Standards. The samples were spiked with high-purity =**U to approximate the **U con-
centration, the ratios 23U to ***U and ***U to **°U were measured on a triple-filament
equipped surface ionization mass spectrometer with d-c amplifier circuits.

The values for 23U and 2#**U are derived from measurem ts‘}K\ de,at the National
Bureau of Standards, at Union Carbide Nuclear Co., Oak Rid enys-and at Goodyear
Atomic Corp., Portsmouth, Ohio, each laboratory’ s, alue, béing*¥given equal weight.
Values obtained at NBS are the result of dlrect of the *°U to **U ratio
using triple filament thermal ionization. The pb v 5}; \Eios were corrected for mass dis-

crimination effects by determining thc \ rom measurcments on standards
U-500 and U-900. Experience at NB ow®, thtough intercomparison of the stand-
ards, and synthetic mixtures at th 03 0- and’90-percent **U level prepared from high-

purity **U and #**U isotopes. con bias for a given procedure can be maintained
over the range of 5- to 5], Values from Union Carbide and Goodyear
Atomic are based on r t de rmmatlons of the ***U concentration by oxide dilution and
UF, analysis, an ‘tﬁ 10 calculated using the NBS values for **'U and **U, and

the 235U value‘dﬁ ﬁﬁ“byfdlfference

The limits u‘;‘@lcated for the isotopic concentrations are at least as large as the 95-
percent confidence level for a single determination. The **U to U ratio for this stand-
ard, 3.166, is known to at least 0.1 percent; at the same time the pooled variance for the
calibration system is significantly smaller.

Mags spectrometry measurements at NRS were made hy Ernegt I.. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
February 11, 1966 Office of Standard Reference Materials

('This certificate supersedes certificate of 3-2-54)
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Y of Commerce

mar gecretary - (Fortificate of Analpsis
A. V. |AspiasDirector

Standard Reference Material U-800

Uranium Isotopic Standard

234U 235U 236U 238U
Atom percent 0.6563 80.279 0.2445 18.820
+.0013 +0.021 =+.0007 +0.019
Weight percent 6519 80.088 2450 19.015

The maferial consists of highly purified oxide, U;0.. The atomic weight of the mate-
rial is calculated to be 235.606, using the nuclidic masses 234.0409; 235.0439; 236.0457;
and %38.0508.

The values for »**U and 2*°U are calculated from measurements at the National Bureau
of Standards. The samples were spiked with high-purity ***U to approximate the ***U con-
centration, the ratios 233U to 234U and 233U to 23U were measured on a triple-filament
equipped surface ionization mass spectrometer with d-c amplifier circuits.

The values for 2*°U and »**U are derived from measurements<made at the National
Bureau of Standards, at Union Carbide Nuclear Co., Oak Ridge, Téi}p:x{@and at Goodyear
Atomic Corp., Portsmouth, Ohio, each laboratory’s valtie lé%?iﬁg,w given equal weight.
Values obtained at NBS are the result of direct measurement of ‘the **U to **U ratio
using triple filament thermal ionization. The observed tatios-were corrected for mass dis-
crimination effects by determining the sys:{erﬁ bia‘gl Forn measurements on standards
U-500:and U-900. Experience at NBS hgasfw’»s}féj\gh};ﬁtgﬁéugh intercomparison of the stand-
ards, and synthetic mixtures at thg‘: 14 5&3;:@nﬁj§90¥bel'cent 251J level prepared from high-
purity *#*U and **U isotopes, :chatig cb&n‘st@ﬁ bias for a given procedure can be maintained
over the range of 5- to 25;?@13@& 3. Values from Union Carbide and Goodyear
Atomic are based on diré¢ sterminations of the ***U concentration by oxide dilution and
UF; analysis, and then g{;}q;fz re fio calculated using the NBS values for ***U and **U, and
the 235U valug{@bﬁgé{ ¢ @Qfé’xﬁ’erence.

FIok
The limit%ﬁi’cliéé?ted for the isotopic concentrations are at least as large as the 95-
percent conﬁden‘%e level for a single determination. The **U to ***U ratio for this stand-
ard, 4.266, is known to at least 0.1 percent; at the samie time the pooled variance for the
calibration system is significantly smaller.

Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
February 11, 1966 Office of Standard Reference Materials

(This certificate supersedes certificate of 3-6-59)
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Certificate of Analysis
Standard Reference Material U-850

Uranium Isotopic Standard

234U 235U 236U 238U
Atom percent 0.6437 85.137 0.3704 13.848
, +.0014 +0.017 =+.0011 +0.014
Weight percent .6399 84.988 3713 14.001

The material consists of highly purified oxide, U;0.. The atomic weight of the mate-
rial is calculated to be 235.458, using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

The values for ***U and **U are calculated from measurements at the National Bureau
of Standards. The samples were spiked with high-purity #*U to approximate the 24U con-
centration, the ratios 2U to 2**U and #*U to ***U were measured on a triple-filament
equipped surface ionization mass spectrometer with d-c amplifier circuits.

The values for **U and 2**U are derived from measurements made at the National
Bureau of Standards, at Union Carbide Nuclear Co., Oak Rldge,& Ten and at Goodyear
Atomic Corp., Porlsmouth, Ohio, each laboralory's val{ge bé,lf - gk n equal weight.
Values obtained at NBS are the result of direct measurement of the U to 2°U ratio
using triple filament thermal ionization. The observed i 10§“were corrected for mass dis-
crimination effects by determining the systgm ‘bias gm measurements on standards
U-500 and U-900. Experience at NBS hasshow ;ﬂlgphgh intercomparison of the stand-
ards, and synthetic mixtures at the 10% 5@% 90- percent »U level prepared from high-
purity ***U and ***U isotopes, that a%consta iblas for a given procedure can be maintained
over the range of 5- to 95- pegceht i‘gU "Values from Union Carbide and Goodyear
Atomic are based on dlreét d’e@rﬁm‘aatlons of the ***U concentration by oxide dilution and
UF, analysis, and then the ra§10 calculated using the NBS values for ***U and 22U, and
the »°U value ybtarﬁe y“@l‘ﬁelence

The limits® }ndlcaj;ed for the isotopic concentrations are at least as large as the 95-
percent conﬁdencg;level for a single determination. The 2°U to ***U ratio for this stand-
ard, 6.148, is known to at least 0.1 percent; at the same time the pooled variance for the
calibration system is significantly smaller.

Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
February 11, 1966 Office of Standard Reference Materials

(This certificate supersedes certificate of 10-1-58)
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Certificate of Analysis
Standard Reference Material U-900

Uranium Isotopic Standard

2341J : 2357J 236]J 2387
Atom percent 0.7777 90.196 0.3327 8.693
=+.0015 #+0.011 =+.0010 =+0.008
Weight percent 1135 90.098 3337 8.795

The material consists of highly purified oxide, U;O0.. The atomic weight of the mate-
rial is calculated to be 235.301, using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

The values for 23U and 2?*U are calculated from measurements at the National Bureau
of Standards. The samples were spiked with high-purity 2*3U to apfixoximate the 23U con-
centration, the ratios 2**U to **U and 2*U to **U were me%\gy& triple-filament

equipped surface ionization mass spectrometer Wlth d-c plifierseircuits.

"\« NN

‘The values for #»*U and U were calc tg@ easurements made at the Na-
tional Bureau of Standards of the 3’U he observed ratios were.corrected
for mass discrimination effects b amson with five synthetic mixtures at the
90-percent 23U level prepare Y% ‘pﬁ‘rlty 235 and **¢U.

The limits 1nd§1{e:;§e@c;/ e 1sotop1c concentrations are at least as large as the 95-
percent conﬁdegﬁé fo single determination. The 235U to 23U ratio for this stand-

ard, 10.375, is ’linown%fto at least 0.1 percent.
Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayne Meinke, Chief
February 11, 1966 Office of Standard Reference Materials

(This certificate supersedes certificate of 10-1-58)
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1. S. Depart of Commerce

Secretary

saieres Coptificate of Enalysis

Standard Reference Material U-930

Uranium Isotopic Standard

234U zar.U 236U 238U
Atom percent 1.0812 93.336 0.2027 5.380
+0.0020 +0.010 +.0006 =+0.005
Weight percent 1.0759 93.276 .2034 5.445

The material consists of highly purified oxide, U,0.. The atomic weight of the mate-
rial is calculated to be 235.197, using the nuclidic masses 234.0409; 235.0439; 236.0457;
and 238.0508.

The values for **U and **U are calculated from measurements at the National Bureau
of Standards. The samples were spiked with high-purity ***U to approximate the »**U con-
centration, the ratios **U to **U and 22U to ***U were measured on a triple-filament
equipped surface ionization mass spectrometer with d-c amplifier circuits.

The values for ***U and *3*U are derived from measurements_made at the National
Bureau of Standards, at Union Carbide Nuclear Co., Oak Rxd e, ’i‘glun and at Goodyear
Atomic Corp., Portsmouth, Ohio, each laboratory’s Valye Ezeg y.en equal weight.
Values obtained at NBS are the result of direct measuremengf(;f the *U to *¥U ratio
using triple filament thermal ionization. The obsenye&%rahn,s\w‘ére corrected for mass dis-
crimination effects by determining the system bias. V”f“rom medsurementb on standards
U-500 and U-900. Experience at NBS has shéwﬁ thmugfl mtercompamson of the stand-
ards, and synthetic mixtures at the 10-, QG—percent “U level prepared from high-
purity *°U and **U isotopes, thata “ebns ‘:;bras for a given procedure can be maintained
over the range of 5- to 95»percei1t 7% Values from Union Carbide and Goodyear
Atomic are based on direet detezmmatlons of the #**U concentration by oxide dilution and
UF, analysis, and then the latlo calculated using the NBS values for »*U and *¢U, and
the **U value obt "ned by dlﬁerence

c‘ated “for the isotopic concentrations are at least as large as the 95-
percent confidehte level for a single determination. The U to **U ratio for this stand-
ard, 17.349, is kitown to at least 0.1 percent; at the same time the pooled variance for the
calibration system is significantly smaller.

Mass spectrometry measurements at NBS were made by Ernest L. Garner and Wil-
liam R. Shields on solutions prepared by Lawrence A. Machlan and Martha S. Richmond.

WASHINGTON, D.C. 20234 W. Wayvne Meinke, Chief
February 11, 1966 Office of Standard Reference Materials
(This certificate supersedes certificate of 12-1-58) )
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u. S. Departrﬁgnd’/ of Commerce
MauricesHd. Stans

wopstanse  Qertificate of Analysis
STANDARD REFERENCE MATERIAL U-970

Uranium Isotopic Standard

234y 235 23677 238(;

Atom Percent 1.6653 97.663 0.1491 0.5229
+0.0017 +0.003 10.0005 10.0006

Weight Percent 1.6582 97.663 0.1497 0.5296

The material consists of highly purified oxide, U3Og. The atomic weight of the material is
calculated to be 235.045, using the nuclidic masses 234.0409; 235.0439; 236.0457; and 238.0508.

The values for 234U and 23°U are calculated from measurements made on sams)les spiked with
high purlt 2337 to approximate the 234U and 236U concentrations, the ratios 233U to 234U and
2337 to %36U were measured on a triple-filament equipped surface iogization mass spectrometer
with d-c amplifier circuits. Ratio determinations were corrected for yass dgcrimination by measure-
ments made under similar conditions on SRM U-500. W‘

235U to 233U, and calibrated
repared from high-purity separated
of the sample. Because of the response

by measurements of the same ratio on synthetj
isotopes of 23°U and ?**U to approximate thg c ig
peak to the 233U peak, the 238U peak

time of the measuring circuit when sw1tc ;
was monitored for 1 minute and onl fromjth¥Jast 30 seconds, after the signal had stablhzed
was used in the calculations. The w@iye for XS ¥is calculated by difference.

odtoplc compositions are at least as large as the 95 percent
le

etermination, and include terms for the inhomogeneities of the
rror. The 235U to 238 ratio for this standard, 186.78, is known to

The limits indicat

confidence level fi
material as well a 1
at least 0.15 percen'

Mass spectrometry measurements at NBS were made by E. L. Garner using solutions prepared
by L. A. Machlan.

The overall direction and coordination of the technical measurements leading to certification
were performed under the chalrmanshlp of W. R. Shields.

The technical and support aspects in the preparation, certification and issuance of this Standard
Reference Material were coordinated through the Office of Standard Reference Materials by J. L.
Hague.

Washington, D. C. 20234 J. Paul Cali, Acting Chief
July 9, 1970 Office of Standard Reference Materials

150





