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At the initial session of the Alfred O. Nier Symposium on Inorganic Mass
Spectrometry, Alexander Gancarz, Isotope and Nuclear Chemistry Division Leader,
welcomed the participants.

It is a real honor for the Isotope and Nuclear Chemistry Division of the Los
Alamos National Laboratory to be cosponsoring this meeting with the Department
of Energy Office of Basic Energy Sciences, Division of Engineering and Geosciences.
I am pleased to welcome you to this meeting, The Alfred O. Nier Symposium on
Inorganic Mass Spectrometry, which celebrates the 80th birthday of A. O. Nier. The
response from the scientific community has been truly overwhelming, including not
only his colleagues and former students, but also many enthused professionals from
the fields of geochemistry and mass spectrometry that Al was so instrumental in
founding.

The great variety in the talks to be presented in the next three days is most
exciting and reflects the viability of inorganic mass spectrometry. There are clearly
many opportunities for instrumental advances—particularly for increased
abundance sensitivity on smaller and smaller samples as well as enhanced trace
analysis capabilities. What is also remarkable is the wide range of scientific
endeavors in which mass spectrometry is crucial. One of the talks contains the
concept of "from the Heavens and the Deep Earth," and many of the presentations at
this symposium reflect this remarkably wide spectra. We will hear discussions on
subjects ranging from samples and processes deep within the earth, to
environmental information deduced from isotopes, on ozone in the earth's
atmosphere, on extraterrestrial samples, and finally—outwards to Stardust and
isotopic astronomy. It is also exciting to see the use of inorganic mass spectrometry
in the life sciences, including human metabolism and nutrition.

I again want to issue a warm welcome and look forward to lively discussions
with each of you over the next three days.

Alexander J. Gancarz
Division Leader
Isotope and Nuclear Chemistry Division
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Dedication

It is our privilege to honor
one of the outstanding scientists
of the past 50 years, Professor
Alfred O. C. Nier. His career
began as an undergraduate at
the University of Minnesota
almost 65 years ag' .nd
continues today as Regents
Professor of Physics Emeritus.
His productivity and expertise
in the practical application of
fundamental principles for
measuring the abundances of
isotopes and the interpretation
of these measurements is
unequalled.

I, myself, am a third
generation "Nier," having been
trained by one of his early
students, Charlie Stevens,
formerly of Argonne National
Laboratory. There are many
generations of unsuspecting
'Nier' descendants around us
today, some of whom have
never ever considered building
a mass spectrometer! I suspect
that the serendipitous
juxtaposition of Al Nier, the
then modern vacuum
technology, and the
development of the electrometer
tube in the late 1930s and early
1940s has directly resulted in
this week's gathering. This
juxtaposition has undoubtedly
strongly contributed to the
development of modern isotope
geology, geochronology, and
atomic and nuclear physics.

Although he did a great
deal of the initial development
work at the University of
Minnesota during the early
1930s and at Harvard in the late
1930s, it was after he returned to

In 1940, Professor Nier is at the console of the first 60° sector mass
spectrometer. (Note the acid bums in his iab coat.)

Minnesota in 1945 that
Professor Nier began the work
that spawned our careers. His
landmark publication,
frequently referred to only as
"RSI 1947," described for the
first time an operational,
practical mass spectrometer that
was available to any researcher
with the means to build one.

There is no way to
adequately describe Professor
Nier's many accomplishments

or to speculate on all the
implications and further
developments resulting from
his early experiments. I do
know that two of his early
efforts contributed to a whole
new world: the demonstration
that B5U was the isotope
responsible for slow neutron
fission and the development of
the technology to purify it.

I recently perused Professor
Nier's Curriculum Vitae and
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Dedication

Professor Nier and Harold Washburn (VP Research) at the console of
Nier's 60° mass spectrometer, whose design he had given to Consolidated
(Pasadena, 1948).

came across this statement,
"Research Interests:
Development of mass
spectrometers and
application to problems in
nuclear physics, chemistry,
biology, engineering,
geology and geophysics."
Like the man himself—
concise, straight forward,
and to the point. Over the
years, his scientific work
has crossed many lines of
discipline and touched a
multitude of different
communities. What kind of
curiosity motivates a man
to apply his particular
expertise to such a wide
variety of problems?
Despite pioneering in so
many areas, how can he
have achieved such a
phenomenal success rate?
He is indeed a rare
combination of man and
scientist and teacher. It is in
this last role, teacher, that
he has probably made his
most valuable contribution
to us all. For we all—all of
us here this week—have sat
in his classroom and
benefited from the
perceptive knowledge of
Professor Alfred O. C. Nier.

At the Gulf Oil Research
Laboratory in Pittsburgh, Dr. Nier
presents a lecture (1955).

In 1966, Dr. Nier is appointed
Regents Professor of Physics.

Donald J. Rokop
Isotope Geochemistry
Los Alamos National

Laboratory
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ALFRED O. NIER SYMPOSIUM ON INORGANIC MASS SPECTROMETRY

Edited by

D. J. Rokop

ABSTRACT

In May 1991, over 100 inorganic mass spectroscopists, including
representatives from 9 different countries, gathered in Durango,
Colorado, to discuss cross-discipline research. The cross fertilization
generated from this meeting prompted a spontaneous and universal
request to repeat the experience. This proceedings contains summaries
of papers and poster sessions presented at this symposium and gives
some feel for our motivation in planning future meetings of this
nature.

INTRODUCTION

Gatherings of mass spectroscopists throughout the world have, for some years, been dominated by
organic application specialists. Inorganic specialists have found themselves being diluted out of the
system. When one attended a professional meeting, one had to look very hard to find someone of similar
interests. With the deemphasis on nuclear energy in this country, the decreased involvement in the
weapons program, and the shift of inorganic mass spectroscopists to the geological arena, almost any
meeting featuring mass spectrometry is dominated by organic applications.

For some years I have been thinking that it would be appropriate to have a meeting of inorganic
applications specialists featuring the wide variety of applications in the inorganic arena, without any
organic types present. I tossed this idea around with many of you and subsequently abandoned it when I
considered all the work involved. How could it be successful? What theme could it possibly use to draw
all these diverse specialists together? The answer was right on my doorstep. We were awaiting the
arrival of a very famous and well-liked man to consult at our Laboratory, Professor Alfred O. Nier.



Introduction

When I contacted Professor Nier to ask his permission to organize this event, he not only agreed with
the idea, but agreed with the whole premise for doing it. He pointed out to me that it hadn't been done
like this since the early 1950s, by Hippie at the National Bureau of Standards. I am sort of a third
generation Nier, having been initially trained at Argonne National Laboratory by Charley Stevens, one
of Nier's early students. While I was talking to Professor Nier, the subject of his long history in the field
came up along with the fact that the meeting would almost coincide with his 80th birthday. Voila! A
genius I'm not, but even I couldn't miss this opportunity. Thus, the organization of this symposium was
started.

The Alfred O. Nier Symposium on Inorganic Mass Spectrometry was held May 7-9,1991, in Durango,
Colorado. Participants from many countries gathered to do honor to Professor Nier in his 80th year and
to summarize their research efforts. The invited papers and poster abstracts from that symposium have
been collected in this proceedings to serve as a benchmark for the diversity and consequence of the field
in which Professor Nier was a pioneer.
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WHY HIGHER ABUNDANCE SENSITIVITIES ON
COMMERCIAL MASS SPECTROMETERS?

P. De Bievre and R. E. Perrin*

Central Bureau for Nuclear Measurements
Commission of the European Communities - FRG

B-2440 GEEL (Belgium)
*Los Alamos National Laboratory

Group INC-6
Los Alamos, New Mexico 87545 (USA)

ABSTRACT

Some measurements have a distinguished academic interest, some
have a high research value, and some are very important because
they form the basis for important day-to-day decisions. The latter is
the case for international nuclear material control, where the amount
of nuclear material is "declared" (by plant operators) and "verified"
(by inspectors) on the basis of measurements of these amounts. To
make everybody worldwide feel assured that this system works
well—make the world feel like a safe(r) place to live—it is in
everybody's primary interest that such measurements are reliable.
Because it is isotopes tha* are fissile in nuclear material, isotope mass
spectrometry plays a key role in such measurements. Isotopes with
minor abundances play in increasingly important role in this respect
and their measurement requires higher abundance sensitivities.

TRADITIONAL AND COMMERCIALLY AVAILABLE ABUNDANCE SENSITIVITY IN
MEASUREMENTS OF NUCLEAR MATERIAL

The assay of uranium element concentrations, c(U) = n(U)/mx in a sample with mass mx of a
dissolved spent nuclear fuel solution at the input of a reprocessing plant, is done by performing
isotope dilution mass spectrometry (IDMS) against a known added amount or "spike" of 233U:
«(233U)y dissolved in my g of solution (Fig. 1).

A molar ratio n(238U)/«(233U) « 1 is usually achieved by appropriate spiking and accurate
measurements; the element concentration c(U) = n(U)/mx is calculated after a full isotopic
composition measurement of the unknown sample. The primary interest (commercial,
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F/g. r. Classical IDMS: measured ^ ! ! M = 1 (not to scale).
n{233U)

technological, safeguards) is for n(235U)/n(U) (the 235U fraction or abundance), which is of the
order of 0.01 (~1% of the uranium is fissile 235U). This yields w^UJg'1 for the sample taken from
the input solution. With an uncertainty requirement of 10"3 or better on a ratio measurement of
0.01, one needs a dynamic measurement range of 10'5 to 10'6. A necessary instrumental
characteristic for this is sufficient abundance sensitivity, and indeed abundance sensitivities are of
the order of 10'5 to 10'6 for commercial, widely used, single-magnetic-field isotope mass
spectrometers.

The uncertainty of the measurement has two main components: a contribution from the
n(238u)/w(233u) measurement and a contribution from the n(235U)/n(U) isotopic analysis. We note
how the classical thinking in element concentration, which comes to us from traditional analytical
chemistry, has influenced the "detour" by means of element concentration.

THE ISOTOPE-SPECIFIC CHARACTER OF THE IDMS METHOD

It is possible to measure directly the unknown 235U amount against the known 233U amount by a
ratio measurement R5/3 = f^^UJx/nf233!!)}, (Fig. 2). This yields a measurement with only one main
uncertainty component (associated with R5/3) and, hence, one-half the uncertainty of the previous
approach. Obviously the same abundance sensitivity of 10"5 to 10"6, as identified above, is required.
It is worthwhile to note that less a 3U is consumed in the process: spike 233U should be added to
match the 235U content rather than the 50-to-200-times-higher 238U content, thus reducing
consumption of 233U by a factor of 50 to 200. Result: an isotope-specific method, if properly
applied, can determine the fissile isotope content of the fuel in a direct, simple, transparent
measurement at about one-half the uncertainty and much less spike consumption.

(1)

A similar case can be made for plutonium, using the very rare 244Pu isotope.
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1 , 1
233|J

spike -*-

235|J 238y

unknown n(235U) _ 0 0 1

amount of U n(238U)

Fig. 2. Classical IDMS: measured \ " ' = 1 (not to scale).
n(233O)

TRANSPARENCY OF THE ISOTOPE-SPECIFIC MEASUREMENT—TRACEABILITY TO THE
MOLE

The measurement just described is carried out in an isotope mass spectrometer (IMS) as a simple
ratio determination of 233U and 235U ion currents (Fig. 3). It is fully analogous to the determination
of the ratio of weights or masses by means of a balance (Fig. 4) used in early chemistry. However,
the balance compares amounts of substance in gram or kilogram, whereas the IMS compares
amounts of substance directly in numbers of atoms or of moles. The determinations are directly
traceable to the mole, our international SI unit for amount of substance, in a simple, transparent way.

DIRECT ASSAY OF FISSILE URANIUM ISOTOPE IN AN INPUT TANK

Returning to the input analysis of a nuclear reprocessing plant, one observes that the conversion of
n(P5U)/mx to total 235U in the whole tank containing a solution of many thousands of liters requires
determining the total mass of the solution mt. Then the total amount of 235U in the tank t is

(2)
fnx

where R5/3 is again the measured abundance ratio n(235U)/»(233U) in the sample with mass mx. The
ratio mt/mx can easily be 107 with mx ~ 1 g and mt = 104 kg. The term mt/mx represents the largest
uncertainty because of the problem of the calibration of an input tank, and it is still unsolved as far as
highly accurate independent verification is concerned (for example, to 0.1% or better).

If one adds the 233U spike directly to the tank rather than to a proportional sample from the tank (see
Fig. 5), the equation for determining the fissile uranium in the tank is simplified to

(3)



De Bievre

The IMS compares amounts by comparing
numbers of atoms.

(1) it sorts atoms (of qualitively different
species) on the basis of the SI quantity
mass with units:

- the kg
- the u = 1.660 54*1027 kg

(2) it counts atoms on the basis of the SI
quantity for amount of substance with
units:

- the mol = NA atoms/molecules/entities

Fig. 3. The ratio measurement n^Uph^U) in an IMS.

From early times, weights (or masses)
were compared by a single instrument: the
balance.

Recognizing its status, science gave
weighing a base (SI) unit: the kg.

But science and technology recognized the
fact that atoms combine in simple
numbers, so chemists cannot use weights
directly to compare amounts of substance.
They must divide each mass by atomic
weights to get what they need.

The balance as a macroscopic instrument
does not take into account the microscopic
paniculate nature of matter.

Fig. 4. The ratio measurement of masses (weights).
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233JJ 235U 238|J

n{233U)/n(235U) =

n(235U)/n(238U) =

Fig. 5. Direct spiking of input tanks to assay 2JiU (not to scale).

The number of atoms of ^ U is expressed in terms of total atoms contained in the input tank rather
than as atoms per gram of solution. The term mt/mx is eliminated from the equation. Only the
uncertainty terms associated with measuring terms R5/3 and n ^ U J t must be considered. Note also
that after equilibration of the added spike, R5/3 is the same for any portion of material withdrawn
from the tank. This fact permits removal of very small aliquants of material suitable for direct
chemical processing and measurement without any dilution or weighing. Because of the small
amount involved, the spiking and purification chemistry can be accomplished in the much cleaner
environment of a minimum-shielding facility or glove box. At a uranium concentration of 250 gl/1,
spiking a lO4-!/1 tank with 233U at the 1-ppm level relative to ^ U would only require 25 mg of 233U.

CALIBRATING LARGE(R) DYNAMIC RANGES

The modern commercial IMS is capable of accurately measuring the ratio of amounts of two isotopes of
an element. The major limitations to accuracy have been twofold: (1) the dynamic range of the ion
detectors has been no better than 105 to 106, and (2) the abundance sensitivity (the ability to measure a
small peak next to a large peak) has been limited to several ppm for adjacent masses. Recent advances
that couple pulse counting and faraday cup detectors (Fig. 6) show promise of calibratable dynamic
ranges of 109: from 10"10 A (6 x 108 ionss"1) down to 10'19 A (1 ions"1). A 1-ppm added "minor" isotope
(for example, 233U - see above) would still measure at 10"16 A (6 x 102 ions-s"1). An integration time of
100 s would still yield <0.4% (counting statistics). Recent advances in ion optics on a commercial mass
spectrometer have demonstrated abundance sensitivities of 2 x 10*. The combination of these two
technologies makes it possible, for the first time on commercial instruments, to consider the possibility
of measuring ratios of the order of 10* to an accuracy of the order of 10"3.

All that has been lacking was suitable reference materials. Recently, a suite of uranium reference
materials with certified ratios in this range has been released by the Central Bureau of Nuclear
Measurements (CBNM) [1,2], and now work is underway at Los Alamos and CBNM to verify the

9
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accuracy potential of such measurements (see Table I). An example showing that such calibrations
are necessary is given in Fig. 7.

Application of this technology can eliminate one of the largest error components associated with
measurements of input amounts in fuel reprocessing facilities. It involves spiking the whole tank
with a suitable amount of 233U, performing isotopic equilibration, and measuring fissile 235U directly
against this known 233U (or other "minor") isotope.

DIRECT ASSAY OF FISSILE PLUTONIUM ISOTOPES(S) IN AN INPUT TANK

Let us now look at a possible measurement technique that could be used to determine the fissile
plutonium content of the same batch of material. First prepare a mixed spike of 244Pu and 233U in
which the ratio n ^ P u J / n ^ U ) = 1 |xgmL"V2 ug-mL"1 is accurately determined to 0.1%. Assume a
tank solution at normal concentrations: n(Pu)/n(U) = 2 mgmL"a/250 mg-mL"1. meaning
«(23»Pu)/n(235U) = 1.2 mg-mL-72.5 mg-mL-1 (see Fig. 6).

10

6 7
10 GAIN 10 OHM

1mV ... 10V

SEM (ANALOGUE)

imV 10mV 0.1mV 1V 10V

18 -17 -16 -15 -14 -13 -12 -11 -10
10 10 10 10 10 10 10 10 10

ION
CURRENT
IAI

ION COUNTING

1 2 3 4 5 6 7
10 10 10 10 10 10 10 11/tecl

FARADAY

JL
COUNTER I I I I

1mV 10mV O.itnV IV 10V

< 1 ... 10 lONS/sec 1mV ... 10V

Fig. 6. The large dynamic measuring range of the isotope mass spectrometer.
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Table 1. CBNM isotopic Reference Material Set to Test Linearity of Mass Spectrometers

Code
Number Description

CBNM-IRM
072/1
072/2
072/3
072/4
072/5 Uranyl-
072/6
072/7 nitrate
072/8
072/9 solution
072/10
072/11
072/12
072/13
072/14
072/15

233U/235JJ

Certified to
± 0.03% of Value

1.000 33
0.699 67
0.499 85
0.299 87
0.100 01
0.050 091
0.019 994
0.010165
0.005 000 0
0.002 001 2
0.000 968 92
0.000 500 88
0.000 101 82
0.000 019 996
0.000 001 999 5

Molar Isotope Ratios

235u/238y

Certified to
±0.00020

0.991 03
0.991 68
0.992 12
0.992 56
0.992 99
0.993 10
0.993 17
0.99319
0.993 20
0.993 21
0.99321
0.99321
0.993 21
0.99321
0.99321

Unit

1 mgU

in1g

solution

Price
of Unit
(ECU)

2000

per set

Spiking 1 mL of the tank input solution with 1 mL of the mixed spike, the relationship between the
numbers, n, of atoms of isotopes in this blend (see Fig. 8) can be written as:

4U) (4)

in our example: lO-3 x 0.5X103

or n(238U) (5)

11
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in the spiked sample is the same as the ratio «(239Pu)t/n(233U)t in the tank:

= n(235U)t x fls/3 x Rm x Rm ; (6)

has previously been determined from the direct tank spike measurement as described in
either Section 2 or Section 5. R3/5 and R9/4 can be measured in the spiked sample. R4/3 has been
determined during the preparation of the mixed spike. Therefore, n^^uJt in the input tank has

Relative
Deviation
from
Linearity
in */.

Relative
Deviation
from
Linearity
in %

200

150-

I
100-

50-

f\ ,

-50-

10-

8

6-

4'

2

0

-2-

-A-

-6

-8-

-10-

•

I

•
•

10 ^ ^ 1 0 0

1 % 1

"10 • 100
•
•

M

j i ^^B^M i ^ ^ i

• • • 1 0 0 0 10000 100000
ions-s1

1000 10000 100000
ions-s-1

Fig. 7. Demonstrated need for calibration of large(r) dynamic range [3,4]: (a) calibration uncovering
nonlinearlties, and (b) after correction of these.
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Fig. 8. Ratios in spiked input sample.

been defined. What is needed is measurement capability over a dynamic range of 10"5 to 10*7 on a
commercially available instrument that can accurately measure large ratios [lQr3 to < +0.1% for use in
Eq. (4)]. Similar equations can be solved for all isotopes of plutonium:

n(>Pu)t= n^U)t f%!5xRm xRw . (7)

Summed up, they define the total number of atoms of plutonium in the input tank, yielding a
detailed verification of all plutonium isotopes independently. Any traces of 244Pu already present can
be determined in a separate measurement and corrected for.

The following six points should be considered when evaluating the value of pursuing the proof
testing of this potential new measurement technique for input analysis.

1. Only one weighing operation is required (on the 233U added to the tank); this weighing
can be performed in the controlled conditions of the analytical laboratory.

2. Aliquots for neither the uranium isotope ratio determination R3/5 nor the plutonium
isotope ratio determinations R9/4 require additional weighings or volume measurements.

3. Because the amounts of material withdrawn do not need to be quantitative, very small aliquots
can be directly spiked with very small amounts of mixed spike ,thereby conserving the spike.

4. The isotope ratios to be measured are fixed at the moment of spiking, thereby eliminating
the error terms associated with evaporation and salting; these errors are of concern when
subsampling is required before analysis.

5. No dilution errors can occur: all aliquoting is nonquantitative.

6. The error terms associated with the very difficult task of input accountability tank
calibration are totally eliminated, as are the error terms associated with determining the
precise amount of sample removed.

13
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Simply summarized: all measurements are isotope ratio measurements, the dynamic ranges of which
require higher abundance sensitivities than the present 10'5 to 10"6.

It may further be suggested that adding 233U in a small amount to the input accountability tank
establishes a unique isotopic fingerprint for that batch. The degree to which that fingerprint is
distorted will provide previously unavailable insight into the mixing processes that occur during
process operations. Again, it is subject to measurement capability with "higher abundance
sensitivity" mass spectrometers. Such a "tagging" technique provides a nuclear material batch (not
only "inputs") with an unequivocal "isotopic identity card" that can be monitored by isotope-specific
measurement at any time during the entire lifetime of the material batch. Other (enriched) isotopes
could be used for tagging as well. If the addition of these small amounts of 233U to the tank are
undesirable because they would load the reprocessed uranium with traces of 233U,

(1) either still-smaller amounts of 233U must be used, thus extending the need for still larger
dynamic range and abundance sensitivity requirements, or

(2) the method as described must be applied, combined with other ways of determining the
total tank solution weight.

POSSIBILITIES FOR MINOR ISOTOPES SAFEGUARDING TECHNIQUES

Minor isotopes safeguarding techniques (MIST) could regain interest if better abundance sensitivities
were to become available commercially. At present, only entry and exit of ^ U into an uranium
isotope enrichment plant are monitored for safeguards purposes (Fig. 9). The addition of
nonintrusive measurements of the minor abundance 234U and 236U isotopes at entry and exit of
uranium material would dramatically enhance the detection possibility of nonauthorized material
diversion.

CONCLUSIONS ABOUT THESE PARTICULAR NUCLEAR APPLICATIONS

One could say that as a result of higher abundance sensitivities,

(a) there is the potential for eliminating major error terms associated with input
accountability measurements in fuel reprocessing facilities, at the same time making the
measurements much simpler under plant conditions and reducing the measurement
uncertainties.

(b) direct spiking of input tanks should be studied; this does not require (ultra)pure ^ U , nor
does the spiking of an input sample require (ultra)pure 244Pu. Traces of other isotopes
already present in 233U and 244Pu can be corrected for after a separate measurement of
them.

(c) nuclear reference material institutes should actively prepare the required spike and isotopic
reference materials, enabling evaluation of the above measurements and their calibration.

14
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depleted 23SU
measure:

234U/238U(s=3.10-5)

U isotope
enrichment

plant

natural or re
mea

235JJ/238(J

234(jy238y

236(J/238|J

i

processed U
sure:

(^• IO- 3 )
f = 5»10"5)
= 3«10"4)

enriched 235U
measure:

235U/238U(i=5.i0-2)

Fig. 9. Applying MIST to uranium isotope enrichment plants.

(d) manufacturers of IMS should take inspiration from the needs and justifications for
development as explained here, so as to make available the required instrumentation on
the commercial market.

A simple, cheap addition to a standard commercial mass spectrometer has recently become available;
the abundance sensitivity was improved from 3 x 10"6 (Fig. 10a) to 3 x 10'8 (Fig. 10b).

ACCURATE MEASUREMENTS OF HIGHLY ENRICHED ISOTOPES

"Absolute" isotopic measurements are only possible when they are calibrated by means of synthetic
mixtures of enriched isotopes. To calculate exactly the ratios in these mixtures, one needs the
"absolute" enrichment of the enriched isotopes used in the mixing process. Figure 11 gives a picture
of the total uncertainty of prepared uranium isotope mixtures as a function of the various
uncertainty components originating in the mixing process: the uncertainty on the abundances of the
enriched isotopes, the uncertainty on the stoichiometry of the chemical compounds that are being
mixed and that contain the enriched isotopes, the uncertainty on the chemical purities of these
compounds, and the uncertainty in weighing these compounds.

The dynamic measurement range required to measure the enriched isotopes extends from 3.6 x lCr4

to5 x 10"7 with a required uncertainty on the latter of 5 x 107 (100% relative) or 1 x 10"8 (20% relative).
Again, an abundance sensitivity of 10'8 is needed.

15
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IrE (Faraday Cup) E==

238

Mass scan

recorded with

Finnigan MAT 260

(Secondary Electron Multiplier)

lo«Curr«italMaii23l: 5.5
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recorded wi th
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Fig. 10. Improvement of abundance sensitivities on a commercial mass spectrometer with a simple extra
feature: (a) Finnigan MAT260 and (b) Finnigan MAT262RPQ (retarding potential - static Quad).
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238
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999 400 20 2
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238 U
0.5 +0.5 ±0.1
25 5 0.2

5 0.5 i 0.5 0.5 0.1
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235 y_
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10*

Q.
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1 0 " 10-4 10-2 102 10* 10*

Fig. 11. Total and component uncertainties in the preparation of synthetic mixtures of uranium isotopes.

A similar example, but for plutonium isotopes, is given in Fig. 12 and Table n. On the basis of Figs. 11
and 12, large numbers of synthetic isotope mixtures have been prepared at CBNM to 0.01% total
uncertainty and are available for distribution (also customer-tailored mixtures can be prepared on
order).

LARGE-SPIKE ADDITIONS TO SMALL SAMPLES

A 1000- or 10 000-fold "overspiking" of a (very) small sample in an IDMS determination increases the
sample size 1000 or 10 000 fold and makes the chemical preparation of the sample much easier; for
example, addition of a 10"6-g spike to a 10"10-g sample, followed by a contamination-free isotopic
homogenization and chemical preparation. Even losing 50% of the sample in the process still yields a
useful 5 x 10'7-g sample. If a ratio of 10 000 can be measured in the sample to <1% uncertainties in
important cases where decisions are made on the basis of measurements, undisputable 1% uncertainties
become possible on 10'10-g samples (disputes in environmental analytical measurements).
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ISOTOPE MIXTURES PLUTONIUM:

In 1 O 2

DC

OC

£ io-'
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o
§ io-'
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F/c/. 72. Total and component uncertainties in the preparation of synthetic mixtures ofpiutonium
isotopes.

Table II. Enriched Isotopes Used in the Preparation of Synthetic Mixtures of Plutonium Isotopes;
a Measurement Range of 108 is Needed

238pu

239pu

240pu

2*'PU
242pu

244pu

Enriched

Mole %

0
99.967 0
0.024 0
0.009 0
0.002 0
0.002 0

239pu

Uncertainty
(on 2s basis)

± 0.001 0
± 0.002 7
± 0.001 0
± 0.000 5
± 0.000 2
±0.0001

Enriched 242Pu

Mole %

0.003 0
0.005 0
0.021 0
0.038 0

99.933 0
0.005 0

Uncertainty
(on 2s basis)

±0.0002
±0.0002
+ 0.000 5
±0.001 0
±0.0019
±0.001 2
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IN HONOR OF PROFESSOR NIER

In honor or Professor Nier, whose 80th birthday we are celebrating at this Symposium, we will close
with some details of a special project that is running at CBNM. It does not entirely fit in the title of
the talk as it was given to us by the organizers, but it illustrates so well the need—and the power—of
isotope mass spectrometry that it is a pleasure to present it here.

Similar to isotope mixtures of uranium and plutonium, synthetic mixtures of the three stable
silicon isotopes have been prepared at CBNM. Of course, the same uncertainty picture applies
(Fig. 13).

Why?

If one measures the interatomic distance aa (through x-ray interferometry) of the silicon atoms in
a silicon single crystal, then ajj is the volume of the unit cell. Determining the density p of the
crystal yields the mass of the unit cell and dividing by the number of atoms (8) yields the mass of
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Fig. 13. Uncertainties (total and components) in the preparation of synthetic mixtures of silicon
Isotopes.
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one silica atom. Multiplying the latter with the Avogadro number NA yields the molar mass or
atomic weight AT(E) of silica:

NA_ Ar(Si)

pxag/8 ( 8 )

Obviously

i=-30

i = 28 (9)

where /s are the fractional abundances and M{ the atomic masses of the silica nuclide atoms. The
atomic masses are known to 10"7 or better, so it is the uncertainties on the abundances that limit
our ability to determine the atomic weight of the silica of the crystal and hence of NA-
Measurements of p and a0 are carried out by the Physikalisch-Technische Bundesanstalt in
Braunschweig (D); determinations of AT(Si) are performed at CBNM. In 1989-1990, Phase I of the
project was achieved with an uncertainty of 10"6 on At(Si) and NA- The uncertainties on p and a0 are
2 x 5 x 10'7and 6 x 108, respectively. In the coming years the plan is to reduce the uncertainty on
At(Si) by a factor of 10 according to the plan given in Table III.

This will require "absolute" isotope mixtures with a total uncertainty of 2 x 10"5 on the prepared
isotope abundance ratios and 10"5 reproducibilities on the isotope ratio measurements of the silicon
from the—almost 1-kg-large—"Avogadro crystal." As the isotopic measurements are performed on
gaseous SiF4, this will involve—as in the past—contamination-free chemical conversion of silicon to
SiF4 and verification that no 10s isotopic effects occur in this chemistry. A 10"7 uncertainty or better
could then open the possibility of defining a new international mass standard as a number of atoms:

Table III. Reducing the Uncertainty on an Atomic Weight Determination of Silicon
on the Avogadro Constant

Phase 1

A/»r(Si)
A (Si) 3x 104

AR 1 0 .6

R

Achieved 1989

Phase II

1.5 x10"4

5 x 1 0 7

1992

Phase III

6x10-5

2x10"7

1993

Phase IV

3x10-5

10"7

1994?

and, Hence,

Phase V

3x10-5

10-7

199?
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/VA x mCzC) x l x 1000
12

now that our primary standard, the Pt-Ir kg, has been shown not to be stable in mass at the 5 x
level.

But this is another story!
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ABSTRACT

Fission yields can be determined by radiochemical or mass
spectrometric techniques. Mass spectrometry can provide more
accurate data, particularly in the symmetric mass region where the
probability of fission is low and uncertainties in isomeric ratios occur.
Fine structure in the mass distribution can usually only be determined
by mass spectrometry. Many of the elements in the valley of symmetry
have high ionization potentials and are therefore difficult to measure
by solid source mass spectrometry. Analytical techniques have been
developed to provide the sensitivity required to measure the small
sample sizes available in fission product studies.

Cumulative fission yields for ruthenium, palladium, cadmium, tin, and
tellurium have been measured by mass spectrometry for the thermal
and epicadmium fission of 233U and 235U. Some data is also available
for the fast fission of 238U and for thermal and epicadmium fission of
^ P u . These fission yields, which span the mass range 101 < A < 130,
can be combined to give a mass yield curve for 235U in the valley
region, which is symmetrical about A = 116.8 and exhibits fine
structure in the mass 113 to 114 region. Fine structure in 233U is also
present at mass 111.

Mass spectrometric determinations of the fission yields of uranium ore
at the Oklo mine site in Gabon enable the nuclear parameters of this
natural reactor to be evaluated. This in turn enables the amounts of
fission products produced in the reactor zone to be calculated. A
comparison of the calculated yields with the present day fission
product inventory in both the reactor zone and the surrounding rocks
enables an assessment to be made of the efficiency of mis geological
repository for containing radioactive waste. The elemental abundances
can be determined by isotope dilution mass spectrometry.
Unfortunately, the paucity of good fission yield data available for 23®U
by fast neutrons is a severe constraint in this evaluation.
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INTRODUCTION

The early history of mass spectrometry is closely related to nuclear physics through the identification of
naturally occurring isotopes, the establishment of an atomic mass scale, and the variation of nuclear
stability as a function of mass number. The role of mass spectrometry in nuclear fission was dramatically
established in 1940 by A.O. Nier and his colleagues, who showed that 235U was the fissionable
component of natural uranium [1]. This discovery was a decisive step in the success of the Manhattan
District Project, which involved the development of isotope separation and the construction of a nuclear
reactor. The latter development led to the necessity of investigating various aspects of the fission
process.

The asymmetric distribution of mass in nuclear fission is one of the most characteristic features of the
fission process. The two fission fragments are unequal, one having about half again as much mass as the
other. The probability of symmetric fission for neutron-induced fission of 235U (for example) is extremely
rare. The most probable split is into fragments containing 95 and 139 nucleons, yet this releases less
energy than would be the case if the split was into equal fragments. The synthesis of the shell structure
of the nucleus with the original Bohr-Wheeler "liquid drop" model has had considerable success in
explaining the physical processes underlying the fission process [2].

The percent probability per fission of forming a given nudide is defined as its fission yield. Because the
fission fragments are formed with an excess of neutrons, they undergo a series of beta decays in an
isobaric chain until they attain stability. In general, only small fractions of the yields of the end members
of the isobaric chain result from direct formation as primary fission fragments. Thus a fission yield
measured for any of the later members of the chain usually represents the total or cumulative yield of
that chain. Because the end member of each fission chain is stable, mass spectrometry can be used to
measure the cumulative yields for each element involved.

Neutron-induced fission can occur in many heavy nuclides, resulting in fission products that are formed
in the mass region 72 < A < 162. Fission can occur spontaneously or be induced by neutrons, but it can
also be induced by high-energy bombardment by protons, deuterons, and other light nuclei. The "peak-
to-valley" ratio differs markedly as a function of the energy of the bombarding particle, the magnitude
of the ratio being inversely proportional to energy. The shape of the fission yield curve depends on the
mass of the fissile element. As the mass of the fissile element increases, the position of the lower mass
peak shifts to a higher mass number, whereas the position of the high mass peak does not alter to any
great extent.

FISSION IN THE SYMMETRIC MASS REGION

Fission yields can be determined by radiochemical or mass spectrometric techniques. In the
radiochemical method, the number of fissions can be determined by direct counting of the radioactive
fission products after exposing the fissionable material to a neutron flux. However, the accuracy of
radiochemically determined fission yieldsis often poor, particularly in the symmetric region where the
probability of production is low and uncertainties in isomeric ratios in many of the nuclides of interest
occur. Compilations of fission yield data [3] give few reliable measurements in the symmetric region,
and many of the yields have been interpolated. Furthermore, fine structure effects can usually only be
detected by the more accurate mass spectrometric technique.
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The existence of fine structure in the mass yield curve was first established by Thode and Graham [4],
who showed that the yield of 134Xe was high with respect to the two adjacent masses. This fine structure
in mass distribution arises partly from variations in prompt neutron emission with fragment mass,
partly because of delayed neutron emission and partly because of even-odd effects in the prompt yields
[5]. An important region of interest in the study of fine structure is the symmetric mass region, where
discontinuities in the neutron yield distribution occur. It has also been postulated that a symmetric peak
may occur for some elements [6], whereas Thind and Tomlinson [7] and Newsom [8] have predicted a
sharp depression in the mass distribution around mass 125.

Many of the elements in the region of symmetry have high ionization potentials and are therefore
difficult to measure mass spectrometrkally. The ionization efficiency of solid source mass spectrometers
has been improved by the use of activators [9], resin bead techniques [10], and microelectrodeposition
[11]. These techniques have enabled sample sizes to be reduced without sacrificing accuracy and
precision. This reduction in sample size has been driven to some extent by safety requirements in reactor
physics, but it has also enabled fission yields of elements in the symmetric region to be determined from
nanogram-size samples. A description of the mass spectrometric techniques that have been developed
for palladium, silver, cadmium, tin, and tellurium has recently been given by Loss et al. [12].

The first mass spectrometrically determined fission yields in the symmetric mass region were reported
for tin [13]. Tin consists of ten isotopes, and six of these (117 to 120,122, and 124) are the end members of
isobaric fission chains. In addition, 126Sn, which has a half-life of approximately 105 y, can also be
measured. De Laeter and Thode [13] measured the fission yields of 233U for thermal and epicadmium
fission,* and subsequently Rosman et al. [14] have reported data for the thermal and epicadmium
neutron fission of 235U and the epicadmium neutron fission of 238U. Cadmium fission yields (111 to 116)
were measured by De Laeter and Thode [15] for the thermal and epicadmium fission of 233U and 235U
and the epicadmium fission of 238U. The thermal neutron-induced fission yields of 235U for tin and
cadmium have also been measured by Matthews [16], who also provided the first mass spectrometric
fission yields for thermal-neutron-induced ^ 'Pu fission.

The relative yields for cadmium measured by De Laeter and Thode [15] indicated a depression at masses
113 and 114 for ^ U thermal fission and at mass 111 for ^ U fission. Matthews [16] confirmed the fine
structure in the mass 113 to 115 region for 235U thermal-induced fission but was not able to detect any
fine structure for ^ P u . Fine structure in the mass 113 to 115 region probably arises from the change in
slope of the prompt neutron distribution, which has a sawtooth distribution as a function of fragment
mass [17]. If the maximum in the neutron distribution is in this mass region, a depression in fission yield
will result due to the fact that the neutron emission will not be compensated by the increase in yield as a
result of neutron emission by higher masses.

*(Epicadmium fission is obtained by wrapping the fissile material in a thick cadmium sheet before
neutron irradiation. This effectively eliminates thermal neutrons and only allows neutrons of energy
greater than 0.178 eV to cause fission).
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The cadmium and tin fission yields cover a significant portion of the symmetric trough region in the
mass range 111 <, A < 126. If the assumption is made that the 116Cd fission yield is equal to the n7Sn
fission yield, a smooth distribution of epicadmium neutron-induced fission yields for both tin and
cadmium isotopes is obtained. This is shown in Fig. 1, where the tin and cadmium fission yields have
been plotted after renormalization to 126Sn = 1.0 for 233U, 235U, and 238U epicadmium neutron-induced
fission. Although this assumption must be substantiated by determining the absolute fission yields for
both cadmium and tin, it is consistent with our knowledge of the shape of the bottom of the valley of
symmetry.

De Laeter and Thode [15] have pointed out mat one might expect steeper asymmetric peaks and a flatter
valley for 238U than for 233U epicadmium neutron fission because the binding energy of 238U + n will be
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~2 MeV less than for 233U + n. This implies a more selective grouping of light and heavy fission
fragments for 238U due to the energy available for the fission process. Thus, even though 233U has a
separation of light and heavy peaks that is about 5 mass units greater than that for 238U, it will have a
narrower flat portion in the bottom of the valley between the two peaks.

The data depicted in Fig. 1 show this effect. The 238U epicadmium neutron fission yield curve is flat from
the center of symmetry at A = 118 out to A = 124, whereas the 233U epicadmium neutron yields are flat
from A = 115.76 out to A = 120. The 235U epicadmium neutron yields are intermediate between those of
^ U and ^ U in that the yields are flat from the center of symmetry at A = 116.79 out to A = 122.

Trend lines have been drawn through the data to indicate the shape of the bottom of the valley. It can be
seen that the portion of the 233U fission yield curve extends over approximately eight mass units; for
235U, ten mass units; and for 238U, eleven mass units. The movement of the lower mass peak to higher
mass numbers is also obvious from the trend lines in Fig. 1, as are the steeper slopes on the sides of the
peaks for 238U when compared with those for other fissile nudides. Unfortunately, the present data are
not sufficiently accurate to define fine structure in the valley of symmetry for epicadmium neutron-
induced fission, except for 235U, where the cumulative yield for 113Cd is significantly lower than that for
the neighboring isotopes.

The only other available mass spectrometric fission yield measurements in the symmetric mass region
are those by Shima et al. [18] and De Laeter et al. [19]. Shima et al. [18] measured the nine stable and long-
lived isotopes of ruthenium and palladium produced in the thermal and epicadmium-induced fission of
233U, 235U, and 239Pu; De Laeter et al. [19] measured the tellurium fission yields of 125Te, 128Te, and 130Te
in thermal neutron fission of 233U and 235U.

The cumulative fission yield for ruthenium, palladium, cadmium, tin, and tellurium covering the mass
region 101 £ A £ 130 has been plotted for a 5 U in Fig. 2 [20]. The absolute yields can be established by
normalizing to the recommended value of 5.2% at mass 101 [3]. The resulting mass yield curve is
symmetrical about A=116.8 and reveals definite evidence of fine structure in the mass 113 to 114 region,
which is depressed with respect to the remainder of the symmetric valley. The epicadmium yields for
735U fission have also been plotted in Fig. 2. Because little variation in fission yield is expected between
thermal and epicadmium fission for nuclides near the fission maxima, the yields for the two sets of data
are equated and normalized at mass 101 to a value of 5.2% [3]. The variation in the "peak-to-valley" ratio
is interpreted as an increase in the probability of the symmetric mode of fission as the energy of the
bombarding neutrons is increased.

THE OKLO NATURAL REACTORS

Kuroda [21] proposed that critical nuclear assemblages could have occurred in ancient uranium
deposits. The subsequent discovery of a natural reactor at the Oklo mine site in Gabon, West Africa, in
1972 confirmed this hypothesis. The reactor sites consist of rich uranium ore in which 235U has been
depleted to as low a value as 0.29%, compared to its normal value of 0.72%. It has been demonstrated
that the reactors operated some 2 billion years ago, consumed in excess of 6 tons of 235U, and generated
approximately the same amount of fission products [22].
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The Oklo deposit is located in the south-east part of Gabon, in the Precambrian sedimentary basin of
Franceville. Uranium mineralization occurs in a sandstone conglomerate lens that has a 40° mean slant
and follows the rise of the crystalline basement relative to the sedimentary cover. Uranium in the
mineralized rock occurs as pitchblende, with an average concentration of 0.2% uranium and localized
concentrations up to 25%. By contrast, the reactor zones contain 25 to 60% uranium in the form of
uraninite [22]. The length of each reactor zone ranges from 10 to 20 m with a thickness of between 0.5
and 1 m. The size of the reactor zones was sufficiently large to exceed the critical mass at a time when the
235U concentration was greater than 3%. Furthermore, the uranium ore is deficient in elements
possessing large neutron capture cross-sections that would have "poisoned" the chain reactions. The
Oklo uranium deposit is situated in a day basin, which was periodically flooded with water. The water
acted as a moderator and coolant for the reactors. Investigations have shown that the reactors ran
discontinuously for about 5 x 105 y with a total energy output of 1011 kWh [22].
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Numerous investigations have been unable to identify the presence of other natural reactors [23], so at
this time Oldo represents a unique opportunity to study the physiochemical development of a natural
system in which nuclear fission was sustained for a few hundred thousand years in small, discrete
volumes of rock. The nuclear reactions profoundly altered the isotopic and elemental composition of the
materials that made up the natural reactors. The most important aspect of the Oklo reactors is that they
have been well-preserved throughout the last 2 billion years of geological history.

Mass spectrometry can be used to measure both the isotopic and elemental abundances of numerous
elements from the reactor zones and peripheral rock samples from the Oklo deposit. A study of the
cumulative fission yields of a number of key elements enable the nuclear parameters of the reactors to be
established and, thus, the amount of fission products produced some 2 billion years ago to be estimated.
Comparisons between the present, measured abundances of the natural reactor remnants and the
calculated abundances provide a measure of the compositional changes that have occurred in the
intervening period of time. The details of these changes provide an unprecedented opportunity to
examine the effects of physiochemical processes on the composition of materials in this geological
environment. Thus the fission products produced in the reactors can be used to decipher the
geochemical mobility of various elements over the past 2 billion years.

Efforts to evaluate the effectiveness of geological media in containing radioactive wastes is severely
constrained in that the time period involved is greater than that recorded by human experience.
Although many fission products decay to low levels in tens of years, a number of longer lived
radionuclides, like 137Cs and '"Sr, take approximately 600 years before they are effectively extinct.

However, the actinides, with their longer half-lives, take millions of years to decay to low levels, so that
no artificial repository analysis can provide definitive answers to the long-term problems of radioactive
waste containment. Thus the stability of the fission products at Oklo is a key factor in the assessment of
the effectiveness of natural repositories in radioactive waste containment studies.

De Laeter and Rosman [24] reported the cumulative fission yields for the symmetric region element
cadmium in three reactor zone samples at the Gabon Conference on the Oklo Phenomenon, which was
held in 1975 [25]. Thp depletion of 113Cd, and the corresponding enhancement of 114Cd, enabled the
neutron fluence of these reactor zones to be estimated. In 1977 another Conference on the Oklo
Phenomenon was held in Paris [26].

The first comprehensive isotopic and elemental analyses on symmetric region elements was reported by
De Laeter el al. [27] on palladium, silver, cadmium, tin, and tellurium. These authors analyzed three
Oklo reactor zone samples and from a determination of the nuclear parameters were able to estimate the
retentivity of these elements in the uraninite ore body. The work showed that palladium and tellurium
were retained to a significant extent in the samples. Approximately 50% of the silver and tin fission-
produced material has been removed, whereas almost all the cadmium has been mobilized and lost
from the reactor zones. Loss et al. [28] extended this work by examining the isotopic and elemental
abundances of additional reactor zone samples together with four peripheral rock samples. The results
confirmed the earlier mobility study [27] and gave some indication of the retention of cadmium and
silver in the surrounding host rocks.
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NUCLEAR PARAMETERS OF REACTOR ZONE 9

As mining in the Oklo mine site continued, a number of reactor zones were identified. Although
samples were collected from most of these zones, no comprehensive set of uraninite samples from a
particular reactor zone, in association with samples collected systematically from the surrounding
peripheral rocks, were available for mass spectrometric analysis.

In 1978 a portion of Reactor Zone 9 was exposed on the floor of the mine. Samples were systematically
collected from the zone of nuclear criticality and the rocks that enclosed it. An endeavor was made to
sample the reactor zone in a representative manner [29]. Before it was mined, Reactor Zone 9 was a disc-
shaped lens lying in the dip of the stratigraphic plane. Its maximum dimensions were approximately
6 m in the direction of dip and 11 m in the direction of strike, with a thickness of about 0.5 m.

Eight uraninite samples from Zone 9 were available for analysis. The average concentration of UQ2 in
these samples was approximately 64% by weight with an average 235U depletion of 10% [30]. Nine
peripheral rock samples were also collected. Four of these represent a linear transect extending out from
the eastern face of Reactor Zone 9 to a distance of 6.5 m, two were 2.5 m west from Zone 9, and three
composite samples were located to the south of Zone 9.

The samples were selected, ground, and sieved at the Los Alamos National laboratory, where the
uranium analyses were completed. Aliquots were sent to the Idaho National Engineering Laboratory for
isotopic analysis of neodymium, ruthenium, and molybdenum and to Curtin University for isotopic
analysis of the symmetric region elements palladium, silver, cadmium, tin, and tellurium.

The measured isotopic abundances of these nine elements for the eight Reactor Zone 9 samples are given
by Loss et ah [30]. Cumulative fission yields can be derived for eight of these elements, correcting as
necessary both for the primordial component of the element concerned and for mass discrimination.
Neutron capture reactions on a number of nuclides with significant cross sections as well as fission
chains in which one of the precursor nuclides has a lengthy half-life have modified the measured
cumulative yields. These variations enable the nuclear parameters of the reactor zone to be determined
and enable the relative mobilities of the elements involved to be evaluated.

One of the most important parameters is the proportion of 235U, ^'Pu, and 238U fission involved in the
fission process at Oklo. Plutonium-239 is produced by neutron capture on 238U. A proportion of the
resultant nudide undergoes fission, whereas the remainder decays to 235U by alpha decay. On the other
hand, 238U fission is induced by high-energy neutrons. The palladium isotopes are particularly
important in determining the relative proportions of 235U, 239Pu, and 238U fission because the low-mass
hump is shifted to higher masses for the heavier fissionable nuclides. The palladium fission yields are
therefore sensitive indicators of the fission process.

Unfortunately the cumulative fission yields for palladium for the fast neutron of 236U have not been
measured, so they can only be estimated to an accuracy of ± 20% compared to ± 5% for 239Pu and ± 2%
for 235U thermal-neutron-induced fission [18]. Ruffenach et al. [31] measured the isotopic abundances of
ruthenium and palladium in some Oklo samples and attempted to determine the proportions of the
fissile fuels in one sample by using the palladium isotopes. The lack of cumulative fission yield data for
238U and ^ P u in existence at that time did not allow an accurate result to be obtained. Hagemann
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et al. [32] therefore attempted to measure the fuel proportions using the ruthenium isotopes, but this is
not as favorable a situation as that for the palladium isotopes. Shima et al. [18] later determined the ^ 'Pu
fission yields and this has enabled the proportion of fissile fuel to be determined to an accuracy of ± 15%.
Our studies showed that Reactor Zone 9 had undergone approximately 88,8, and 4% oi 235U, 239Pu, and
238U fission, respectively [30].

It can be shown that nearly 50% of the fissioning 235U nuclides were produced from the decay of ^'Pu,
that the integrated neutron flux in this zone was approximately 3.6 x lO^n cm"2, and that approximately
two-thirds of the neutrons in Zone 9 were ihermalized [30]. Although it is unlikely that the Oklo reactors
operated continuously, it can be shown that the duration of criticality in Zone 9 was approximately
2.2 x 105 y. During this period the average fission density was 0.92 x 10* fissions cm'3, which represents
a total energy output of 4 x 10s J g"1 of sample with an average power output of 8.1 x 10"5 W g"1 of sample
[30]. An alternative method of estimating the neutron fluence at Oklo has been discussed by Hidaka and
Masuda [33].

FISSION PRODUCT RETENTION

From a knowledge of the nuclear characteristics of the reactor zone, it is possible to calculate the amount
of each fission product produced during the period the zone was critical and, by comparing these
amounts with Ihe present-day inventory of fission products, to ascertain the mobility /retentivity of the
various elements. The elemental abundances were determined by the stable isotope dilution technique.
Figure 3 summarizes the results in schematic form. Most of ruthenium, palladium, and tellurium were
retained in the reactor zones, whereas a significant fraction of molybdenum, silver, and tin has been lost.
Almost all the fission product cadmium has been mobilized and no n 3Cd was detected, due to its high
neutron capture cross section. Table I gives a quantitative measure of the retentivity of the various
symmetric valley elements in Reactor Zone 9 compared to that of tellurium.

Table I. Fission Product Retention in Reactor Zone 9

Fission Product

Te
Ru
Pd
Nd
126T e_126S n

"Ru—"Tc
Ag
Mo
Sn
Cd

Degree of Retention

1
0.91
0.88
0.83
0.80
0.66

<0.34
0.26

>0.26
0.002
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The fission product abundances of five elements (molybdenum, ruthenium, "Ru, palladium, and
tellurium) in the eight uraninite samples in Reactor Zone 9 show extremely well-defined linear
correlations over concentrations that differ by an order of magnitude, as shown in Fig. 4. This regularity
is attributed to the primary retention at the site of production [34]. Based upon this interpretation, fixed
proportions of molybdenum, ruthenium, "Ru, and palladium have been removed from the reactor
zone. In contrast, neodymium and tin have been depleted in some regions of the zone and enriched in
others. Portions of silver and virtually all the fissiogenic cadmium have been removed from the reactor
zone. By analogy with anthropogenic spent fuel, it can be argued that the degree of primary retention
was controlled by phase assemblages formed in the Oklo natural reactor fuel in response to microscale
conditions of pressure, temperature, and composition produced by the nuclear reactions. The ability of
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140

fig. 3. Predicted and measured fission product abundances for an Oklo Reactor Zone 9 sample.
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these putative minerals to retain nuclear products is a function of their stability under physiochemical
conditions established by the geological environment over the past 2 billion years.

Evidence of element fractionation is exhibited in the isotopic analyses of ruthenium and tellurium in the
reactor zone samples. A precursor to "Ru is "Tc, which has a half-life of 2.1 x 105 y. Thus for a
geologically significant period of time the fission-produced isobars at mass 99 existed in two different
chemical forms—technetium and ruthenium. The results listed in Table I indicate that technetium was
mobilized from Reactor Zone 9 lo a more significant extent than ruthenium. However, the data in Fig. 4
indicate that the depletion of "Tc was similar to that of ruthenium, palladium, and molybdenum
relative to tellurium in Reactor Zone 9.
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In the mass 126 fission chain, 126Sn (with a half-life of approximately 105 y) is a precursor to 126Te. Figure 5
reveals that the mass 126 fission yields show considerable scatter in comparison to the mass 125 and 128
yields, where the fission yields are normalized to 130Te. The elemental abundance data demonstrate a
similar effect in that Reactor Zone 9 samples are both enriched and depleted in 126Te relative to the
remainder of the tellurium [34]. This implies fhat tin was mobile during the first million years or so of
reactor criticality. The mobility of tin has already been discussed in relation to Fig. 3 and Table L However,
the 126Sn-J26Te systematics imply that a proportion of the tin must have been redistributed within Reactor
Zone 9 itself and was not retained in-situ, as was the case for palladium, ruthenium, technetium,
molybdenum, and tellurium.

Thermal ionization mass spectrometry has been used to measure the isotopic and elemental abundances of
molybdenum, ruthenium, palladium, silver, cadmium, tin, and tellurium in a number of sandstones and
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shales in the immediate vicinity of Reactor Zone 9 [35]. Figure 6 demonstrates the fissiogenic abundances
of the above elements together with technetium ("Ru) in four peripheral rock samples that form a linear
transect from the reactor zone. Some information on the geochemical behavior of antimony can be derived
from a detailed examination of the 125Te isotopic abundances. All four peripheral rock samples have a
125Te/124Te value in excess of the Laboratory Standard value. Part of mis excess can be explained by the
presence of fissiogenic 125Te, but this does not account for all the additional abundance. The differential
enhancement can be explained by the fact that 125Sb is a precursor to 125Te, with a half-life of 2.76 y. If
antimony is extremely mobile, some may migrate from the reactor zone before all the 125Sb has decayed.

Figure 6 indicates that considerable amounts of fissiogenic molybdenum, technetium, ruthenium,
palladium, silver, tin, and tellurium that escaped from the reactor zone have been retained in the peripheral
rocks. On the other hand, cadmium has not been retained to any significant extent
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Ruffenach et al. [36] have examined the retentivity of other elements at Oklo. The rare gases, the halides,
and some of the alkalis and alkali earths have escaped from the reactor zones, but the important
radioisotope '"Sr was retained for a sufficiently long period for it to decay to its daughter product ^Zr.
The evidence for the retention of 137Cs is equivocal because of the difficulty of detecting the daughter
product 137Ba in the presence of large amounts of primordial barium contamination. Ruffenach el al. [36]
have also shown that the transuranic elements, and in particular ^'Pu, have been retained almost in
their entirety in the uraninite, as have the rare earth elements.

CONCLUSIONS

Many of the elements in the symmetric region of fission have high ionization potentials and are
therefore difficult to analyze by conventional solid source mass spectrometry. Silica gel activators and
microelectrodeposition techniques have had to be developed to enable these elements to be analyzed at
the nanogram level. Furthermore, chemical extraction techniques with low blanks and high efficiencies
are also required to enable small quantities of these elements to be extracted from fissile materials.

Although considerable progress has been made in measuring the cumulative fission yields in the
symmetric mass region, the work is far from complete. The most important omission is the lack of
absolute fission yields for the symmetric region elements. Solid source mass spectrometry can be used to
measure the actual amounts of fission products produced using the stable isotope dilution technique,
and this data can be converted to absolute yields, provided the neutron fluence is known.

The range of fissile materials analyzed so far for the region of symmetry is restricted to 233U and 235U
and to partial analyses of 239Pu and 238U. The work should be extended to other fissile materials such
as 232Th and 241Am. Again, most of the analyses have been carried out with thermal neutrons, whereas
it would be useful to examine the distribution of the cumulative fission yields as a function of the
energy of the bombarding particle. In particular, the mass distribution of spontaneous fission (for
example, ^Cf) would be valuable in order to measure the peak-to-trough ratio and to search for fine-
structure effects.

The mass distribution between 116 and 130 is quite smooth and no evidence exists for the depression
that was postulated to occur around mass 125 [7,8]. Nor is there any evidence to support the existence of
a symmetric peak in any of these fissile nuclides for either thermal or epicadmium-induced fission.

Isotopic measurements have enabled the nuclear parameters of Oklo Reactor Zone 9 to be characterized,
although the lack of accurate cumulative yield data for palladium for 238U fission is a limiting factor in
calculating the proportion of fission that can be ascribed to the various fissile fuels. The errors in these
values in turn limit the accuracy with which we can calculate a number of the other reactor parameters.
However, the essential nuclear features of the reactor zones have now been successfully delineated, and
the study of Reactor Zone 9 and its associated peripheral rocks represents a comprehensive study of an
Oklo Reactor Zone.

Although it must be acknowledged that an extrapolation of the results of the Oklo natural reactor to the
storage of radioactive wastes in geological repositories is not a straightforward matter, nevertheless, the
isotopic studies carried out at Oklo have demonstrated that the retention of many fission products in
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well-preserved crystalline lattices has been achieved on a time scale far longer than is required for
practical purposes. This observation must be viewed against a situation in which the uraninite zones at
Oklo were exposed to high radiation doses, large thermal loadings, and hot circulating hydrothermal
fluids, which would never be contemplated in a present-day repository. Again the peripheral rocks
surrounding the reactor zones have demonstrated their ability to act as effective "getters" for a number
of elements. It is clear that the processes of retention and loss of fission products in the Oklo natural
fission reactors are complex in nature. An integrated study of the natural reactors would provide
valuable information for evaluating the long-term effectiveness of anthropogenic spent fuel as a
container of nuclear waste in the geochemical environment.
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SURFACE IONIZATION:
CHEMISTRY DEFINES THE PHYSICS?

/. E. Deltnore and A. D. Appelhans

ABSTRACT

Surface (or thermal) ionization is a term used to describe the
production of gas phase ions from solid surfaces. There are two broad
categories of surface ionization processes: ions sublimed from a solid
surface containing the material to be ionized and ions produced from
gases striking a hot surface. Each process has many variations; the
major ones will be described. The mechanisms involved in many of
these ion formation processes are not well understood, although more
is known than has been documented in the literature. In many cases,
the chemistry that takes place on the ion-producing surface is of
considerable importance. This article attempts to pull together and
present the limited information published on the various aspects of
surface ionization, point out the role of chemical mechanisms where
present and recognized, and describe some of our experiments, which
we hope will help us better understand some of the chemical issues
affecting surface ionization.

INTRODUCTION

The standard introduction to surface ionization starts with the positive ion version of the Saha-Langmuir
(SL) equation:

(i)

which predicts a, the ratio of positive ions to neutrals (of the same atomic or molecular species) leaving
the surface, as a function of the work function (cp), the ionization potential (I), and the temperature (T).
The reader is referred to the book "Atomic and Ionic Impact Phenomena on Metal Surfaces," by Kaminsky [1]
for a more complete description of the equation. Implicit in the derivation of this equation is the
assumption that no molecular bonds are changing during the process. Experiments [2] have shown that
for simple systems involving atoms (as opposed to molecules) in which there are no chemical reactions,
this equation is qualitatively and quantitatively accurate. For example, when gas-phase monatomic
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cesium strikes a hot filament, cesium positive ions and neutral cesium atoms leave the surface in the
approximate ratio given by Eq. (1). This experiment has been conducted for potassium also, but with less
favorable results [3]. The SL equation predicts the ratio better for cesium than for potassium because the
heavier cesium atom comes closer to thermal equilibrium with the hot surface of the filament. In these
examples, no molecular bonds change; an electron is simply tripped from a neutral atom—which may
be thought of as a chemical oxidation process. The SL equation has not been quantitatively verified by
experimentation for a system producing molecular ions, only for a system producing atomic ions.

For many systems, the SL equation qualitatively predicts the ionization efficiency with reasonable
success. For almost all analytical methods employing surface ionization, I > (p, and there are three
general trends predicted by this equation. First, the lower the ionization potential of the atom or
molecule, the higher the ionization efficiency, providing the desired species is in an appropriate
chemical form. Second, the higher the work function of the surface, the higher the ionization efficiency,
although many times the actual work function may be much different from published values due to
surface contamination. Third, the higher the temperature, the more efficient the ionization process, as
long as the species is not excessively volatile at the operating temperature. Experiments have shown that
the alkali metals (with the lowest ionization potentials) on rhenium or platinum surfaces (with the
highest work functions) are the most efficient ion formers (although demonstrating the temperature
dependence has been more difficult due to volatility and residence time issues). The alkali metals on
refractory metal surfaces with lower work functions (tantalum, tungsten, or hafnium) are much less
efficient. However, the alkaline earth metals, which have higher ionization potentials than the alkalies,
are less efficient; they are followed by the rare earths and transition elements, which have higher
ionization potentiab and correspondingly lower efficiency. Thus the SL equation can provide useful
qualitative guides for predicting ion formation efficiencies, even though the equation usually is not
practical for quantitative application due to complications arising from volatility and complex chemical
interactions that limit the availability of the most readily ionized chemical species. On the other hand,
there are some surface ionization processes for which the SL equation is known not to apply [4], such as
the formation of molecular anions for which there are no neutral species, and it has never been applied
quantitatively to a useful analytical ion-formation process. Most ion-formation systems have chemical or
volatility issues that complicate the modeling process. It is in these systems that the chemistry defines
the physics.

The negative ion version of the Saha-Langmuir equation is

where the ratio of negative ions to neutrals is again represented by physical constants. In this case the
electron affinity (S) replaces the ionization potential and the sign on the exponent is reversed. The reader
is referred to Ref. 1 for a complete description of this equation. As with positive ions, it has been shown
that for simple systems that do not involve the making or breaking of chemical bonds (the conversion of
iodine cations to anions), this equation does a reasonable job of predicting the ratio of ions to neutrals
leaving the surface [5]. In this case, the formation of an ion entails the addition of an electron to the atom
or molecule—which can be viewed as a chemical reduction process.
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To our knowledge, Eq. (2) has never been compared quantitatively with any ion-formation system in use
for analytical systems. However, again qualitative generalizations often hold; the higher the temperature
and the electron affinity and the lower the work function, the higher the ionization efficiency. For
example, unpublished studies in our laboratory have shown that for isotopic analysis of chlorine using
the method described in Ref. 6, much better ion-formation efficiency is achieved using a hafnium
filament (work function of 3.5 eV) in place of the standard rhenium filament (work function of 5 eV).

When most materials other than pure elements are sublimed, the gas-phase material is predominantly
molecular and neutral. For this reason, many ion-formation methods are two-step processes. One or two
filaments hold the sample, which is sublimed with gentle heating, and the gas-phase molecules strike a
very hot filament where they dissociate and ionize. This is the principle behind the triple-filament ion
source widely used in mass spectrometry. The ionizing filament is much hotter then the sample
filaments, which accomplishes at least two things. First, it raises the ionization efficiency as predicted by
the temperature dependence of the SL equation, and second, it increases the probability of breaking the
molecular bonds so that the atomic species is available to be ionized.

We will now discuss the main types of surface ionization processes and the contributions of the chemical
environment to the production of ions for each case. The first category (a very broad one) includes those
processes producing ions from material deposited on the ionizing filament. The second category
includes those ion sources in which gases and vapors strike the hot ionizing filament; these include the
triple-filament configurations and the experimental setups used to check the quantitative behavior of the
SL equation.

IONS SUBLIMED FROM HOT SURFACES

Some elements are more efficiently ionized by direct sublimation from the filament on which the sample
is deposited. The ion sources used in these methods are usually referred to as single-filament ion
sources. We will first address the surface ionization processes commonly encountered in single-filament
ion sources, which might be quantitatively described by the SL equations. When a refractory metal
filament is heated in an ion source, ions of the element are observed from what has been termed self-
surface ionization [7]. For example, many instruments are tuned using the rhenium ion beam generated
by a hot rhenium filament, which results from self-surface ionization. This meets the requirements of
being a SL process because the gas phase atoms and ions are in thermal equilibrium with the surface
from which they are subliming, there is no chemistry to consider, and there is no reason to think that
preformed ions are a consideration. A variation of this is (he emission of molybdenum impurity ions
from a rhenium filament. Molybdenum is an impurity in all rhenium filaments and the ion-formation
conditions in this case also meet the SL requirements. These two examples probably can be classified as
SL processes; chemistry plays no major role.

Variations of the self-surface ionization sources are the electrodeposited ion sources developed by the
Los Alamos isotope chronology group [8]. In these methods, either plutonium or uranium is
introduced as a trace element into a platinum or rhenium matrix (much as the molybdenum is an
impurity in a blank rhenium filament). The most common variation of this method uses a rhenium
filament onto which a platinum layer is co-deposited (using electrodeposition) with a small amount of
plutonium in the form of a hydrated oxide; this is followed by a second electrodeposited layer of
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platinum. The filament is inserted into the mass spectrometer following the last electrodeposition step
and is heated. The ratio of platinum to plutonium is typically greater than 10 , and the plutonium is
thought to be reduced to an elemental state after a brief period of heating under high vacuum.
Elemental plutonium is too volatile to be retained for long on the surface of a filament at ~1300°C, and
when it is imbedded in the platinum matrix, the volatility is limited by the diffusion rate through this
matrix. All chemical reactions that can occur are thought to take place very early in the heating of the
filament, probably well before any data are collected. The plutonium diffuses through the platinum at a
much faster rate than through the rhenium and, hence, tends to move towards the platinum-vacuum
interface. As the plutonium reaches the surface, it sublimes as neutral atoms and atomic cations. This is
probably a SL process, although an experiment to prove this would be difficult due to the small
amount of plutonium present; if a large amount of plutonium was loaded on the filament, it would not
be reduced to an elemental state, which would change the chemistry of the system.

As we have shown, there are several surface ionization processes that might be described quantitatively
by the SL equation if the appropriate experiments could be conducted, and these processes can be
described primarily by physics rather than by a combination of chemistry and physics. The
requirements are (1) a consistent and homogeneous surface with a work function defined by the base
metal of the surface and (2) no significant chemical reactions occurring at the surface.

Chemical Effects

The next type of surface ionization process is similar except that the material to be ionized is deposited
directly onto the filament surface. An example is a rubidium analysis in which a sample is pipetted onto
a platinum or rhenium filament, dried, introduced into the ion source of a mass spectrometer, and
heated to obtain an isotopic analysis of the rubidium in the sample. This results in a more complex
surface than that produced by the electrodeposition method; the chemical deposit on the filament can
(and probably will) change the nature of the surface from which ions are produced over the course of the
analysis. The possible complications include a changing work function, reaction of the sample deposit
with the filament material, and changes in the chemical composition of the sample during the course of
the analysis. Much of the sample may sublime directly from the deposit in a molecular form without
contributing to the ion-formation process. This is still a relatively efficient process, perhaps because the
rubidium may be at least partially pre-ionized in the solid state (depending upon the nature of the
chemical species). It may also be conceivable that the rubidium may partially diffuse into the filament
surface during the initial phase of the heating and then be re-emitted as the analysis proceeds. The
chemistry of this system strongly influences the course of the analysis and affects the quality of the data
correspondingly. The chemical interactions between the filament and the sample deposit would have to
be understood before the process could be explained.

Moving on to a similar but more complex system, there are a variety of analytical schemes for uranium
and plutonium isotopic analyses, which use different carbonaceous reduction systems to reduce the oxide
to the metal on a single-filament assembly [9]. Some of these methods have very good sensitivity, but the
nature of the chemical deposits on the filaments is poorly denned, and the filaments are stained from the
deposit even after the sample has been depleted. It is thought that the uranium or plutonium is reduced
to the elemental state by the carbon in the material and then migrates into either the carbon deposit or the
filament material; it is then slowly released and sublimed as a mixture of ions and neutrals. The chemistry
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is a dominant factor in these analyses but is not well understood. Any effort to describe these processes by
the SL equations would be very complex and would require a time-dependent model.

Preformed Ions

When discussing the single-filament ion sources, it is useful to consider an interesting question: is a
chemically reducing substrate going to be more efficient for the production of negative ions (assuming
the residence time on the surface is sufficiently long for any chemistry to occur)? Alternately, is a
chemically oxidizing substrate going to be more efficient for the production of positive ions? If halogen
atoms are residing on a surface in the form of halides and the surface is heated sufficiently, it is
reasonable to think that the halides will be desorbed directly as negative ions. In this case, the SL
equation will not apply, except perhaps in reverse because some of the subliming anions might
neutralize. The preformed ions may have only a partial ionic character sitting in or on the solid matrix.
They may not be completely ionized nor completely neutral, but rather be at some level of polarization.
There is not a suitable model available to describe these types of ion formation systems, although
qualitative descriptions may be useful guides. The SL equation does not include any terms to account for
preformed ions.

Along this line, there are several ion-formation processes that clearly are not SL processes. Examples are
the perrhenate anion [4] and the pertechnate anion [10]. Because the neutral molecule does not exist for
either of these anions, it is assumed that the anion is directly sublimed from the surface of the ionizer.
These are clear examples of preformed ions in the solid state being directly sublimed from a surface. This
raises the question: what happens if we have a system that oxidizes rhenium to perrhenate and the
temperature is high enough to force sublimation; does the work function of the surface have any effect
upon the ion-formation efficiency? A possible answer is that there could be a small increase in the vapor
pressure of the anions with a decreasing work function, although this is highly speculative.

A less clear-cut example supporting the idea of preformed ions is the tungstate anion. We have
unpublished data from our laboratory showing this anion is easily formed in good yield from several
single-filament configurations. This could easily result if, on the filament, there was a mixture of
tungsten trioxide (+6 oxidation state) and tungstate (tungsten trioxide anion, +5 oxidation state)
combined with some cation. Upon heating, the tungsten trioxide could sublime in a SL process, yielding
a mixture of neutral and anionic tungsten trioxide molecules. At the same time, the tungstate anion
could sublime to yield a different mixture of the same two species—the anion subliming directly and
some of the anions neutralizing upon sublimation by a reverse SL process. Thus it is highly probable
that many of the tungstate anions that are observed in these systems originate from direct sublimation of
preformed ions. The tungsten example is not as straightforward as the perrhenate or pertechnate
example because the neutral tungsten trioxide molecule is stable.

One last type of single-filament system that needs to be discussed is the so-called silica gel system [11]
and variations thereof. In this method, the element from which ions are to be produced is incorporated
into deposits of glassy material produced on the filament. Upon heating under high vacuum, the source
produces ions of the element (lead, cadmium, palladium, etc.). The nature of these ion-formation
processes is almost entirely unknown. The ionization potential of these elements is quite high, and more
conventional methods for ionizing these elements have very poor sensitivity by comparison. It is not
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known if the ions originate from the surface of the deposits or from the interface between the deposits
and the filament. There obviously is a major enhancement mechanism that results in this improved ion-
production efficiency. One possibility is that the matrix prepares the atoms as partially preformed ions,
which are then sublimed into the gas phase. Another possibility is that the deposits hold the element in a
form in which it can be fed onto the filament at the interface, limiting the volatility of the element so that
it does not flash off. So it is not known if the high ion-formation efficiency is due to a chemical
enhancement, a volatility suppression assuring higher operating temperatures, some combination of
these effects, or some other mechanism. Studies into the nature of the origins of ions from these sources
could prove to be very helpful in understanding and improving these systems.

IONS FORMED FROM GASES IMPINGING ON HOT SURFACES

Now let us move on to the systems in which ions are produced from gases impinging on the surface of a
hoi: filament. Experiments mentioned previously, such as alkali metal vapors (cesium) striking a hot
filament, have been used to verify the positive-ion version of the SL equation. These experiments were
useful for explaining the physics of highly idealized surface-ionization processes. Other studies [12] have
shown that very high ionization efficiencies can be obtained from uranium hexafluoride gas molecules
striking a hot filament. While instructive, these experiments have little utility for real world analyses,
which is where most activity takes place, and thus will not be discussed here in detail.

The familiar triple- and double-filament ion sources are by far the most important types of surface
ionization sources, in which gases impinge on a hot filament to produce ions. Most materials will
sublime from a surface in molecular form; only rarely will individual atoms sublime unless the material
is a pure element. Most analytical schemes for measuring isotope ratios utilize an atomic ion beam,
although there are a few analytical schemes in which molecular ions are used. In the multiple-filament
ion source, neutral molecules are typically sublimed from one or two sample filaments and then
impinge upon a hot filament (typically 1500 to 2100°C) causing the molecular bonds to rupture, yielding
the desired atom. A certain percentage of these atoms then ionize as they desorb from the surface and
can be mass analyzed to measure the isotope ratio.

The chemistry occurring on the hot ionizing filament is, to the knowledge of the authors, unstudied. The
composition of the molecules impinging on the hot filament has been identified for some schemes using
Knudson cell mass spectrometry. However, the tools for studying the mechanistics of what happens
when these molecules impinge on the hot filament have not been developed. What is known is that
under the proper circumstances, the molecular bonds rupture and beams of atomic and, in some cases,
molecular ions are produced.

Almost all multiple-filament analyses use a rhenium ionizing filament. Conventional wisdom holds that
rhenium is the best material for the ionizing filament in a multiple-filament positive-ion source because
it has the highest work function of the metals that can operate at 2100°C. This may be true, but
unexplored is the possibility that rhenium may also provide the most efficient catalytic surface for
decomposing the neutral molecular species. These ion-formation processes are complex and there are
probably several aspects that affect the ion formation rate.
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The chemistry that can be studied, at least to some extent, in these multiple-filament ion sources usually
occurs on the sample filament(s). Most of the chemical reactions for ion-formation systems in use have
not been studied in detail, although some information is available. The nature of the deposit has a
significant bearing upon the species that are sublimed. Various drying and heating patterns can change
the crystalline nature of the deposit, particularly with uranium because the chemistry is quite complex in
comparison to most other elements. Uranium oxide has several stoichiometries and crystalline forms,
which can exhibit substantially different behaviors when analyzed in a mass spectrometer. When the
National Bureau of Standards (now the National Institute of Standards and Technology) developed the
uranium isotopic standards [13], they used a triple-filament ion source with rhenium filaments and
uranium oxide on the sample filaments. They found it was necessary to carefully control the uranium
species introduced into the mass spectrometer. Control of impurities, the oxidation state of the uranium,
the pH of the solution, and the temperature to which the filament was heated after the sample dried on
the filament—both inside and outside of the mass spectrometer—were among the critical parameters.
These all contributed to the final nature of the deposit and had an effect on the emission characteristics
of the sample, the isotope-fractionation effects, and the stability of the emission. In these cases, the
chemistry of sample preparation, which includes chemical changes occurring in the instrument, is very
important.

An interesting variation of a multiple-filament ion source is a method developed for the isotopic analysis
of iodine [14]. In this method lanthanum hexaboride (LaB6) is coated onto a center ionizing filament and
silver iodide is deposited onto the sample filaments. Gentle heating of the sample filaments causes silver
iodide to evaporate and then condense onto the LaB6 coating of the center filament. When the LaB6

filament is heated to between 950 and 1150°C, the iodide anion is produced in good intensity. The most
efficient version of this method utilizes a thick coating of LaB6 in a porous form. A notable point is (hat
after the initial evaporation of silver iodide, the side filaments are no longer needed; the iodine
transferred to the LaB6 coating in the initial step is sufficient to produce the desired ion beam. This could
actually be categorized as a single-filament ion source method, in that the sample filaments do nothing
more than present the iodine in a suitable chemical form to the LaB6 coating on the ionizing filament.
Direct loading of the silver iodide solution onto the ionizing filament was found to degrade the LaB6

coating and destroy the ion-formation capabilities, but evaporative loading worked very nicely. It is
possible that the iodine is adsorbed on the LaB6 as an iodide, which is subsequently sublimed as the
anion. If a solution is added directly to the LaB&, it is probable that extensive hydrolysis of LaB6 occurs,
as indicated by the measured decrease in iodide anions and the increase in boron dioxide anions [15].
Again, chemistry is playing a major role in the ionizing process.

CHEMISTRY AND ISOTOPE FRACTIONATION EFFECTS

A high-precision, isotope-ratio mass spectrometer can easily measure changes in the isotope ratios of
uranium to a few tenths of a percent and to several percent for lithium (due to elemental fracn'onation).
Other elements like the rare earths show much less isotope-fractionation effect At various times there
has been speculation that these effects were due to differences in volatility of the isotopes of the same
element. If this were the case, then it is reasonable to think that isotope-fractionation effects would be
approximately linear with mass. This is not the case, because the fractionation effects for the rare earths
are much too small in comparison to those for uranium for such a med tanism to dominate.
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The rare earths have relatively simple chemistry in comparison to uranium, with only a few exceptions
to the +3 oxidation state, and very stable and refractory oxides. In comparison, the uranium oxides have
several different states. It is rational to extrapolate these facts to propose that fractionation effects arise
from different chemical reaction rates for the different isotopes as they move from one oxide
composition to another, and these different oxides have different volatilities. This is only speculation,
but nevertheless it is more consistent with the facts than isotope volatilities would be. Further support of
this hypothesis comes from the finding [8] that the electrodeposition technique produces very low levels
of isotope fractionation in comparison to more conventional methods. Because in the electrodeposition
method all chemical reactions are probably complete before any plutonium (or uranium) reaches the
surface where it can be ionized, the small fractionation effect seen is consistent with isotope fractionation
being chemical in nature rather than a purely physical effect. In further support of this hypothesis,
Boerboom [16] recently published a study in which he presents experimental evidence that lithium
isotope fractionation is chemical in origin.

ALTERNATE MECHANISMS AND SUMMING UP

As a final note, a type of ion formation that is easily mistaken for surface-ionization of gases is the
formation of negative ions by electron capture. A surface-ionization source operating in the negative-ion
mode can produce large quantities of electrons, which can be captured by gas molecules in the region
just in front of the filament where the electrons still have low energy. This can be an efficient method for
producing anions, for example, sulfur hexafluoride [171, but it is not surface ionization. Other anions
may form by this electron capture mechanism, but examples are not well documented.

As we have seen in the above discussions, there are only a few systems that can be predicted both
qualitatively and quantitatively by the SL equations; in general, the systems used in common analytical
methods are much more complex and involve a significant amount of chemistry. Many of the commonly
used methods were developed empirically and often involve a significant amount of art to work well.
Understanding the chemistry behind these methods is important because it can have a major effect upon
real issues such as isotope fractionation. However, developing an understanding of the chemistry is a
difficult task; many of the tools needed to accomplish this do not exist, and the systems themselves
appear to be very complicated. In the final section of thi•» paper we briefly describe our current efforts to
increase our understanding of the role chemistry plays in ion-production processes.

NEW METHODS FOR EXPLORING SURFACE-IONIZATION PROCESSES

Information important to understanding surface-ionization processes includes the chemical form of the
material before its heating in the ion source, chemical changes that occur upon heating in the ion source
(including interactions with the filament material), and the ionization mechanism (internal energy,
preformed ions, etc.). Our current efforts at addressing these encompass three areas: (1) pre- and post-
chemical analysis of the sample material utilizing a surface-ionization source that holds a sufficient bulk
of sample to allow standard analytical methods to be applied, (2) direct imaging of the ion-formation
region in surface-ionization sources, and (3) studying the ion source surface chemistry using secondary
ion mass spectrometry (SIMS) and looking at the relationship between thermally emitted ions and ions
desorbed by ion bombardment.
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To make it possible to use relatively large qur-ntities of sample (milligrams) so that standard analytical
techniques can be used to characterize the chemical form of the sample before and after ionization, we
have recently constructed a tube ion source (TIS) [18]. It consists of a small tube packed with the material
from which we wish to study the emission of either positive or negative ions. This tube is heated to the
operating temperature by electron bombardment. The source can be floated at any desired operating
voltage and has electrodes for focusing the ions emitted from the tip of the tube into a quadrupole mass
spectrometer. The tube is typically rhenium but can be any metal that is sufficiently refractory to contain
the material to be ionized at operating temperature. Stainless steel has been used for low-temperature
applications and palladium has been used for intermediate-temperature applications.

An example oi the type of study being pursued with the TIS is an extension of earlier studies [4]
conducted on standard rhenium filaments in which the formation of the perrhenate anion was
studied as a function of oxidative gases and rare earth oxide catalysts that coat the filament. Using
the TIS, results from rhenium metal blended with rare earth oxides were studied and compared with
the previous results from the single-filament system. The results from the TIS were the same as the
earlier work on conventional filaments, indicating that the thin layer and the bulk systems give
similar results. Thus it appears that the bulk system reproduces typical single-filament ion
production behavior and that the chemistry is representative of the filament-based systems. The bulk
system gives sufficient material to conduct chemical analyses of the residue to help understand what
chemical changes occur when the sample is heated.

As was eluded to in the discussion of the silica-gel method, the origin of the ions is unknown for
many systems. For an ion source with a complex chemical surface, the region from which ions are
being emitted can provide clues to the chemistry controlling the emission. In the case of the silica-gel,
knowing whether the ions are emitted directly from the glassy beads or from the exposed rhenium
metal would be a major aid in predicting the chemistry. To get this kind of information, we are using
an ion source imaging microscope that produces magnified images of the ion source when it is
operating; the emitted ions are used to produce the image. The ion optics of this system are described
in Ref. 19. The ion emission intensity image can be correlated with the physical structure of the ion-
source surface, which is determined using light microscopy or secondary electron microscopy; the
chemical map of the surface is measured with scanning Auger and SIMS. Figure 1 provides a
comparison of two images of the face of a ceramic ion source developed in our laboratory; on the left
*s an ion image showing where the ions originate in the ion-source region and on the right is an
optical photograph of the face of the ceramic. It is clear that many of the features seen in the optical
photograph are important to ion production and can be observed in both images. The chemistry of
those areas on the face of the ceramic that do emit ions has been compared with that of the areas that
do not emit ions using scanning auger microscopy. This technique may prove useful for studying a
variety of silica-gel-type ion sources to identify those areas of the deposits that emit ions and to
identify the chemical environment of the ion emitting areas.

The third approach we are pursuing combines the functions of secondary ion mass spectrometry
with surface ionization. In this effort we are studying the emission of ions using a combination of
bombardment with an external ion beam in conjunction with heating of the sample. The goal is to
determine whether there are distinctly different processes occurring or whether they are closely
related. In addition, the SIMS gives us information on chemical changes that may be occurring on the
filament as an analysis proceeds.
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SEM IMAGE

Fig. 1. Emitted ion image (top left) and optical photograph (top right, 50X) of the face of a ceramic ion
source. The features indicated with arrows in the ion image are easily correlated with those in the
optical photograph. The small black islands are obviously not emitting any ions and appeared
metallic under a light microscope. The scanning electron microscope (SEM) image of one of the
small islands (center above) indicates it is sitting on top of the ceramic surface. By using Auger
spectroscopy, these islands were found to be molybdenum metal. Features as small as - 4 j im in
diameter can be resolved in the ion image. It is anticipated that modification of the design of the ion
optics can provide even better resolution, making itpossibie to observe submicron features of an
operating ion source.
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Certainly much more can be learned about the chemistry of surface ionization than is currently
known. This knowledge holds promise for improving existing techniques and identifying new
methods for producing analytically useful ion beams with surface ionization.
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TIMS AND RIMS APPLICATIONS IN THE NUCLEAR INDUSTRY

L. W. Green

ABSTRACT

The nuclear power industry has presented many exciting challenges to
the mass spectrometry community over the years; in response, many
new sensitive and selective techniques have evolved. For example, in
our laboratories, highly sensitive thermal ionization mass
spectrometric (TIMS) techniques have been developed to monitor
actinide and fission product isotopes at femtogram to nanogram levels
in nuclear fuels and environmental materials. Included in this work
was the development of selective chromatographic and
microextraction techniques for separation of isotopes "f uranium,
plutonium, thorium, neodymium, lanthanum, and lithium. More
recently, we have investigated resonance ionization time-of-flight mass
spectrometric (RI-TOFMS) techniques for removal of isobaric
interferences in lanthanum/barium isotopic measurements and for
determination of isotopic selectivity in 235U enrichment studies. One-,
two-, and three-color excitation schemes were used; results showed
large enhancements in chemical and isotopic selectivity for multicolor
schemes compared to those of single-color schemes. Atomic
alignments prepared with pulsed, linearly polarized lasers showed
large isotopic effects.

We expect RIMS and TIMS techniques to continue to play a vital role in
the nuclear industry in the years ahead. Studies of advanced reactor
fuels and materials and the need for stringent environmental
monitoring are areas that will continue to stimulate new developments
in isotopic measurement techniques. For example, because of the
economic and safety concerns caused by delayed hydride cracking of
zircaloy components, we are currently developing laser
ablation/resonance ionization techniques to monitor ingress rates of
hydrogen isotopes in zircaloy reactor materials.
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INTRODUCTION

The development of methods for isotopic measurements in nuclear materials is motivated in part by
efforts to develop improved fuels and fuel channel components. A core of a CANDU™ nuclear power
reactor contains concentric rings of fuel rods packed into 11-cm-diameter by 6-m-long zirconium alloy
pressure tubes (Fig. 1). botopically natural UO2 fuels are currently used, but (Th,U)O2, (Pu,U)O2, and
(Th,Pu)C>2 fuels have also been of interest because of their availability, good fuel economy, and inherent
use of the abundant fertile nuclides 238U and 232Th. Assessment of their performance includes
determination of their burnup and the isotopic composition of selected actinides and fission products.

Burnup, in this work, is expressed as atom per cent fission, %F:

%F MH ,

where [fm] is the concentration of the selected fission monitor; for example, for 148Nd, y is its effective
fission yield, and [U], [Th], and [Pu] are the concentrations of these actinides in the irradiated fuel.

Measured burnups and isotopic compositions of irradiated fuels are compared with predictions from
reactor physics codes, which model the fission, transmutation, and decay reactions as a function of
irradiation. The LATREP code [1] was used in this work. In natural UO2 fuels, 23SU is the only fissile
isotope oi significance at the start of the irradiation. Plutonium-239 grows in by neutron capture in 238U
(Fig. 2), and toward the end of the irradiation it contributes a major portion of the fissions. In thorium
based fuels, 233U and 235U are the major fissile nuclides and their relative proportions are flux- and
power-history-dependent due to branching in 233Pa (Fig. 3).

Several fission products from the high-yield, high-mass portion of the fission yield curve (Fig. 4) were
considered for use as fission monitors. Their selection was based on ease of determination, susceptibility
to neutron-capture effects, and accurate knowledge of their fission yields. Accordingly, the fission
monitors investigated were 139La, 142Ce, 148Nd (because of its use in the American Society of Testing
Materials procedures [4]), and other neodymium isotopes.

Microscale solvent extraction and ion exchange techniques were developed for separation of uranium,
plutonium, thorium, neodymium, lanthanum, and cerium from irradiated fuels. Thermal ionization
mass spectrometry (TIMS) was used for isotopic measurements of these elements after methods had
been improved to provide good precision (0.2% rsd) for loadings at nanogram levels. Resonance
ionization mass spectrometry (RIMS) was investigated for its potential of providing isotopic
measurements free of isobaric interferences; for example, 138Ba on 138La.

CHEMICAL SEPARATIONS FOR FUEL ANALYSES

Irradiated fuels were dissolved under reflux conditions in concentrated HNO3/HF mixtures in a hot cell.
Following the work of Smith et al. [5], microscale separations were developed to isolate nanogram
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quantities of the actinides in a form suitable for TIMS. In this work, XAD-2 resin beads impregnated
with tributyl phosphate (TBP) were used to obtain good separation of actinides from the highly
radioactive fission products [6,7]. The distribution coefficients for U(VI), Th(IV), and Pu(IV) were
strongly dependent on acid composition (Fig. 5). This dependence was particularly useful for selecting
an optimal filament-loading ratio of thorium to uranium or plutonium to uranium for various fuels.

The XAD-2 resin beads were not satisfactory as filament loading forms; ion currents were unstable and
ionization efficiencies were low. Consequently, the actinides were back-extracted into microvolumes of
mixed acid solution and re-adsorbed onto 1-mm-diameter disks of anion-exchange filter paper (Fig. 6).
The ion-exchanger adsorbed anionic nitrate complexes of the actinides and provided both further
separation of the actinides from fission products and further opportunity for adjustment of elemental
loading ratios. Ionization efficiencies were relatively large when these disks were mounted on rhenium
center filaments [6], and signals were long-lasting and stable.

Novel high-performance liquid chromatographic (HPLC) techniques were developed for separation of
the lanthanides from the fuel matrix and from each other. High-performance reversed-phase columns
were dynamically coated with a cationic exchanger, 1-octane sulfonate, and the metal ions were eluted
with an oc-hydroxy isobutyric acid solution [8]. Separations were rapid, being completed in 12 min, and
sufficient resolution and quantitative recovery of the elements could be achieved (Fig. 7). Neodymium
and lantnanum fractions were collected in microliter quantities, which included the mobile phase, and
these were evaporated directly onto tantalum side filaments to yield deposits containing nanogram
amounts of neodymium or lanthanum for mass spectrometry.

The separations and filament loading steps are summarized in Fig. 8. In fuels containing plutonium,
reduction and oxidation steps are added to achieve chemical equilibrium of sample plutonium with the
plutonium spike. Ferrous sulfamate is added to reduce all of the plutonium species to Pu(m), followed
by the addition of NaNO2 to oxidize all of the plutonium to Pu(IV) [9]. For other elements, isotopic
equilibrium is achieved by heating and stirring the spiked solution for at least 10 min.

THERMAL IONIZATION MASS SPECTROMETRY

A Nuclide 90° deflection, 15-in.-radius, single-magnetic-sector instrument was used for isotopic
abundance measurements. Cathodeon triple filaments (Fig. 8) were used for thermal ionization, and a
single electron multiplier of the discreet dynode type was used for ion detection. Plutonium, uranium,
and thorium were loaded in ion-exchange paper disk form on rhenium center filaments, which were
heated to 1600, 1750, and 1900°C, respectively, for mass analysis. Pairs of actinides, plutonium and
uranium or uranium and thorium, were loaded simultaneously and analyzed sequentially for greater
throughput. For neodymium measurements, the center filament was heated to 1950°C and 2 A was
applied to the side filaments to obtain sufficient Nd+ signal.

A mass spectrum of a combined uranium-thorium loading illustrates the resolution and flat-top nature
of the peaks (Fig. 9). The abundance sensitivity was -3 x 10"6. The ionization efficiency, n+/n, was
dependent on the amount of thorium loaded; the log of n+/n for uranium or thorium showed a linear,
negative dependence on the mass of thorium loaded in the 0- to 25-ng range (Fig. 10). This result was
attributed to a linear decrease in the work function of the filament surface per nanogram of thorium, in
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accordance with the Saha-Langmuir equation. In practice, the quantity of thorium loaded was set to less
than 6 ng, in order to attain relatively high ionization efficiencies. A similar influence of the mass of
uranium loaded was observed on the ionization efficiency of uranium-plutonium loadings.

Results of replicate analyses of a combined uranium-thorium standard demonstrate the accuracy and
precision of the method (Table I). The standard was prepared by mixing Nation Bureau of Standards
U500 with certified enriched 23°Th obtained from (Dak Ridge National Laboratories. Each analysis
represents a separate loading of the standard. The precision of isotope ratio measurement was 0.2% (Is),
and the accuracy was within this limit.

ISOTOPIC CORRELATIONS IN IRRADIATED FUELS

Comparisons of measured and predicted (LATREP) isotopic compositions and burnups for a (Th,U)C<2
fuel are shown in Table n. For most cases, measured and predicted values agree within 5%, which is
within the expected accuracy of the code. In some cases, especially in the innermost ring of fuel, the
measured/predicted discrepancy is >10% and is attributed to errors in the estimation of the flux
distribution in this portion of the fuel bundle. Neutron flux distributions are most difficult to estimate in
the innermost fuel elements, where self-shielding is the strongest. A plot of the consumption of 23SU and
growth of 233U vs the 148Nd content shows good agreement between measured and predicted values
(Fig. 11). This agreement validates the code for use in estimating important fuel parameters such as
thermal energy output.

Table I. Accuracy and Precision of Uranium and Thorium isotope Ratio Measurements on a
Combined Uranium and Thorium Standard

Analysis
Number 235/238|J

0.99936
0.99787
1.00032
1.00137
1.00178
0.99628

0.9995
0.002
0.9997

-0.02

Atomic Ratio

230*32^

10.8157
10.8116
10.8152
10.8137
10.8556
10.7927

10.817
0.02

10.82
-0.03

1
2
3
4
5
6

R"
ks

certified ratio
% bias

56



Green

In selection of fission monitors, the possibility of significant neutron capture by 147Nd [10] raised
concerns of high biases in burnups determined by the conventional 148Nd method. The alternative
fission monitors investigated were the sum of 145Nd and 146Nd, determined by isotope dilution; 139La,
determined by HPLC; and 142Ce, determined by neutron activation analysis (NAA). Neither 145Nd nor
146Nd were suitable alone because of the relatively high cross-section for 145Nd (Fig. 12). A correction for
slight depletion by neutron capture was made for 139La data.

Good agreement was observed between burnups based on i45+i46Nd and 139La as fission monitors
(Table III). The average difference between the two methods is <1%. The HPLC method can be used
for determination of burnup because 139La is essentially monoisotopic in fission. Consequently, 139La
was selected as the fission monitor for most burnup analyses because of the speed and low cost of
HPLC measurements and the low radiation exposures of the analyst. If mass spectrometry was
required, 145+146]^ w a s t h e preferred monitor. Few data were obtained for 142Ce because of
interferences in the y-spectra.

Burnups based on 148Nd are consistently higher than those based on 145+146Nd, and the flux dependence
of this difference is illustrated in Fig. 13. The curve in the figure represents LATREP estimates of the
excess 148Nd produced by capture in 147Nd, for an effective cross-section of 440 b. The results indeed
show that 148Nd burnups are biased high by an amount dependent on the neutron flux and that the
effective cross-section of 147Nd is 440 b.

LASER RESONANCE IONIZATION

A TIMS determination of lanthanum was desired for direct confirmation of HPLC results, but this was
difficult to achieve due to interference of barium. Barium is an ubiquitous contaminant; its major isotope
is at mass 138 and interferes with 138La, which is the only lanthanum isotope available for spiking.
Another common isobaric interference in fuel analyses is that of 238U on 238Pu. Thus, resonance
ionization mass spectrometry (RIMS) of barium, lanthanum, and uranium was investigated because of
its potential for removal of these isobaric interferences.

Table II. Isotope Ratios Relative to 23aTh in

Isotope

233
234
235
236
238

%F

MS

6.93
0.42

14.51
1.91
2.28

1.10

Inner Ring
LATREP

7.85
0.42

14.14
1.95
2.25

1.15

(Th, U)O2 Fuel

Ratio x
Middle

MS

8.08
0.54

11.7
2.25
2.46

1.40

1000
Ring -
LATREP

8.73
0.51

11.9
2.27
2.25

1.42

Outer Rino.
MS

11.2
0.98
7.04
2.97
2.51

2.17

LATREP

11.3
0.88
7.01
2.94
2.26

2.17
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Table III. Atom

Fuel
Element

4
9

14
18
21
24
28
30
32
33
35
36

%RSDa

i Percent Fission as Determined by Using Various Procedures and Fission

Mass

145+146Nd

2.32
2.17
2.28
2.27
1.47
1.37
1.40
1.42
1.07
1.10
1.11
1.11
1.1

Atom Percent Fission
Spectrometry

14BN d

2.38
2.25
2.35
2.36
1.48
1.41
1.43
1.49
1.08
1.12
1.13
1.13
1.1

HPLC

i39|_a

2.32
2.21
2.28
2.31
1.41
1.37
1.40
1.45
1.08
1.12
1.12
1.07
1.2

a Precision (1s) of each method as determined from propagation of errors.

LATREP

2.17
2.17
2.17
2.17
1.42
1.42
1.42
1.42
1.15
1.15
1.15
1.15

Monitors

INAA

™2Ce

2.3

2.5

1.6

1.3
5

The RIMS system features excimer and copper vapor pump lasers, Lumonics tuneable dye lasers, and
time-of-flight mass spectrometers (TOFMS). The dye lasers are operated in the visible portion of the
spectrum and at relatively low pulse energies; for example, <0.3 mj/pulse. The TOFMS are linear, 1- and
5-m instruments of the Wiley and McLaren design [11]. Atomic vapors of the elements of interest are
produced by a resistively heated filament mounted between the back plate and first extraction plate
(Fig. 14), and laser beams are focused just below the filament. The resolution and peak shape obtained
for uranium with the 5-m TOFMS are illustrated in Fig. 15.

A Galileo microchannel plate detector is used for ion detection in the pulse counting mode, and gated
logic circuitry is used for simultaneous counting of many isotopes in each laser pulse [12]. Single ion
pulses are 2 ns wide, FWHM, and the maximum useable count rate is 0.25 ions/pulse for the major
isotope. Above this count rate, experimental and theoretical (Poisson statistics) data show that errors
attributable to pulse overlap are significant (Fig. 16).

Many resonant ionization schemes have been identified for lanthanum, barium, and uranium, and those
that yield the highest elemental selectivity (for example, >103) feature two resonant and one nonresonant
step to ionization (for example, Fig. 17). Excitation schemes that have only one resonant step require
higher laser intensities and are more susceptible to nonresonant ionization of other elements. The
resonance of barium at 553.5 run is very strong, and for some dyes there is unexpected population of the
1P1 state (18060 cm'1) of barium due to overlap of the amplified spontaneous emission (ASE) of the dye
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with this transition. This population gives rise to resonances in barium from the aPi intermediate state to
upper states and corresponding photoionization signals (Fig. 18), which cause spectral interferences if
not avoided.

Isotopic analyses of barium and uranium show uncertainties that are much greater than those expected
from counting statistics; for examples, see Table IV. Uncertainties for nonresonant signals (for example,
UO+) have been within statistical limits, indicating that the higher uncertainties are caused by resonant
rather than instrumental effects. Additional studies of uranium show [13] that for resonant excitations
involving states with relatively high isotope shifts (for example, 0.4 cm'1) the laser intensi*y is not
uniform across all of the isotopes, and thus isotope ratios are steeply wavelength-dependent. This effect,
combined with frequency instabilities of the dye laser, results in relatively large fluctuations in isotope
ratios.

Large biases and uncertainties in isotope ratios have also been observed for cases involving states having
very small isotope shifts. These are attributed to atomic alignment and dynamic effects, which are
described in the next section.

Table IV. RIMS Isotopic Analysis of Natural Uranium

Set
Number

Atomic Ratio Relative to 238 x 106

234U 235U

1
2
3
4
5
6
7

"R
Is

%rsd
known value

49
60
60
51
62
55
49

55
5
9(6)*

55

7111
7376

7693
7869
7826
7300

7.5 X103

0.3 X103

4(0.5)a

7.253 X103

a Expected precision (Poisson statistics).
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ATOMIC ALIGNMENT

In the absence of an applied field, there is no preferred orientation of the electronic angular momentum
of atoms. This is the initial condition in pulsei resonance ionization. When an electric or magnetic field
is applied to the atomic vapor, the 2J + 1 degeneracy of each state is removed and the angular
momentum becomes geometrically and energetically quantized. The geometric distribution is
represented by a set of cones of precession about the applied field axis (Fig. 19). Linearly polarized lasers
are commonly used in resonance ionization, and the electric field of the laser is sufficient to cause slight
removal of the degeneracy and quantization of the angular momentum.

The 2J + 1 substates are characterized by their quantum number Mj, and the population distribution
within a set of ground state sublevels is initially uniform (Fig. 20, lower level). The relative transition
strengths of the sublevels for an electric dipole transition to another state are not equal, but vary with M^
for a AJ = 0 transition (Fig. 20) and vary with Q +1)2 - M2, for a AJ = 1 transition (Fig. 21). The result is the
preparation of aligned excited states with anisotropic population distributions, as illustrated in the
upper levels of Figs. 20 and 21.

In doubly resonant excitations, the overall excitation rate to the highest level is expected to be greatest if
the transition strength distribution of the second step matches the population distribution of the
intermediate state; for example, as is expected for two AJ = 0 transitions with parallel linear polarized
lasers. Likewise, the overall rate will be lowest if the transition strength and population distributions are
orthogonal. A sinusoidal variation of the photoionization rate is predicted as the angle between two
linear polarized lasers is rotated through 360° (Fig. 22). The amplitude of the oscillations is determined
from the relative transition strengths, as given by the 3J coefficients, and from the population
redistribution associated with rotation of the coordinates [14]. The nonresonant ionization step is
assumed to be independent of alignment.

In odd-mass isotopes, weak hyperfine coupling of the nuclear and electronic angular momenta yields a
total angular momentum, which precesses about the laser field axis at a rate determined by the strength
of the interaction. This precession disrupts the alignment of the prepared states and effectively
distributes their population uniformly over their sublevels. Provided there is sufficient time to establish
the hyperfine interaction, odd isotopes are not expected to show alignment effects (dashed line in
Fig. 22).

Experimental evidence of alignment in uranium is shown in Fig. 23. The second laser pulse was delayed
20 ns after the first to allow sufficient time for the hyperfine interaction. The lifetimes of the excited states
are long (for example, 200 ns) relative to the pulse delay and duration, which was 15 ns. Laser intensities
were sufficiently low that excitation rates were governed by the master equations. Collisions were
negligible during the excitation period.

The variation in 235u/238u ratio with relative polarization is significant ana' as expected for alignment
effects in 238U. Direct observation of the isotopic signals showed that the signal for 235U was almost
independent of relative polarization. These data show that atomic alignment can have a large influence
on the isotope ratios observed in resonance ionization.
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CONCLUSIONS

Thermal ionization mass spectrometry continues to play an important role in modern nuclear
technology. Isotope ratios can be measured with very high precision (for example, 10 ppm) using
multicollector, state-of-the-art instruments, and these are being applied to new topics such as studies of
the distribution and movement of trace radioisotopes in the environment. Most of the routine
monitoring of isotopes in nuclear materials continues to be done by TIMS.

Resonance ionization techniques offer very high elemental selectivity and sensitivity but not the high
precision of TIMS. Isotope shift and alignment effects are sources of large isotopic biases, which must be
quantified and corrected for. A new area of application of laser techniques to nuclear materials is laser
ablation microprobing of impurities in metals. In particular, the distribution of hydrogen isotopes in
zirconium alloys is of interest because their ingress may limit the lifetime of reactor materials due to
hydride-induced blistering and cracking. Best sensitivity is obtained by the use of resonance ionization
to detect the ablated neutrals.
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Fig. 1. Cross section of a CANDU 37-element
fuel channel.

Fig. 2. Abundance of the
major fissile
nuclides vs
fluence in
isotopically
natural UO2 fuel.
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Fig. 5. The U(VI) and Th(IV) distribution
coefficients, D, vs [HF] for TBP-
impregnated beads in 6M HNO3.

Fig. 6. Adsorption ofactinldes onto
anion-exchange disks.
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Fig. 7. HPLC separation of uranium and
lanthanides; 200 \ig uranium, 200 ng
of each tanthanide. Supelcosil LC-18
5-iim reyersed-phase column
dynamically coated with 0.01 M Na-I-
octane-sulfonate. Gradient elution
with 0.1 -* 0.4 M a-hydroxy isobutyric
acid at pH 3.8.
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Fig. 9. Mass spectrum of
combined thorium
and uranium
loading.

Fig. 10. kmlzation efficiency of
thorium and uranium v»
mass of thorium loaded.

67



Green

2.4

•u
Th

.102

16

.6

0

\

\

1.0 2.0 3.0
U8Nd/Th * 10A

.—-233

- 235

4.0

Fig. 11. Fissile isotope content in (Th/U)O2 fuel vs UBNd content.

144Nd (n,Y)
3.6b

145Nd (n,Y)
42b

147 _
Pm

146Nd(n>Y)
1.3b

147

(11 day)

Nd(n,v)
?

148Nd (n,Y)
2.5b

Fig. 12. Transmutation reactions in neodymium.

68



Green

to

3.0

2.0

1.0

0

-

-

4 g 12

'Ptn HO12 neutrons-cm" • s" )

Fig. 14. The TOFMS for resonance ionization.

Fig. 13. Average percent difference
(At) between 14*Ndand
i*s*i«Ndburnups vs effective
average flux. The curve
represents LATREP estimates
tor an effective U7Nd cross-
section of 4.4 x IP22 car2.

69



Green

Fig. IS. The TOF mass s/ieefnim of uranium in NBS USOO.
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Fig. 17. Two-color, three-photon resonance
lonization of uranium.

Fig. 18. Resonance ionizathm
spectrum of
lanthanum showing
ASE-induced two-
color peak for barium
fa, 5570.36 A;
l2 scanned from 5755
to 5790 A;
temperature 1150=0).
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Fig. 19. Quantization of angular momentum
in an applied field fora J=2 case.
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Fig. 20. Sublevel population distributions for
resonant, linear polarized laser
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MAGNETIC SECTOR MASS SPECTROMETER WITH
VERY HIGH ABUNDANCE SENSITIVITY

K. Habfast and H.-J. Laue

ABSTRACT

Instrumentation has been designed to achieve higher abundance
sensitivity with the resultant improvement in the accuracy of the
measurement of large-dynamic-range isotope ratios. The causes of
peak tailing and some historic solutions are also examined.

INTRODUCTION

Abundance sensitivity, or peak tailing, is one of the most severe limitations for the accurate
measurement of high isotope ratios.

Figure 1 shows an example in which the low mass tail of an intense 23SU beam is more than 4 mass units
wide. It is apparent that the measurement of the intensity of each peak that sits on such a tail will result
in a wrong value unless the baseline is measured on both sides of each small peak to make an
appropriate correction.

Figure 2 shows the ion counter recording of the lower 2 ppm of the spectrum of natural uranium, which
was spiked with 1 ppm of both 236U and 233U. Apparently, the abundance sensitivity of this recording is
approximately 2 ppm at mass 237. It is more important, however, that such a steadily decreasing tail as
is shown in Fig. 1 is no longer observed. Instead, there are more or less irregular ups and downs, and it
is fair to state that it may be relatively difficult to develop an appropriate algorithm for the correction of
such an unpredictable baseline. Everybody would agree that it would be much better if the tail could be
removed and if no correction were needed. In fact, this would also save measuring time or, even more
important, it would mean less sample consumption.

THE BASIC EXPERIMENT

The removal of such an instrumental artifact always starts with the attempt to understand its origin.
Peak tails are commonly explained by the assumption that the ions are elastically scattered by the
atoms and molecules of the residual gas in the analyzer of the mass spectrometer. Hence, an ultrahigh
vacuum should remove the tails. Such a basic experiment was made and an MAT 261 mass
spectrometer was equipped with a battery of turbomolecular pumps and ion getter pumps. With
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additional baking devices, finally a vacuum was achieved of better than 10"11 Torr in the analyzer tube,
with the ion source producing an uranium ion current of -10*11 A. The pressure was then
systematically increased and decreased by introducing argon or krypton, and the abundance sensitivity
was measured.

Figure 3 shows the result of this experiment for the low-mass side of the peak tail. It is a simple but
unexpected result: at pressures down to ~10'9 Torr, the abundance sensitivity decreases linearly with
decreasing pressure. As the pressure is decreased further, abundance sensitivity does not improve and
levels off at -0.5 ppm.

Figure 4 shows the second part of this basic experiment, where the shape of the high- and low-mass tails
can be seen schematically as a function of the pressure in the analyzer. At high pressure, the tail is nearly
symmetric. At low pressure, the low-mass tail is always three to five times higher than the high-mass tail.

These observations cannot be explained by elastic scattering alone. Apparently, some of the ions must
have lost energy in a process that is pressure-independent before they entered the magnetic sector or
within the magnetic sector. The energy losses might well reach 100 eV or 1% of their nominal energy
(10 KeV). A possible explanation could be charge exchange processes in the ion source. Due to the
relatively low ion yield, which was between 0.1 and 0.5% in the experiments, there exists a probability
that some of the emitted ions lose their charge to one of the many neutral uranium atoms, which are
then starting at a somewhat lower accelerating potential.

Fig. 3. Abundance sensitivity as a function of analyzer pressure.
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Quite a number of theoretical papers [1-8] were written on abundance sensitivity, mainly in the 1960s.
Most of them, however, deal with mass separators, which usually operate at much higher pressures
than an analytical mass spectrometer. Besides that, they need to make simplified and incomplete
assumptions. As a consequence, they offer only incomplete explanations that do not go far beyond
qualitative statements if applied to analytical spectrometers. In particular, one cannot find a plausible
reason for the significant asymmetry of the tails, except in two Russian papers [9,10], which compute
the scattering of an ion beam at the edges of the beam-defining slits or at the walls of the analyzer tube.
However, the more or less arbitrary choice of parameters in these calculations is not fully convincing.

In summary, the asymmetric tails at low pressure are real, but their cause remains speculative. From
experimental evidence one leams that maintaining a low pressure does not help to remove the peak
tails to the required level. Any other, more suitable means for removing the tails must be able to handle
ions that have significantly different energy and flight direction than the ions of the main beam.
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TANDEM MACHINES

Ions of wrong energy can easily be filtered out by an electrostatic analyzer that is mounted in tandem
to a magnetic sector in a so-called B-E arrangement. Also momentum analyzers, instead of energy
analyzers, have been built and used.

All these sector tandems [11,12] are quite complicated and are, therefore, expensive to build. In
particular, the magnetic tandem requires a sophisticated scan synchronization of both magnetic fields.
However, besides such practical disadvantages, they also exhibit principal drawbacks.

For the B-B tandem, it cannot be excluded that an ion of mass M, but with a lower than nominal energy,
will pass the whole system if it is tuned to a lower mass. The B-E tandem may well be passed by ions of
nominal energy but with irregular flight direction due to a scattering process. In fact, in practical
operation, dual-sector tandems have never achieved abundance sensitivity values smaller than 0.05
ppm. Hence, even more complicated systems, using three or more sectors in tandem, were proposed,
built, and allowed to demonstrate impressive numbers for the abundance sensitivity in the low part-
per-billion range.

We were looking for a more simple solution. We started with the idea that we would just need a filter
device that would let pass only ions of a given mass, irrespective of their energy, and that would reject
all other ions. Tailing is produced by ions of a given mass but different energies. That such a device
would remove all tails completely is well known. Indeed, the majority of mass spectrometers operating
in the world are just of this type; it is a quadrupole mass filter. Hence, we connected a mass filter in
tandem to the MAT 262 mass spectrometer. This is shown in Fig. 5. On the left half ef the figure, the
standard magnetic sector optics are shown, together with the variable multiple ion collector. The center
beam in the multicollector can be deflected into a Faraday cup or a counting secondary electron
multiplier, or it can pass undeflected to the mass filter. The ions must be retarded to ~20 eV before they
enter the mass filter. Otherwise the mass filter would not have the appropriate mass resolution. In
addition, the rectangular beam profile of the magnetic sector must be converted into a more or less
circular profile at the entrance of the quadrupole. This can be achieved, for instance, with an
electrostatic quadrupole focusing lens.

The dynamic or RF quadrupole has an excellent rejection factor of better than 1 ppm. This means that
if, for instance, the sector is tuned to pass 23&[j+ ions and if, at the same time, the quadrupole is tuned
to mass 237, then only less than 1 ppm of the 238U+ ions arrive at the end of the quadrupole. In fact,
with this system, abundance sensitivity values of better than 5 ppb were observed. It is extremely
difficult to measure such small values because of the dark noise of the recording system. Hence, the
abundance sensitivity might actually have been much better. The transmission of the system was up
to 40%.

At a first glance, such a system seems to be quite promising. Nevertheless, we experienced enormous
problems in the practical operation of the system. In fact, we were not able to keep the three most
important parameters, that is, the transmission, the stability of the transmission, and the peak shape or
peak top flatness, at their optimum values at the same time. Tuning of the system took most of the
lifetime of the sample, leaving not enough time for data accumulation. Hence, we had to stop the
project.
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However, we are still convinced that such a system does have a lot of potential for the future if more
time and money is invested

THE RPQ SYSTEM

During our experiments in tuning the B-Q system, we detected that the deceleration alone can
considerably improve the abundance sensitivity on the low-mass side of an intense beam. In other
words, the deceleration system showed a rather high energy resolution (at least 1000), which is
excellent for such a simple device. And it also showed some filtering action for ions of irregular flight
direction because it improved the abundance sensitivity also on the high-mass side of an intense
beam.

We optimized the ion optics of the retardation system, as shown in detail in Fig. 6. The details of the
mass spectrometer and of the multicollector are exactly the same as those in Fig. 5.

Figure 6 also shows how the beam is shaped by the different lenses. The plate at the far left stands for
the central exit slit of the multicollector. On the long flight pass to the decelerating system, the beam
becomes fairly high and wide. A beam stop of 6-mm height must be placed at the entrance of the
decelerating system in order to adapt the profile to the dimensions of the quadrupole lens. It is here
where almost half of the beam intensity is lost. The lens system itself has nearly 100% transmission. A

Variable Faraday-Cups
of the Multicollector System

Fixed Counter-
Faraday-Cup SEM
/ Deceleration '

/ Lenses

^

Ion Beam
Switch

^ Quadrupole
Mass Filter

Ion Source

Fig. 3. Details of a multicollector mass spectrometer.
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major modification of the multicollector, to get the deceleration system closer to the central exit slit,
would therefore allow it to achieve a significantly higher transmission. It is also to be noted that the
deceleration into the quadrupole (in two steps. 4 kV each) does not blow up the beam as is probably
expected. On the contrary, the beam is slightly focused while being decelerated. As is well known, a
static quadrupole lens always focuses in one direction and defocuses, at the same time, in the other
one. Hence, a rectangular beam profile is converted to a round one as shown. At the exit of the
quadrupole, the ions are decelerated further to -100 eV. The last deceleration step to only ~10 eV is
applied just at the exit of the conical lens. It is here where practically everything happens in a small
region of only ~3-mm length and 6-mm diameter, as is shown in Figs. 7 to 9. Figure 7 shows the
passage of a regular ion beam with nominal energy (97 eV) and flight direction. Fig. 8 shows the flight
path of two ions that have 10 eV less energy than the ions in Fig. 7. They are rejected. Also ions with
nominal energy but with abnormal flight direction are rejected, as shown in Fig. 9. This system does
not significantly degrade the flatness of the peaks, as shown in Fig. 10 where the upper percent of a
peak top recording is shown, but it improves the abundance sensitivity drastically.

Figure l l shows the low-mass side of a U-005 spectrum. Compared to the spectrum from the sector
alone (Fig. 1), the abundance sensitivity is improved by a factor of 100. Figure 12 shows the high-mass
side of a lead 981 spectrum including a 209Bi peak recorded befoie and after the decelerating system.
Although the abundance sensitivity is already quite acceptable at the high-mass side without a
deceleration device, it is, nevertheless, considerably improved by the device.

o.ot.o Beam Profile

///s.

0.3*411 t.ra.5 j.5-5.0 2.0*3.0 2.50

4000V 9000V 9000V 9900V
±250V

99MV

Fig. 6. Quadrupole retardation system.

81



Habfast

Energy of ions: 97 eV

Regular ion path /! I \
All ions disturbed on their way from the ion source to the collector either by collisions
with molecules or by deflection on slits/walls will have less energy or different
directions than the regular ion path.

Fig. 7. Lens action with 97-eV energy.

Energy of ions: 87 eV

\
Energy filter

rejection of ions with
lower energy

Fig. 8. Lens action with 87-eV energy.
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The typical transmission of this system is better than 50% at an abundance sensitivity of 0.02 ppm. The
peak flatness is within 0.5% over a peak top of 300 ppm. In contrast to the system with the dynamic
quadrupole, this system can be tuned quickly to get the important operating parameters to their
optimum value.

The drawbacks must also be mentioned. In a thermal ionization source, the spot from where the ions are
emitted can move along the filament. As a consequence, the angle at which the beam enters the optical
system changes slightly. As shown above, the deceleration device is sensitive to the direction of the ion
beam. Once tuned for a given incident angle, its transmission changes if the angle of incidence changes.
Therefore, occasional slight changes of the transmission of the deceleration system are observed,
originating from the unavoidable movements of the ion-emitting spot in the source. The size of these
instabilities can be assessed from the data in Fig. 13. Transmission was measured six times within 1 h
and was stable within 0.2% of its value over 1 h. Short-term fluctuations are of die same order. Such
results simply reflect the emission behavior of the ion source. In any case, transmission must be
measured, preferably several times, during one run of a sample if the high-abundance channel is used as
one collector in the multicollector array.

To calibrate the high-abundance channel vs a Faraday channel of the multicollector, one and the same
ion beam must be recorded in both the Faraday channel and the high-abundance channel. This is an
analogy to the well-known single-beam calibration method for the Faraday cups of a multicollector. The
intensity of such a calibration beam must have a suitable value so that it can be measured precisely
enough in a Faraday and in an ion counter as well. In other words, the ion current should preferably be
between 10"14 and a maximum of 2 x 10"13 A.

Apparently, not every natural isotopic system has a suitable isotopic composition. A more generally
applicable method is required. Such a method is shown in Fig. 14.

To attenuate the usual ion currents to the appropriate size, we use, besides the nominal slit, two
additional slits that can be exchanged quickly during the measurement. These slits have the same width
as the nominal slit, but in y-direction they have only three narrow openings of different size each. In this
way we achieve ah attenuation by a factor of 10 or 100 without any apparent change of the effective
incident angle of the beam. Also this way, one isotope of the system under investigation can always be
selected and be used to do the required calibration under operating conditions of the ion source.

There are some other major sources of error that must be checked carefully in each case, including those
below.

• The dark noise of the ion counter may be neglected at 0.01-ppm abundance sensitivity only if it is at
least 9 orders of magnitude smaller than the usual ion current of the main isotope; that is, if it is in
the range of 1 to 2 counts per minute. On the other hand, the variance of the dead time of me ion
counter, which mainly determines the accuracy of the dead time corrections, should be as small as
possible. Figure 15 shows the characteristics of our system: typically, 20 dark counts per 20 nun and a
dead time stability of 0.2 ns.

• In a system with high-abundance sensitivity, we sometimes observe baseline impurities that are
normally hidden in the general baseline noise. Figure 1 shows the recording of a uranium spectrum
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before the deceleration system. No particular events can be seen. But in the same spectrum recorded
behind the deceleration device, as shown in Fig. 11, at the bottom of each peak one can find a small
peak of slightly lower mass; this occurs also at mass 237, where no other peak exists. For comparison,
Fig. 16 shows a clean U-500 spectrum, which has a 235jj+/238u+ ratio of approximately 1. The
excellent peak symmetry on the high- and low-mass sides of the peaks is a special feature that is
indicative of the overall quality of the entire ion optical system.

A typical application is shown in Fig. 17 with the measurement of an extreme 232ITi/230lh isotope ratio.
The ratio is 175.334:1; the internal precision is 0.25%.

Energy of ions: 97 eV

Direction filter

rejection of ions with
irregular flight directions

Fig. 9. Lens action with abnormal flight direction.
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MASS SPECTROMETRY AT 68 km/s NEAR A COMET

D. Krankowsky

ABSTRACT

For the fast flyby mission of the Giotto spacecraft near Comet Halley, a
novel configuration of electric and magnetic fields was developed to
cope with the unique situation of rrass spectrometry of ions at very
large velocities. The ions were either ambient or formed by electron
impact in an ion source. Energy focusing for an energy spread up to
several hundred electron volts maintained mass resolution for "hot"
coma species. The mass range of 1 to 38 u / e was measured
simultaneously on a focal plane detector consisting of curved
microchannel plates followed, in proximity focus, by self-scanning
arrays of discrete electron collectors. The instantaneous dynamic range
of the detector was about 104, and a toial dynamic range in excess of
1011 was achieved by varying the gain of the microchannel plates. The
instrument's sensitivity and its detection limit for gases was about 4 x
10"4 A mb'1 and 100 molecules cm"3, respectively. As a complement to
the magnetic mass spectrometer, the instrument included an
electrostatic energy spectrometer with an increased equivalent mass
range and the capability to measure flow speed and temperature of
coma species. Results from this instrument include the determination
of the bulk composition of Halley's coma [water is the dominant
species (80%), followed by carbon monoxide (12%), carbon dioxide
(2.4%), and formaldehyde (a few percent)]; the discovery that about
one-half the amount of carbon monoxide is released from an extended
source within the coma—that is, from cometary dust particles; and the
measurement of the radial profiles of outflow velocity and temperature
of neutral and ionized species. The isotopic ratios of sulfur (3*S/32S =
0.045 ± 0.010) and oxygen (18O/16O = 0.0023 ± 0.0006) agree with the
terrestrial values. The hydrogen isotopic ratio (0.6 x 10"4 S D/H < 4.8 x
10"4) is comparable to that of solar system objects depleted in
hydrogen, but it is distinctly larger than the protosolar value.
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INTRODUCTION

Comets are believed to be remnants of the primordial solar nebula, containing in their chemical
composition a record of the evolutionary history of the early solar system. Most of the information about
the chemical composition of comets has been inferred from Earth- and near-Earth-based observations of
cometary spec, "a covering a large range of the electromagnetic spectrum from ultraviolet to radar
wavelengths. The missions of spacecraft to Comet Halley in 1986 [1] for the first time allowed a close-up
view and provided in situ measurements of the inner coma of a comet.

The cold gases released from the comet nucleus, when it is heated by irrradiation in the inner solar
system, expand radially at a bulk velocity of about 1 km/s at 1000-km distance. These parent molecules
are ionized by EUV photons and fast electrons. Out to several thousand kilometers, gas densities are
high enough for ion-molecule reactions to be important. Parent molecules are therefore modified by a
large number of processes, each having its own time scale, which translates into characteristic scale
lengths for the destruction and formation of species. Secondary molecules, radicals, and atoms will
maintain their excess kinetic energy when collisional thermalization cannot occur because of low gas
densities. Outside a contact surface located =4500 km from the nucleus, the expanding coma gas
interacts with the solar wind and provides ions by charge exchange with the solar wind protons.
Cometary ions are picked up by the solar wind, acquiring its bulk speed and temperature and thereby
mass-loading the solar wind. Neutral species in the expanding coma remain unaffected by the plasma
flow; their densities (=l(fi cm"3 at 1000 km) drop «= R-2 (R = distance from nucleus).

In addition to mass spectrometric measurements of the chemical and isotopic composition of coma gases
(neutral and ionized), a determination of kinetic parameters such as flow speed and temperature of
neutral and ionized species as function of the distance from the nucleus is of importance for
understanding the dynamics and energetics of the coma. The high relative velocity of 68 km/s between
the instrument and the coma leads to a mass-dependent energy of =24 eV/u for coma species in the
instrument frame of reference. An energy analysis will therefore provide a rough information on the
mass spectrum of coma gases. The thermal energy determines the peak width in the energy spectrum,
whereas any bulk velocity will shift the spectrum from its nominal position corresponding to the relative
velocity of 68 km/s. However, in addition to the peak broadening caused by the thermal energy, various
exothermic processes produce species with velocities ranging from about 1 to 5 km/s and for hydrogen
atoms, up to 20 to 30 km/s [2]. Such suprathermal velocities, albeit small compared to the 68 km/s,
contribute considerably to the spread in kinetic energies in the instrument frame of reference. For
instance, oxygen atoms with a speed of 5 km/s (2 eV) from photo-dissociation of CO will appear in the
energy spectrum as a peak extending from 340 to 450 eV and thus will overlap with other masses.

For mass analysis, therefore, a double-focusing magnetic spectrometer capable of handling energy
spreads of a few hundred electron volts is necessary. In contrast to conventional mass spectrometry
process, the species enter the instrument with constant velocity, which requires a novel configuration of
electric and magnetic fields. Other constraints are the short time spent in the coma (less than 5 min
within 10 000 km from the nucleus) and the low gas density (for example, =5 x 105 cm"3 at 10 000 km),
which both demand a focal plane configuration to increase the sampling rate without a loss of
integration time. Ion fluxes on the detector vary by more than 10 orders of magnitude during the flight
through the coma. Thus, a total dynamic range of this magnitude is required for the detector. For the
measurement of isotopic compositions, an instantaneous dynamic range of at least 103 is necessary.
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Such an instrument, the neutral mass spectrometer experiment, developed for the European Space
Agency's Giotto mission to Comet Halley, encountered the comet on March 13, 1986, at 0.9 AU solar
distance.

INSTRUMENTATION

Magnetic Mass Spectrometer

The main components of the magnetic spectrometer are shown in Fig. 1. Ions, either of cometary origin
or produced in the electron impact ion source, are separated according to their energy-to-charge ratio
(eV/e) in an electrostatic parallel plate analyzer (PPA). They enter a static magnetic sector field at
different locations, depending on their eV/e ratio, and are then focused according to their mass-to-
charge ratio (u/e) onto the detector after passing the field-free drift space in the fi-electrode. The position
of the focal point on the detector depends only on u /e over a wide range of ion energies and angles of
incidence. The mass range of the spectrometer is 1 to 38 u/e.

The electric field within the PPA is forced to be uniform by a stack of guard electrodes. All electrodes
have cutouts sized in such a way that cometary neutrals, ions, and dust can pass the PPA unimpeded if
they arrive from within the angular viewing range of the collimator; that is, ±4° in the a-plane (plane of
drawing) and in the perpendicular fj-plane. Ions on nominal trajectories, parallel to the spacecraft-coma
velocity vector, enter the PPA at an angle of 41.23°. The 5-mm-high exit slit of the PPA is covered by a
high-transparency grid. Ions are accelerated before entering the PPA to increment their energies by
200 eV. The entrance boundary of the 51.1° sector field magnet is at an angle of 5.83° to the PPA exit
plane. The magnet has a pole gap 5 mm wide and a maximum field strength of 0.7 T. The p-electrode
covering the drift space between magnet and detector has two baffles mounted inside, one protruding
into the magnet gap. They intercept non-nominal ion trajectories in the mass range 5 to 11 u / e but
permit cometary ions of masses 4 and 12 u /e to reach the detector for a wide range of energy spread
(±5 eV) in the comet frame of reference. The sawtooth-shaped surfaces of the baffles, as well as the inner
surfaces of the P-electrode and the pole pieces, are blackened with copper-sulfide to suppress ion and
light scattering. Directional focusing in the p-plane is only achieved by the fringing field of the magnet
This gives an angular acceptance of ±3°, whereas in the a-plane the corresponding value is ±4°.

Ion Source

The electron impact ion source discriminates against ions produced from residual (zero energy) gases
and rejects cometary ions. When the instrument is tuned for cometary ions, it has to function in
conjunction with the collimator/inlet as a transfer optic for ambient ions. A conventional ion source is
not feasible because the large flux of secondary ions generated by cometary gases impacting at 68 km/s
on the object slit cannot be suppressed. Therefore, an inverted ion source geometry with the object slit in
front of the ionizing electron beam is used. The object slit (OSP) is the narrowest slit (0.36 x 5 mm) within
the source (see Fig. 1). Neutral species and dust passing the OSP slit exit the instrument without hitting
internal surfaces. Secondary ions produced at the edge of the slit are suppressed by the SIL electrode,
which is at +1800 V with respect to ground. The ion source box (ISB) at ground potential is shielded
from the SIL potential by the SLS electrode (-200 V). Ions formed within the ISB by electron impact are
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pre-accelerated to 200 eV by the biased PPA. The AVS and IAE electrodes shield the ISB from this pre-
acceleration potential. The ion source employs two redundant tungsten-rhenium filaments and a 0.02-T
source magnet. Two electron energies (90 and 17 eV) are used, and the electron currents in the ISB are
330 and 280 mA for the two energies, respectively. The sensitivity of the ion source for an N2 beam at
68 km/s is 0.08 ions/s per molecule/cm3, which corresponds to a detection limit of 70 N2 molecules cm'3.

Detector

The detector consists of microchannel plates (MCP) and self-scanning electron-array collectors (SSAC) in
proximity focus spaced 0.6 mm from die MCP exit. Electrons leaving the MCP exit are post-accelerated
by 103 V toward the SSAC, which is at ground potential. A high-transparency (90%) grid 0.9 mm in front
of the MCP entrance face, at a potential of -51 V with respect to the MCP, repels electrons back into the
MCP channels. A second grid 2 mm in front of the repeller grid shields the drift space within the f$-
electrode from the MCP voltages. A total of four pairs of MCP and SSAC cover the 10.4-cm-long focal
line; MCP with C-shaped microchannels 25 um in diameter and 2 mm long were selected. They provide
a gain in excess of 106 when operated at or above their saturation limit at approximately 1500 V.
Typically, the effective gain of an area equivalent to one collector on the SSAC drops to about 10"2 at
500 V, ensuring a dynamic range of 108. The sensitive area of one SSAC is 25.6 mm long and 5 mm wide.
It is divided into 64 collectors, with a center-to-center spacing of 400 um and a separation of 26 um
between adjacent collectors. Accumulated charges on each individual collector are read out every 63 ms.
The readout signal is 12-bit digitized; the LSB is equivalent to a charge of 3.4 x 10"14 C. The charge for a
single-ion event at saturated gain compounds about five digitization units. The maximum dark current
at the highest temperature (40°C) encountered during the comet flyby is 10"13 A. Therefore, the charge
leakage during the integration time attributed to the dark current is less than 6.4 x 10"15 C and, thus,
negligible. The noise level of less than 0.2 average counts and the 12-bit digitization ensures an
instantaneous dynamic range of about 104, which combined with the MCP gain leads to an overall
dynamic range greater than 1011.

The detector is calibrated with 68 km/s beams of various ions at different angles of incidence. Beam
intensities, and thus absolute detector gains, are generally known to an accuracy of better than 10%. The
gain varies with the position on the MCP. It also depends on the ion energy and the ion species.
Variatioar' in gain up to 50% are observed for different ion species and energies (for example, 1 keV Ar+
and 100 eV He+). The MCP starts to respond nonlinearly (1% drop in gain) when the output current
density becomes larger than 3% of the polarization current density through the MCP, as reported by
Timothy [3]. The onset of die nonlinearity depends strongly on temperature as the MCP resistance
(typically 300 MQ at 0°C) varies exponentially with temperature (decreasing by a factor of 2 at 32°C). A
phenomenon not described in the literature is observed when the MCP is bombarded with a high-
intensity ion beam at low MCP voltage; that is, at nonsaturated gain. Upon turning off the ion beam, an
"afterglow" of the bombarded spot occurs; for example, after an ion flux of 1.5 x 109 s'1, the afterglow
amounts to an ion flux of 30 s"1, decaying exponentially with time. However, this effect is not of
importance during measurements at the comet.
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Collimator

The collimator in front of the ion source limits the geometrical field of view to ±4° in the a-plane and in
the (3-plane. During neutral gas measurements, lateral electric fields in the collimator deflect ambient
ions completely out of the beam. When cometary ions are analyzed, an angular range of up to 30° half-
angle in the a-plane is occasionally scanned by applying appropriate voltages to the U-shaped STE and
AID electrodes. As the collimator is fully exposed to the cometary dust flux, unprotected surfaces have a
thickness that ensures that the probability of a dust particle penetrating the surface before closest
approach to the nucleus (600 km) is less than 4%.

Energy Spectrometer

In addition to the magnetic mass spectrometer, the instrument incorporates an energy spectrometer.
Apart from the magnet and the P-electrode, it consists of the same components as the mass
spectrometer. The electrostatic parallel plate analyzer ensures second-order directional focusing in the a-
plane. The focal line detector is covered by two pairs of MCP and SSAC. The energy range of the
spectrometer is equivalent to a mass range of 9 to 86 u /e for neutrals and 1 to 57 u /e for ions, thus
complementing and extending the mass range of the magnetic mass spectrometer.

Calibration

The absolute sensitivity of the instrument for various ion species at different angles of incidence is
determined with a mass-resolved mono-energetic (energy spread ~1 eV) ion beam of about 13-cm
diameter [5]. The inhomogeneity of the beam is less than 5%. Maximum beam intensities of 106 cm'2 s"1

are achieved with a stability of better than 0.5% over hours. The energy scale and peak shape of the
energy spectrometer is precisely determined with an absolute accuracy of ±3 eV.

A second beam facility yields ion fluxes up to =1012 cm'2 s"1. Here, neutral beams of 10n cm"2 s"1 at
68 km/s are generated by resonant charge transfer in a gas target, thus making it possible to calibrate
the instrument with mixed beams of fast ions and neutrals. An absolute calibration of the neutral beam
is obtained from a pyro-electric bolometer measuring the power of the chopped beam that passes
through the instrument unimpeded (Fig. 1). The beam power is directly rek ed to the particle flux at
constant beam energy. The bolometer's sensitivity over its 3-mm-diameter area is known to within ±5%
at 0.1-mm intervals from measurements with an absolutely calibrated helium-neon laser.

Measurement Sequences

At the comet encounter, the instrument is functioning autonomously under control of three micro-
processors and a dedicated PROM-based operating system. All parameters used by the automatic
functions are stored in nonvolatile RAM; they are occasionally updated by memory load commands
during the cruise phase. A portion of the nonvolatile RAM is reserved for program code that can be
uplinked by memory block-load commands, making it possible to optimize the measurements at the
comet based on knowledge of the instrument and the mission scenario gained after launch of the
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spacecraft. Measurements start at a distance of about 1 x 106 km from the nucleus. Until 230 000 km, both
spectrometers analyze cometary ions only, scanning the view axis of the spectrometers through the 30°
half-angle centered on the spacecraft spin axis. Closer to the nucleus, emphasis shifts toward neutral gas
measurements. Every 22.7 s, ten neutral and four ion spectra are recorded along with background
measurements.

RESULTS AND DISCUSSION

Coma Expansion Velocity and Temperature

Two distinctly different plasma regimes are identified in the inner coma as characterized by a
discontinuity in the ion energy distribution. This boundary, which is associated with a magnetic cavity
[6], is referred to as the contact surface. Figure 2 shows an overlay of raw mass and energy spectra of
ions at two distances from the nucleus, one inside and one outside the contact surface located at about
4500 km. Inside the contact surface, where a cold cometary plasma prevails, mass-resolved peaks are
observed in the energy spectrum. All peaks in the energy spectrum are systematically displaced with
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respect to the mass spectrum as a result of the superposition of the relative velocity of 68 km/s
(spacecraft-nucleus) and the coma expansion velocity. Outside the contact surface, the spreading of
individual peaks in the energy spectrum is indicative of a drastic change in the ion temperature. The
systematic shift of the peak positions has almost disappeared.

When the total ram energy is plotted vs mass numbers of peaks in an ion spectrum, a straight line is
obtained (Fig. 3). The slope of the line corresponds to the ram energy increment of 1 u and is related to
the velocity of the spacecraft relative to the coma. Ion flow speeds are obtained by subtracting the
accurately known velocity relative to the nucleus. Within the experimental uncertainties, heavy ions
flow at a common speed; differential speeds are less than =50 m/s. The radial dependence of outflow
velocities of ions and water molecules is shown in Fig. 4. Inside the contact surface, the average ion flow
speed is 806 + 25 m/s. Outside the contact surface (data not shown), ion peaks are less well resolved
because of the increase in ion temperature. A preliminary analysis of identifiable peaks of the dominant

1500

1000

o
w 500
UJ

+2

,-, 0
1

-2 -

NMS Giotto
r =3993/3954 km
a = 8.7°/8.8°

U = 24.778 • M + 0.68
(vr=785m/s)

1
° o°

I 1

10 20 30 40 50
ION MASS M [amu/e]

60

Fig. 3. Ram energy vs
masses of an ton
spectrum. Offsets
from the straight line
are shown on
enlarged scale
(bottom). Dots are
mass peaks with
energy that can be
determined with
precision; other peaks
are open circles.
Radial outflow velocity
(785 ms-1) and
spacecraft potential
(-0.68 V) are interred
from this spectrum [7],

100



Krankowsky

species indicates radial ion bulk velocities of 0 ± 300 m/s at distances up to a few thousand kilometers
from the contact surface, in agreement with results from Balsiger et dl. [8] and Schwenn et al. [9]. In
contrast, the radial outflow of gases continues (Fig. 4). Thus, a differential flow between ions (becoming
stagnant as a result of the magnetic field) and neutrals builds up outside the magnetic cavity. Ion-neutral
friction and mass loading contribute to plasma heating. The fact that flow velocities of gases increase out
to a distance of 30 000 km requires an energy source that most likely is photolytic heating.

Temperatures of either neutral or ion species are estimated from the peak shapes in the energy spectrum.
The "theoretical" peak shape of a single mass is assumed to be a maxwellian energy distribution
convoluted with an instrument function to account for the finite width of the entrance slit. Additional
peak broadening caused by space charge spreading between the MCP exit and the SSAC anodes is
accounted for by using an empirical "detector function" determined from laboratory calibration with
single-peak spectra. The radial profiles of temperature obtained are summarized in Fig. 5. Markedly
different temperatures characterize the plasma population inside and outside the contact surface. From
1700 km to the contact surface, the temperature increases from about 160 to 250 K. Across the contact
surface, the ion temperature rises by =1000 K within less than 380 km, and farther out a steady increase
reaching 4000 to 5000 K at 15 000 km is observed. For the gas temperature only, an upper limit can be
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estimated because of effects in the ion source that cause peak broadening. This explains why inside the
contact surface the gas temperature is apparently higher by 100 K than the ion temperature—although,
according to theoretical coma models, it is expected to be equal to or lower than the ion temperature.

Gas Composition

Gas spectra with identifiable mass peaks are observed with the magnetic mass spectrometer from
=150 000 km to =850 km. From 11 000 km onward on almost every integer mass number in the range,
12 to 37 u /e meaningful signals are present. Clearly, H2O is the dominant species in these spectra and it
remains the major constituent throughout the total range of 150 000 kin. The lower masses have
contributions from dissociation fragments of H2O, CH4, NH3, and heavier species produced by electron
impact in the ion source and by photodissociation in the coma. A second broad distribution of masses is
seen around 28 u/e. Here the major peak can be mainly attributed to CO, only very little of its intensity
is due to N2. The total pattern arises from molecules (and their fragments) such as the hydrocarbons
ethyne (C2H2), ethene (C2H4), ethane (C2H6), formaldehyde (H2CO), methanol (CH3OH), and sulfur- or
nitrogen-containing compounds (for example, hydrogen sulfide, sulfur, hydrocyanic acid, and nitric
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oxide). The quantitative evaluation of the mass spectra produced by electron impact from such a
complex gas mixture is difficult. Although spectra obtained with an electron energy a few electron volts
above the ionization potential lead only to little fragmentation, the ionization cross sections are 1 to 2
orders of magnitude lower compared to 90 eV, and thus the ion source sensitivity is correspondingly
smaller. A detailed interpretation of the gas spectra requires a complete reduction of all 90- and 17-eV
spectra and is not yet accomplished. Only one resolved mass peak (at 44 u/e) is present with noticeable
intensity in the spectra of the energy analyzer beyond the mass range of the magnetic mass
spectrometer. It is attributed to CO2 with possibly minor admixtures of carbon monosulfide (CS),
propane (C3H8), ethylene oxide (C2H5O), and acetaldehyde (CH3CHO). Other masses in the range 38 to
86 u/e contribute less than 1% to the total gas density in the coma.

Radial density profiles of H2O vapor and CO2 are shown in Fig. 6. The curves that overlay the data
points are least-square-error fits to the data of a photodissociation model [10,11], assuming a constant
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radial outflow velocity (v) of the gases. The number density fn(r)] of a parent molecule, its
photodestruction lifetime (x), and its production rate from the nucleus Q (molecules s-1) are related by
n(r) = (Q/4jtvr2) x exp(-r/vx). The production rate and the photodestruction lifetime for conditions
prevailing during the comet encounter can be derived from the radial variation of number densities. For
H2O, a production rate of 5.5 x 1029 molecules s-1 is obtained, corresponding to an extrapolated number
density of 4.6 x 107 molecules cm"3 at 1000 km. The photodestruction lifetime of 5.5 x 10* s at 0.9 AU,
calculated by taking the radial variation of the outflow velocity into account agrees within 10% with a
recent study of the water photodissociation [13]. For CO2 (lifetime =4 x 105 s at 0.9 AU), the range over
which data are available is too short for a similar estimate for the effective lifetime at encounter. The CO2

gas production rate is 1.9 x 1028 molecules s"1, disregarding possible contributions from other species to
mass 44 u/e. By comparing the magnitude of the major neutral mass spectrum peaks, it is found that
H2O accounts for =80% by number of the gases escaping from the nucleus (that is, total gas production
rate 6.9 x 1029 molecules s"1). Thus, the CO2/H2O volume mixing ratio is 3.5%.

Apart from H2O and its dissociation products, the second most abundant peak in the spectra is found on
mass 28 u/e. It is mainly attributed to CO [14]. The radial variation of CO densities deviates strikingly
from the r"2-dependence expected for a parent molecule. In Fig. 7, the quantity Iog[n(r) x r2] is plotted as
function of the distance (r) from the nucleus. According to the Haser-formula in the preceding
paragraph, this quantity should be almost constant as the CO lifetime is very large (>106 s), and the
expansion velocity varies only little. The observed distribution of CO is explained in terms of an
extended source in the coma [14]. The CO or a short-lived parent is released from dust particles out to a
distance of about 20 000 km. The maximum source strength occurs around 9000 km. Support for this
idea comes from a measurement of the dust size distribution, which is found to change toward smaller
grains at =10 000 km [15] when larger grains are split as a result of the loss of interstitial material by
evaporation. In line with this interpretation is the discovery by the particle impact spectrometer [16] that
cometary dust contains large amounts of organic matter. Also CN [17] and H2CO [18] are observed to
originate partly from dust particles. The total gas production rate of CO from Halley is about 15%
relative to the H2O production rate; 8% originates from the extended source. Thus, CO is the second
most abundant volatile species in the coma. A detailed account of the coma gas composition and related
aspects is beyond the scope of this article and can be found elsewhere [for example, Ref. 19]. It is worth
mentioning that, apart from H2O, carbon compounds such as CO, CO^ and formaldehyde dominate the
gaseous component of the coma. Nitrogen is seemingly depleted compared to its cosmic abundance. The
N2 and NH3 are well below the 1% level, whereas the abundance of methane, which has been expected
as an important parent molecule, is not well known but probably not more than 1%.

Ion Composition and Isotopic Abundances

A comparison of the ion spectra and the gas spectra in the inner coma reveals a dose resemblance. Three
prominent groups of species are present in both spectra in the same mass intervals. In detail there exist,
however, differences that attest to alterations of the composition by ion-neutral reactions in the coma. In
the lowest mass group, mass 19 u/e, H3O

+ is the most abundant ion formed by protonation of the water
molecule. Beyond =20 000 km, H2O+ becomes more abundant because of a decline in the H2O
concentration. Masses 18 u /e (H2O

+, NH$), 17 u /e (NH£, OH+), 16 u /e (CHt O+, NHJ), 15 u /e (CHJ,
NH+), 14 u /e (CHJ, N+), and 13 u/e (CH+) are all related to the neutral species H2O, NH3, and CH4. In the
second dominant group of ions, masses 31 (H3CO+), 32 (CH3OH+, S+), and 33 u/e (CH3OHJ, SH+) have
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the largest intensity, in contrast to the gas spectra where 28 u/e (CO) is most numerous. The peaks at 28,
29, and 30 u/e consist of H2CN+, CO+, C2HJ; and HCO+, C2H£ and NO+, H2CO+, C2H£ ions, respectively.
Masses 27,26, and 25 u /e are made up of C2H^ ions, whereas mass 24 u /e is C£ The relative abundances
of the various ion species cannot be determined from the ion spectra alone. The production of highly
reactive radicals and ions from the parent gases by the solar ultraviolet radiation and their subsequent
transformation into different ion species by gas phase reaction has been modeled and compared to ion
spectra from Giotto experiments by various authors [for example, Refs. 20-22]. In general, a satisfactory
agreement is obtained for the two groups of ions discussed. However, some of the details in the
measurements are poorly reproduced. The mass region above 33 u / e is less well understood. The
prominent peak at 45 u /e probably contains other species, in addition to HCOJ and HCS+, as proposed
by Krankowsky et al. [23]. One suggestion [20,22] has been the ion CH3OCHJ (protonized acetaldehyde)
originating from the hypothesized polyoxymethylene [24]. Neighboring peaks have possible
contributions from species containing sulfur; for example, 44 u /e (CS+, COJ), 46 u /e (NS+, H2CS+, H2CO|),
47 u /e (HNS+, H3CS+, CzHgOH-1-), and 49 u /e (HSO+). The pronounced peak at 39 u / e in the valley
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between the two last groups of ions has been interpreted as C3H3
+ by Korth el al. [25], based on spectra

from the PICCA experiment on Giotto, which are similar to the one shown in Fig. 2. The cyclopropenyl
cation, a ring molecule with aromatic character, supposedly forms from long, unsaturated chain
molecules incorporated in the dust from which it is released. Alternatively, Huebner et al. [26] argue that
C3HJ can be created by gas phase reactions from minute quantities of the possible parent molecule allene
(H2C3HJ).

Isotopic abundances have been derived from ion spectra for the elements hydrogen, oxygen, and sulfur.
Sulfur has a well-resolved peak at 32 u /e in all ion spectra at distances <290 000 km. As sulfur is one of
the major ions (in some spectra, it is dominant), the ^ S / 3 ^ isotope ratio can be determined close to the
nucleus with good statistics to be 0.045 ± 0.010, agreeing within ±25% with the terrestrial ratio [27].

The determination of the isotopic composition of the light elements hydrogen, carbon, nitrogen, and
oxygen from the mass spectra is difficult because their low-abundance heavy isotopes are generally
masked by the hydrids of their more abundant light isotopes. A unique situation exists in the case of the
H3O+ ion. Here, the interference on the isotopic ion H^DO1" is limited to a few possible species and these
interferences can be corrected for with sufficient accuracy, thus allowing a determination of the
deuterium/hydrogen ratio in Halley's water [28]. An excerpt of an ion spectrum inside the contact
surface containing masses 17 to 21 u /e is shown in Fig. 8. Masses at 20 and 21 u /e are clearly resolved,
although their abundances are only 10"3 of the dominant peak at 19 u/e . The different ion species
contributing to masses 18 to 21 u /e are listed in Table I. Because of the low solar system abundance of
fluorine and the high ionization potential of fluorine and HF, only negligible contributions from these
ions are expected. Neon is very volatile and possibly highly depleted in comets. It has also a very high
ionization potential. Therefore, it is assumed that neon ions do not add significantly to the peaks at
20 and 21 u /e . Ion species with three or more low-abundance isotopes have always insignificant
concentrations and can be neglected. The same holds for ions with two low-abundance isotopes, except

Table I. Ions contributing to masses 18 to 21 u/e. Low-abundance isotopes for masses 18 and 19 u/e
are not listed. Mass Number of low-abundance isotopes in molecule.

Number of Low-Abundance Isotopes in Molecule
Mass

20+

21

0

H2
16O+

14NH+

F+

HF+

20 N e +

21Ne+

1

H2
1 8O+

Hs17O+
H2D1 6O+

H318O+
DF+

2

HD 1 7 O +

D2
1 6O+

1 SNH3D+

HD 1 8 O +

H2D1 7O+

HD 2
1 6O+
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when—for example—deuterium would be extremely enriched. As will be seen, this is not the case, and
species with two low-abundance isotopes are not considered either. Then the 18O/16O isotope ratio is
directly obtained from the 21+/19+ ratio. A preliminary evaluation of a limited number of spectra gives
18Q/16O = 0.0023 ± 0.0006, which is identical to me terrestrial value of 0.00205.

The deuterium/hydrogen ratio is derived from the 20+/18+ peak intensity ratio after correcting for
contributions from interfering ion species. Based on the 18O/16O ratio, it is assumed that the abundance
of 17O is also terrestrial in Halley's water, and the contribution from r ^ O 1 " to mass 20 u /e is subtracted.
The correction for H218O+ and 14NH| is more difficult because their relative abundances depend on the
concentration of NH3, which is not accurately known. For relatively small NH3 concentrations, 14NH+

can become the dominant ion on mass 18 u/e. Assuming that th; peak on 18 u/e is either entirely due to

MASS SPECTRUM
INSIDE CONTACT
SURFACE (RAW DATA,
COMPOSITE OF GS AND
HG SPECTRUM)

MASS

Fig. 8. Excerpt from an ton mass
spectrum obtained from the
magnetic mass spectrometer
inside the contact surface.
Corrections for gain differences
on individual pixels and for other
instrumental discriminations
have not been applisd.
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H2
18O+ or to 14NH|, a deuterium/hydrogen ratio for the water in Halley of 0.6 x 10"4 < D/H < 4.8 x 1(H is

obtained. Compared to the value for the protosolar nebula (2 ± 1) x 10'5 [29], deuterium is enriched in
Halley by a factor of 3 to 24. From IUE observation, an upper limit of OD/OH < 4 x 10"4 was found for
Halley [30].

Despite the wide limits on the deuterium abundance in Halley, some conclusions with respect to the
origin of the cometary water are evident [2]. The deuterium abundance is comparable to the
deuterium/hydrogen ratio in solar system objects poor in hydrogen, such as the Earth, the silicate
fraction in meteorites, and Titan. But Halley's water is distinctly enriched in deuterium compared with
the protosolar hydrogen and with hydrogen accreted in gaseous form from the solar nebula in bodies
such as Jupiter and Saturn. In contrast, some molecules in interstellar molecular clouds (IMC) show a
much larger enrichment as a result of deuteration by ion-molecule reactions.

The only other information on isotopic abundances in the volatile fraction of Halley comes from ground-
based spectra in the visible. Emission lines of 13C14N have been utilized to determine the 12C/13C isotope
ratio and to set a limit to the 14N/15N ratio [31]. For 12C/13C, a value of 65 ± 9 has been derived, which is
2.7c lower than the bulk solar system value of 89.9. For the nitrogen isotope ratio 14N/15N, an 2o" lower
bound of 200 has been estimated, consistent with the bulk solar system ratio of 250.
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MASS SPECTROMETRIC INVESTIGATIONS OF OZONE ISOTOPES

K. Mauersberger, J. Morton, B. Schueler, and S. Anderson

ABSTRACT

A gas expansion system combined with a mass spectrometer has been
successfully flown on board balloons to measure ozone and its isotopes
in the stratosphere. The first experimental evidence that the heavy
isotope of ozone of mass 50 is enriched above statistically expected
values was reported in 1981, when a maximum in heavy ozone
enrichment of 40% was found near 32 km. Subsequent stratospheric
measurements using both optical instruments and mass spectrometers
have verified that a large but variable enrichment indeed exists,
ranging in magnitude between 10% and >40%. More recent balloon
flights have shown that the less-abundant isotope 49O3 carries an
enrichment as well, comparable to that of ^C^. Ozone isotope studies
have also been performed in a number of laboratories, and some
conclusive results have emerged: whenever ozone is formed in a gas-
phase reaction, its heavy isotopes of mass 49 and 50 are enhanced. The
magnitude of enhancements measured at room temperature and ozone
formation pressure of about 20 Torr are approximately 13% for mass 50
and 11.5% for mass 49. Experiments have shown mat the enhancement
decreases toward higher pressures and lower temperatures. The role of
molecular symmetry in the isotope enrichment was recently studied in
a unique experiment, using isotopicaUy enriched oxygen to produce
nearly all ozone isotopes from mass 48 through 54. The mass
spectrometer analysis of this ozone isotope "mixture" showed that
mass 51, composed of asymmetric molecules only, carried the highest
isotope enhancement of about 21%, whereas all others (masses 49,50,
52, and 53) had about two-thirds of that value; mass 54, ozone
composed of symmetric molecules of 18O, had no enhancement when
compared to mass 48. The mystery of the large ozone isotope anomaly
still requires a convincing theoretical explanation. Experiments have
provided a wealth of data, suggesting that the ozone photochemistry
may still hold some surprises.
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INTRODUCTION

Within the last 20 yr, the Earth's stratosphere has become a very active research area. Numerous
experiments have been flown on satellites, balloons, and rockets to study the extensive chemistry of
ozone and many related species. Although a mass spectrometer could perform multiple gas abundance
measurements, very few attempts have been made to develop balloon-borne instruments [1,2].
Experimental requirements imposed on the design of a stratospheric mass spectrometer system are
difficult to satisfy. Some of the major ones are listed below.

(a) A high mass spectrometer sensitivity to detect constituents with mixing ratios well below parts per
million

(b) Reduction of stratospheric pressures (1 to 100 Torr) to pressures at which mass spectrometers can
operate (below 10'5 Torr)

(c) The capability to detect reactive and absorptive constituents (for example, H2O, and O3)

(d) A clean experiment environment

Between 1975 and 1977, an experiment was developed in this laboratory that meets most of the
requirements listed above [3,4]. It comprises a unique gas reduction system and a mass spectrometer
that is a derivative of one of Nier's [5] multitude of reliable instruments. The system has been flown
repeatedly on board a balloon gondola to measure both major and minor atmospheric gases, in
particular ozone and its isotopes. In laboratory studies, the mass spectrometer beam system (MSBS) has
served as a highly sensitive gas analyzer for determining properties of ozone such as vapor pressures of
liquid and solid ozone [6] and absorption cross-sections for the standard 254-nm Hg line [7]. Presented
below is a discussion of the experimental concept and the capabilities of the MSBS for stratospheric
research, followed by recent results of ozone isotope studies.

EXPERIMENTAL SECTION

Mass Spectrometer Beam System

The configuration of the mass spectrometer experiment used in many balloon flights is shown in Fig. 1.
The reduction of high atmospheric pressure is accomplished through a sequence of orifices and high-
speed pumping. Gases enter the system through a small orifice Ol located at the lower part of the center
sphere. Only particles that are directly in line-of-sight with orifice O2 fly into the next chamber; all others
are removed by liquid helium pump 1. Behind orifice O2, the gas particles form a molecular beam,
which enters the ion source of the mass spectrometer through orifice O3. Figure 2 shows a detailed
sketch of the ion source configuration. After passing through O3, the beam traverses to the bottom of the
source, where particles are scattered and removed by the second liquid helium pump. The ionizing
electron beam intercepts the gas beam, and ions formed are focused by appropriate potentials onto the
entrance slit of the mass spectrometer.
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One important feature of the experiment is a flag mechanism placed in front of the ion source. Despite
the formation of a beam and the employment of high-speed liquid helium pumps, certain background
gases present within the system may interfere with the measurement of atmospheric trace gases. The
flag permits a determination of those background gases: when the flag is retracted, as shown in Fig. 2,
both ambient and background gases are measured by the mass spectrometer; when the flag is blocking
the beam, background gases only are measured. The difference between signals when the flag is out and
when the flag is blocking the beam (flag in) represents the contribution from ambient gases. With such a
design, mixing ratios below 1 ppm have tteen measured.

The mass spectrometer is a small magnetic instrument with a Mattauch-Herzog geometry. This type of
instrument has been employed in various space flights [5,8]. After mass separation, the ions are collected
by a counting multiplier (Spiraltron), which has a low noise background, permitting long-term
integrations per mass peak.

RADIATION
SHIELD

Fig. 1. Gas expansion system with mass spectrometer. Pressures of gases in front of orifice 01 are
reduced by differential pumping. The molecular beam is directed through the ion source of the
mass spectrometer, minimizing wall collisions.
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Fig. 2. Detailed sketch of Ion source
configuration. The molecular
beam enters through orifice O3
and Is Intercepted by the
electron beam. Ions are
accelerated onto the entrance
silt of the mass spectrometer,
and the neutral particles will
scatter in the wide-open
source.

Before the flight, the mass spectrometer is calibrated in the laboratory. Pure gases and gas mixtures
ranging in pressure from 1 to about 50 Torr are admitted into a calibration chamber in front of orifice Ol.
Recently, a precision calibration system for ozone has been developed [9] that permits calibration
accuracies of about +2%. In preparation for a balloon flight, the gas entrance orifice is sealed with a cap
and the beam system is placed in a spherical aluminum gondola. All exterior surfaces are carefully
cleaned, and the gondola is placed in a bag filled with dry nitrogen. The bag is removed just before
launch. To further ensure cleanliness, the gondola is suspended below the balloon and parachute by a
120-m load line.

The beam system has also been used extensively for gas analysis in laboratory experiments. It is the only
mass spectrometer system that has permitted us to analyze all isotopes of ozone from mass 48 through
54.
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Stratospheric Measurements

The MSBS experiment has been flown repeatedly from the National Scientific Balloon Facility in
Palestine, Texas. During the balloon ascent, the orifice Ol remains closed until the float is reached. The
cap is cut by telecommand and stratospheric air is permitted to enter the beam system. The balloon
usually continues floating for 1 to 2 hours; thereafter, a valve is opened at the top of the balloon and a
slow descent is initiated.

During the flight, measurements are made in various operating modes. In the scan mode, entire mass
spectra from about 10 to 88 amu are taken by slowly varying the ion accelerating voltage in 1/8-amu
steps and integrating with the multiplier for 0.5 s/step. An example of a complete mass spectrum
obtained during a balloon flight on September 4,1980, is shown in Fig. 3. In the peak stepping mode,
pre-selected masses are measured by tuning the mass spectrometer to specific peaks. Finally, all
measurements are made twice: once with the flag retracted and again with the flag blocking the gas
beam.

The sensitivity of the mass spectrometer was such that the main peaks of major atmospheric gases (N2,
O2, and Ar) saturated the multiplier (see Fig. 3); however, their less-abundant isotopes were measured
with sufficient statistical accuracy to serve as inflight calibration standards. Particularly, ^Ar (5.9 ppm),
^Kr (0.65 ppm), and 16O17O (320 ppb) were frequently monitored to provide information on experiment
stability and sensitivity during a balloon flight that lasted 3 to 5 hours and covered a pressure range of
about 30 Torr. The determination of ozone isotopes was complicated by an instrument-related
background not covered by the flag mechanism; it appeared above mass 49 and was also observed from
mass 51 through 55. Signals on the latter mass positions were frequently monitored and were used to
derive corrections, particularly for mass 50. Additional information was obtained from laboratory
calibrations with and without ozone present as a calibration gas.

RESULTS

During a balloon descent on September 4,1980, ozone at mass 48 and the heavy isotope at mass 50
(16O2

1^>) were frequently measured. After applying the background corrections discussed above, the
isotope ratios 48/50 covering an altitude range from 22 to 38 km were determined [10]. Surprisingly, a
large enhancement in 50O3 was found near 32 km; the maximum was more than 40% over the
statistically expected isotope distribution. The enhancement decreased toward both lower and higher
altitudes. Theoretical analysis of the ozone formation process [11,12] could not explain the unusual
abundance of heavy ozone; actually, a small depletion was predicted. This particular balloon flight
marked the beginning of an intensive research effort both in the laboratory and in field measurements to
understand the enrichment in the ozone's heavy isotopes.

WHY ARE OZONE ISOTOPES OF IMPORTANCE?

The statistically expected distribution of ozone isotopes can be determined from the abundance of
oxygen atoms present in the atmosphere. For the three significant ozone isotopes, the following
distribution is expected: ^03 = 99.28%; &O3 = 0.11%, and 50O3 = 0.61%, or, expressed as ratios, 48/50 =
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Fig. 3. Example of a mass spectrum obtained during a balloon flight. The spectrum was scanned twice:
once with the flag retracted (shaded and unshaded area) and again with the flag blocking the
molecular beam when background was measured (shaded area).
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163 and 48/49 = 900. Molecules of mass 49 and 50 will be either symmetric (OXO) or asymmetric (for
example, XOO), depending on the position of 17O or 18O (shown as 'X') within the ozone molecule;
hence, asymmetric molecules are twice as abundant as symmetric ones.

Ozone is formed by the Chapman reactions

O2 + hv -> O + O
and

O + O2 + M -> O3 + M,

where M is a third-body molecule to stabilize ozone. Atmospheric models assume that ozone is formed
only in its ground electronic state *Ai.

As shown below, laboratory studies and atmospheric measurements have resulted in some unusually
large enhancements in the ozone isotopes. Particularly, laboratory experiments have conclusively shown
that the process of enhancement occurs during the gas-phase formation of the ozone molecule and is
neither related to a higher abundance of 18O nor produced in the dissociation of ozone. Furthermore, the
symmetry of the molecules plays a major role, resulting in a mass-independent isotope effect.

Understanding the mechanism leading to the enhancement in the heavy isotopes will result in a better
(and most likely the correct) understanding of the general ozone-formation process. The isotopes serve
as both a tool and a probe in our investigations. Current ozone-formation theory [11,12], as mentioned
above, actually predicts a slight depletion in 49O3 and ^C^.

SUMMARY OF STRATOSPHERIC AND LABORATORY OZONE ISOTOPE MEASUREMENTS

During the last 10 yr, the isotopes of ozone have been measured by in situ mass spectrometry on board
balloons [10,13], after stratospheric collection of ozone samples [14], and by using infrared absorption
and emission data [15,16,17]. A paper summarizing all in situ mass spectrometer results is in
preparation.

Mass spectrometer measurements have shown a large variability in the isotope effect. Typically, S0Os is
enhanced by approximately 10%. Occasionally, this may increase to over 40%, as the first published
result shows [10]. No clear diurnal or seasonal variation has been identified. Figure 4 shows two
enhancement profiles of 50O3 that were determined from measurements approximately 1 yr apart, but
flown from the same location (Palestine, Texas), during the same time of day (morning-noon flights),
and using the same equipment.

Optical spectroscopy has the advantage over mass spectrometry measurements in that a separation of
symmetric and asymmetric molecules of 50O3 is possible. The first publication by Rinsland et ah [15]
showed column enrichments of magnitude 18O16O16O = 11% + 11% and l6d&C$6O = 5% ± 5% measured
from the ground. The large uncertainties associated with the measurements hamper a decisive
interpretation. Later, in a paper by Abbas et a\. [16], far-infrared ozone emission spectra were analyzed
and vertical profiles of enrichments were calculated. Most surprisingly, a very large enhancement in
^Oz of over 40% was found, which resided mostly in the symmetric molecules. Finalfy, Goldman and

117



Mauersberger

coworkers [17] measured column enrichments above 37 km during two balloon flights. The results listed
below are probably the best optical isotope measurements available.

16O18O16O (Symm.) 18OI6O16O (Asymm.)

November 18,1987 20 ± 14% 40 ± 18%

June 6,1988 16 ±8% 25 + 12%

Asymmetric molecules are preferentially enriched over symmetric molecules. Total ozone-column
enhancement for ^C^ is 33% during the first flight and 22% during the second flight.
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The signals obtained by balloon-borne mass spectrometers are usually too low for an analysis of mO3. Only
at float altitudes were the sampling system clean enough and the counting statistics sufficient to evaluate
mass 49, which also showed an enrichment [13]. A recently developed ozone collector system was flown in
the stratosphere and provided, for the first time, ozone samples for laboratory analysis [14]. Figure 5
summarizes results from three balloon flights. Unfortunately, the last flight provided only a single sample;
equipment problems led to contamination of the other two. Enhancements measured during flight 2 and 3
are similar to the results shown for the July flight in Fig. 4. The 8 to 10% enhancement in *O 3 was found
over the altitude range covered. Most important, the scientific goal for the collector flights was
accomplished: a precise measurement of ̂ Qj that clearly shows that this isotope is also enhanced.

Samples of CO2 collected separately during the same flights were analyzed with high precision for the
oxygen isotopes. A mass-independent enrichment in 17O and 18O was found [18], and has been linked to
the heavy ozone enrichment [19].
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Laboratory isotope studies have the clear advantage of providing detailed information on both ^C^ and
50O3; they have the disadvantage, however, that processes occurring in the Earth's stratosphere are
difficult to simulate. Nevertheless, many experimental techniques have been employed to produce
ozone in laboratory settings and to study the isotopic distribution. A recent paper by Morton et al. [20]
describes two methods of oxygen production in a gaseous environment of O2 that will lead subsequently
to ozone: high-voltage, pulsed electric discharge and, in a second experiment, ozone formation with
oxygen and O2 in their electronic ground states. This latter experiment revealed in a unique way the
ozone isotope enrichment during ozone gas-phase production. No charged particles or molecules in
excited states were present; the ozone formation process occurred the following way: O(3P) + O2?2) + M
-> O3 + M. Results of this experiment are shown in Fig. 6. Both 49O3 and ̂ O^ are enriched; mass 49 has,
at room temperature and near 10 Torr total pressure, an enrichment of about 11%; mass 50 shows 13%.
Above pressures of 100 Torr, the enrichment in both isotopes clearly decreases. The pressure
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Fig. 6. Pressure dependence of 49O3 and s0O3 enrichment. The horizontal scale shows the O2 pressure
at which ozone was produced.
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dependence was also measured by Thiemens and Jackson [21,22]. Figure 7 is a composite of
measurements of 50O3 from two research groups and the agreement is excellent: at high pressures, the
isotope effect in ozone diminishes.

Finally, the temperature dependence oi the isotope effect was also investigated [20]. As the temperature
increases, the enhancement in ozone of mass 49 and 50 also increases. When the temperature of the gas
in which ozone is formed is near liquid-N2 temperature (below 100 K), the enhancement is below 4%
and 49 and 50 are about equally enriched. This explains low enhancement values measured in earlier
laboratory experiments [23].

A comparison between laboratory and stratospheric data can be made. With stratospheric temperatures
of approximately -40°C (and pressures below 10 Torr), laboratory results would predict an enrichment
of about 8 to 10% equally present in 49O3 and 50O3. These results are precisely found in the second and
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third collector flight (Fig. 5) and in 50C>3 during the July flight shown in Fig. 4. In contrast, the first
collector flight and the optical as well as some of the in situ mass spectrometer measurements show
higher (and sometimes much higher) enhancements are often confined to a narrow altitude range.

Two phenomena discovered in the isotopes of ozone await an explanation: first, the enhancement found
during the laboratory studies, including the pressure and temperature dependence; second, the
additional irregular, often very high enhancements measured during stratospheric balloon flights. No
convincing explanation has been proposed.

The discussion of heavy ozone will be concluded with a description and results of an experiment that
has, more than any other, related the enhancement to molecular symmetry.

ANALYSIS OF THE OZONE ISOTOPES WO3 THROUGH M O 3

Presented below are results of an experiment that has demonstrated in a unique way the relationship
between ozone isotope enrichment and molecular symmetry. To conduct the experiment, the MSBS
described above played a key role for precision analysis of the oxygen gas and the numerous ozone
isotopes. To our knowledge, there are no previous measurements of ozone isotopes 48 through 54.

Ozone was produced by high-voltage electric discharge using enriched oxygen gas of approximate
composition 16O = 0.45, O t 0.10, and 18O = 0.45. The oxygen gas was carefully measured to ensure
that it was isotopically well mixed, and its composition was determined precisely. A probability
calculation allows one to predict from such a composition the distribution of the ozone isotopes. Mass
54, for example, is composed of oxygen formed exclusively of 1SO, hence it is a symmetric molecule
only. Some ambiguities in the isomer composition are present; however, they are small for the purpose
of the in tended demonst ra t ion: Because of the initial isotopic dis t r ibut ion in O2, the rat io
(16O17O18O)/(17O17O17O) is about 125, permitting a unique measurement of an asymmetric molecule at
mass 51. At mass 50 and 52, double-17O isomers are a factor of 20 less than contributions from double-
16O and -18O isomers, respectively. With those limitations, the ozone spectrum is determined by the
symmetric and asymmetric isomers listed below.

Mass Symmetric Asymmetric

48 I6O16O16O
49 16O17O16O 16O16O17O
50 16O18O16O 16O16O18O
51 - 16O17O18O
52 18O16O18O 16O18O18O
53 18O17O18O 17O18O18O
54 18O18O18O

The discharge for oxygen-atom production is located at the center of a 9-L sphere; the O2 pressure was
about 100 Torr and the discharge was operated for less than 10 min. After that, the gas in the sphere
was directed through a liquid-nitrogen cooled trap where ozone condensed. Residual O2 was removed
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by pumping. As the trap wanned, ozone was released into a teflon-coated chamber attached to the
MSBS. Between ozone measurements, the composition of O2 was repeatedly checked.

A precise mass spectrometer calibration for ozone was not available at that time. Standard CO2 samples
were used to study the mass discrimination over the 44 through 46 mass range. From this, we concluded
that a systematic error of 2 to 3% over the mass range 48 to 54 could be present. Such a possible error
would have little or no effect on the conclusions drawn from the experiment.

Shown below are the results of the enhancements measured for each isotope using the relationship:

Enh(%) = [ ( W ^ O s ) measured/CCV^Cycalculated -11 x 100%.

Mass
Enhancement (%)

48
0

49
12.1

50
14.6

51
20.3

52
17.0

53
11.7

54
-0.9

The statistical uncertainty in the measurements is 0.2 for all masses.

The experimental results demonstrate in a convincing way that < large symmetry-related isotopic effect
for ozone exists. The two important molecules are ozone of mass 51, showing as an asymmetric molecule
the largest enrichment of 20.3%, and mass 54, having no enrichment with respect to 48. All other
molecules of masses 49,50,52, and 53 are composed of 2/3 asymmetric and 1/3 symmetric molecules.
Their enhancement is variable, although approximately 2/3 that of 51. The oxygen gas used for this
experiment was heavily enriched in 18O, and the enrichments measured for 49 and 50 agree well with
those from a similar experiment of regular oxygen, which has a much lower 17O and 18O abundance. The
latter experiment performed in the same sphere at about 100 Torr resulted in 11.7% enhancement for
mass 49 and 14.6% for mass 50. The isotopic composition of the oxygen gas in which ozone is produced
does not influence the magnitude of the enhancement. This multi-isotope experiment has clearly
demonstrated that in the gas-phase ozone production, a symmetry-related mass-independent isotope
effect exists.

The mystery of the large ozone isotope anomaly still requires a convincing theoretical explanation.
Experiments have provided a wealth of data, suggesting that the ozone photochemistry may still hold
some surprises.
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HELIUM AND NEON ISOTOPES IN EXTRATERRESTRIAL DUST PARTICLES

A. O. Nier and D. J. Schlutter

ABSTRACT

A review is given of studies performed in our laboratory on the
helium and neon found in dust particles believed to have an
extraterrestrial origin. Among the materials investigated were
samples of magnetic fines as well as some larger individual particles
from the deep Pacific ocean. Of particular interest were
measurements of isotopic ratios in individual interplanetary dust
particles collected in the earth's stratosphere. In the case of the
stratospheric particles, gas concentrations approaching those found
in lunar soil grains are observed. In both the deep Pacific material
and stratospheric particles, 3He/4He and 20Ne/22Ne ratios are lower
than those observed in the solar wind or bulk lunar grains, making
solar wind implantation alone unlikely. Implantation of solar
particles of intermediate energy appears to be a more likely
possibility. The similarity of the isotopic ratios found to ones
observed in the primordial component of some carbonaceous
chondrites and gas-rich meteorites suggests that some of the gas
could have a primordial origin. Low 21Ne/22Ne ratios indicate that
cosmic-ray-induced spallation products are low in abundance or
nonexistent. Step-heating extraction of gases from the stratospheric
particles has the potential for elucidating the thermal history of the
particles, including the possibility of differentiating between
particles of cometary and asteroidal origin.

INTRODUCTION

Objects of extraterrestrial origin have been of interest for many years. The bombardment of the earth
by meteorites has been known for centuries, and small spherules found on deep ocean bottoms,
suspected of having an extraterrestrial origin, have been known for at least 100 yr [1]. The existence
of zodiacal light suggested the dispersion of dust in the solar system; some of this dust is attracted by
the earth's gravitational field and hence falls on the earth. Before World War II, chemical analyses of
extraterrestrial material were limited, and only a few isotopic studies had been made on elements
found in meteorites.
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Following World War II, there was a surge of interest in geochemistry and cosmochemistry, largely
stimulated by Harold Urey and Hans Suess, then at the University of Chicago. Mass spectrometry,
which was widely used in the wartime Manhattan Project, became more readily available and began
to be widely used for geological dating and the study of isotopic variations in nature. By the time of
the Apollo Program and the 1969 return of samples from the moon, a large number of individuals
had become interested in the chemical and isotopic analyses of meteorites and of lunar dust and
rocks.

In 1964, Merrihue [2], while examining particles found in deep Pacific red clays, found 3He/4He
ratios roughly 100 times as great as those measured in atmospheric helium. He suggested that this
could be due to the implantation of solar wind or solar flares or that it might be of primordial origin.

Rockets and high-altitude balloons became available after World War II, and these were used in
attempts to collect interplanetary dust particles (IDPs) in the earth's upper atmosphere because it
was recognized that the lower atmosphere contains so many aerosols that it would be impossible to
detect very rare extraterrestrial particles in so contaminated a medium. Even so, most of the high-
altitude studies led to ambiguous results due to contaminations. Finally, when U-2 planes were
declassified and used for scientific experiments, Brownlee et al. [3] perfected the collection of
particles on silicone oil-covered paddles on the wings of these planes when they were flown at
altitudes of 20 km. Particles that were not of terrestrial origin were positively identified. This opened
up an entirely new area of research on extraterrestrial material and stimulated mineralogical,
elemental, and isotopic studies of even single particles.

In 1977, the first attempt to measure noble gases in stratospheric particles was made by Rajan
et al. [4]. They measured the 4He content of 10 individual particles that had masses in the range of
0.21 to 24 ng and showed that the particles contained relatively high amounts of helium—in some
cases, they found concentrations nearly as large as had been observed in lunar soil dust grains. In
their work no attempt was made to measure 3He. It is an atomic species of cosmological interest, so
measurements of 3He/4He ratios in individual IDPs appeared to be a subject worthy of pursuit.
Because the particles collected in the stratosphere and available for study are relatively small (of the
order of 15 um in "diameter"), the total amount of helium in a single particle, in spite of its high
concentration, is typically around 10i0 cm3 STP or less, and the amount of 3He is far less—around
10'14 cm3 STP. Also of interest in such particles are the isotopes of neon. The principal error in
measuring small amounts of gas comes from evaluating the amount to subtract for "blank" or
residual due to the mass spectrometer and gas extraction system.

Although collection in the atmosphere by plane is a vast improvement over the use of balloons or
collection at lower altitudes, there is still a large amount of terrestrial contamination at plane altitude,
and considerable effort is expended by NASA in isolating the extraterrestrial particles. Accordingly,
they are distributed sparingly. In our case, a total of 39 particles has been received in five different
allocations over a period of several years. At first, we requested three particles to test the feasibility
of making the measurements. This was followed by two requests, each for eight particles, and most
recently by two requests, each for 10 particles.

To test our procedures, individual lunar soil grains were studied. Also, to gain further experience,
Professor Donald Brownlee of the University of Washington provided us with magnetic fines and
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individual chondritic particles from deep in the Pacific Ocean and believed to be of extraterrestrial
origin. The study of the deep Pacific material led to a comprehensive study [5], the results of which
will be discussed later.

EXPERIMENTAL SECTION

The mass spectrometer used for the research was similar to one described earlier [6], It is a double-
focusing magnetic deflection instrument employing the Mattauch-Herzog geometry [7]. Figure 1 is a
schematic diagram of the instrument An electron multiplier, in the counting mode, is used for measuring
the ion currents. Mass scanning can be accomplished either by varying the magnetic field of the
electromagnet or by varying the accelerating potential applied to the ions. Mass scanning can be either
continuous or by programmed steps. When magnetic scanning was employed... the ion accelerating
potential was 2200 V. A Hall probe is employed for monitoring the magnetic field, and all of the
operations are computer controlled.

Electron
Multipliers

Electric Analyzer

Focal
M i / Plane

Magnet

Fig. 1. Schematic of the mass spectrometer used for analyzing gas samples. The ion source is a
conventional electron bombardment type. The magnetically collimated electron beam appears
as a dot between the ion repeller ft and the drawing-out shield plate Sh. The split plates F-, and
F2 are used for focusing the ion beam onto the ground plate G containing slit So. For measuring
3He/*He ratios, the ions pass through slit Sf to the electron multiplier detector U1t which is used
in the counting mode. The magnetic field Is switched between values appropriate tor collecting
3He and 4He ions. Slit S2 and multiplier M2 are employed for determining neon isotope ratios
and the absolute calibration of the instrument. In the static operation mode and200-\iA ionizing
electron current, the sensitivity of the instrument is such that approximately 4x10* atoms of
helium are required to produce an ion current of 1 ion/s.
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Pumping of the mass spectrometer is either by a 2000-f/s oil-diffusion pump separated from the
mass spectrometer by a liquid nitrogen cold trap or a 400-^/s triode ion pump. Because the
instrument was assembled entirely from odds and ends already in the laboratory, we used pumps
that were available; ones with considerably lower pumping speeds would have been adequate. In
practice, the oil-diffusion pump is used only during bakeout after the instrument has been open to
the atmosphere for repairs or alterations. Normally the instrument is pumped with the sputter ion
pump, and the pressure reached is 2 x 10'10 torr. The principal residual gas present is H2. During
static operation, the hydrogen pressure is reduced considerably by a hydrogen getter attached to the
mass spectrometer.

Because the gas is extracted from the samples by heating them to temperatures as high as 1600°C in
the case of the deep sea particles, the outgassing of the oven employed is itself a source of
contamination. An effort was made to reduce the mass of the oven as far as practical and thus reduce
the oven contribution to the gas measured. An "oven" consists of a square of tantalum foil
approximately 6 by 6 by 0.025 mm. The sample to be studied is placed at the center of the foil, which
is folded over twice to contain the sample. An electric current is passed directly through the oven,
which is mounted on a standard Mini-flange as shown in Fig. 2A. A pair of heavy nickel rods bring
the current to the oven. A pair of tungsten spring loops are spot welded to the ends of the nickel
rods, and the filament oven, whose ends are bent over to form hooks, is looped over the tungsten
springs. Contact is by spring tension.

The tantalum oven squares are cut from a strip that has been thoroughly baked at a temperature of
over 1800°C. The tungsten-spring and nickel-rod assembly is also thoroughly outgassed by passing a
current through it for an extended time before use.

A six-port mini-cross, shown in Fig. 2B, is used as a vacuum housing. Up to four sample flanges,
such as shown in Fig. 2A, are mounted around the periphery like spokes in a wheel. The port toward
us in the figure holds a window for viewing the samples with an optical pyrometer, and the port
toward the back serves as a vacuum lead to the gas purification system and mass spectrometer. The
sample ovens, although near the center of the cross, are separated sufficiently to make room for a
heavy copper cross fitting tightly against the housing to ensure heat conduction. The cross ensures
that while one sample is being heated, radiation from it does not heat the others.

The gas extracted from a sample passes through a liquid-nitrogen-cooled charcoal trap and on to the
mass spectrometer, where a second charcoal trap and a rare-earth-type getter are mounted close to
the ion source. These latter serve to hold down impurities in the instrument during the static
operation of the mass spectrometer while it is performing an analysis of the helium and neon
extracted from a sample.

Calibrations for the static mode are made using a noble gas mixture standard. In some cases, the
helium and neon extracted from a known amount of air were employed. Figure 3 is a mass spectrum
taken over the mass 3 region for the helium extracted from 1.5 x 10"3 cm3 STP of air. A small sample
was deliberately chosen so the 3He peak would be comparable to those found for typical IDP.
particles. We note that the 3He and HD are clearly resolved in spite of the fact that the mass
difference between them is 1 part in 600. The amount of 3He present was determined by counting the
number of ions reaching the 3He position in 300 s. Instrument background and multiplier dark count
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^NICKEL LEADS

TUNGSTEN SPRINGS
\
To OVEN

MINI FLANGES

(B)
.WINDOW

Fig. 2. (A) Mini-flange supporting an oven used for heating samples. The oven Itself is a square of
tantalum foil 6 by 6 by 0.025 mm, weighing 10 mg, on which a sample is placed. The foil is
folded over twice to form an elongated filament through which an electric current is passed to
produce heating. (B) The 6-port cross that holds up to 4 sample flanges around the plane of the
figure. The port toward the reader contains a window for viewing heated ovens with an optical
pyrometer. The port away from the reader attaches to the manifold leading to the gas purifying
system and mass spectrometer.
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were found by counting for a similar time at a mass position slightly to the left of the 3He peak. The
3He/4He ratio calculated for the conditions in this experiment was (1.6 ± 0.4) x 10"6. When actual
measurements were made on IDP particles, the integration times used for measuring the 3He peak
were longer, generally 1000 s.

The work being reported was performed over a period of several years, during which time
numerous improvements were made on the apparatus and procedures. In the step-heating of the
deep Pacific samples, the heating of the samples was for a period of 5 min followed by a second
period of 5 min, during which time the charcoal was allowed to purify the helium and neon before
these were admitted to the mass spectrometer. Once the sample gas equilibrated with the mass
spectrometer, it was isolated from the manifold and its charcoal trap while the actual measurements
were being made. The measurements required approximately 1 h; 3/4 h of this time was devoted to
the determination of the 3He/4He ratio followed by 1/4 h of peak-stepping over the mass 4,18, 20,
21, 22,40, and 44 peaks. From these latter measurements, the absolute amounts of helium and neon
were determined, along with the isotopic ratios for neon.

The 3He/4He ratios were measured using the outer electron multiplier, Mj, shown in Fig. 1. For the
other measurements, the inner electron multiplier, M^ was employed. Not as great resolution was
required for these measurements, so slit S2 could be wider, making it easier to remain centered on the
peaks during the computer-controlled peak-stepping operation.

During the 3He/4He ratio determinations, the electrons producing the ions had an energy of 70 eV.
During the other measurements, this was dropped to 37 eV to reduce the number of doubly charged
ions from argon and carbon dioxide, which contributed to the mass 20 and 22 neon peaks,
respectively. The argon contribution to the 20Ne peak turned out to be negligible. A small correction
was still required for the HNe peak. Also, the residual water in the instrument required that a
correction for H2

18O be made to the 20Ne peak. This correction was found from the measurement of
the mass 18 peak (H2

16O).

Because of the relatively long time required for the measurements, there always existed the danger
during the peak-stepping operations of slipping "off the peak" because of slight drifts in either the
magnetic field or ion accelerating and deflection fields. In the case of the mass 4 to 44 measurements,
the position of mass 18 (residual water in the instrument) was checked automatically during each
scan, and if a drift occurred, the "position" of the mass 18 peak was corrected by an automatic shift
in the ion accelerating potential by the appropriate amount. This, in turn, restored the positions of all
of the other peaks to their proper values.

In the case of the helium isotope measurements, because of the high resolution required (narrow slit
S\) and proximity of the HD peak, a more complex compensating arrangement was required. In this
case, the problem was one of staying "on top of" the 3He peak while this isotope was being
measured. A drift in one direction would "bring in" a part of the much more abundant HD peak; a
drift in the other direction would take one "off" the top of the peak. The problem was solved by
locating the slit S2 (Fig. 2) so that ions from the H2 residual in the apparatus would be entering it
while the 3He ions entered the slit S^ Stated more precisely, the position of S2 was so carefully chosen
that it actually monitored a small part of one side of the H2 peak, so that 10% of the maximum H2
signal entered S2 while the 3He peak entered the S\ slit. If then there was a drift in the spectrum, the
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reading of the multiplier M2 goes up or down, depending on the direction of the drift. If a drift took
place, a computer-controlled circuit changed the ion accelerating potential so that the trajectory of
the 3He ions was restored to its original proper position. Because of the very small 3He ion currents
(typically only one ion in 5s or more), it would be extremely difficult without the automatic
computer-controlled circuitry to be certain one was making measurements at the top" of the peak.

The 4He ion currents, companion to those of 3He, are very much larger than those for 3He, so the
elaborate compensating arrangement was not required for them. They were merely swept through
the Sj slit several times, and the maximum was automatically recorded and stored for later use when
the 3He/4He ratio was computed.

RESULTS

Deep Pacific Particles

Our first work performed was on the deep Pacific magnetic fines, believed to be of extraterrestrial
origin and provided by Professor Donald Brownlee of the University of Washington. In this
investigation, some 35 samples were studied. These ranged in mass from 48 to 1826 ug with an
average of 650 \ig. The grains themselves were all less than 100 Jim in diameter—most of them very
much smaller. A typical sample studied consisted of several thousand particles. A detailed
discussion of the results obtained has been given elsewhere [5] and will only be summarized here.
When the work was started, the main objective was to measure the 3He/4He ratios. It was quickly
realized that with little more effort measurements on the neon isotopes could also be included; these,
too, are of cosmological interest. As the amount of gas released depended on the temperature to
which the samples were heated, the work was expanded to include three different extraction
temperatures—850, 1200, and 1600°C. The helium results obtained are shown in Fig. 4, where the
3He/4He ratios are plotted against the 4He content of the samples for the three different extraction
temperatures.

The average results are given in Table I along with data obtained by Fukumoto et al. [8] and by
Amari and Ozima [9], who also worked on deep Pacific fines. Because of the very small amounts of
gas present in small samples such as we studied, a correction has to be made for the instrument
blank. This varies from time to time and must be determined each time a sample is run. In the case
of the helium released in the 1600°C extraction, an additional correction had to be applied. In an
independent study of helium in metals [10], it was found that many metals, including tantalum
such as was used for our ovens, contained helium in which the 3He/4He ratio exceeds that for air
helium by a considerable amount—by a factor of 100 or more in some instances. In spite of the fact
that our tantalum was prebaked at 1800°C, a nontrivial amount of 3He might still be released at
1600°C In a test of 33 blank ovens, the average amount of 3He released was (6 ± 2) x 10"15 cm3 STP.
Accordingly, this amount was arbitrarily subtracted from the 3He measured in the results given.
For 6 of the 35 samples this correction lowered the measured 3He/4He ratio by an average of 30%.
For the remainder of the samples the effect was much less, lowering the ratio an average of only
5%.
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From Fig. 4 and Table I we can conclude that the amounts of helium and neon released, as well as the
isotopic composition, depend upon the extraction temperature. If we combine the 850 and 1200°C
extractions, which account for over 95% of the helium, an average 3He/4He ratio of (3.1 ± 0.5)E-4 is
obtained. On the other hand, for the 1600°C extraction, the 3He/4He ratio, which is highly variable
(see Fig. 4), averages (3.8 ± 1.4)E-3, a considerably larger figure.

Amari and Ozima [9], who also performed step-heating extractions from approximately 800 to
1700°C, did not observe any significant change in their 3He/4He and 20Ne/22Ne ratios as the
temperature was raised. Their 3He/4He ratio, (1.8 ± 0.4)E-4, for the four samples studied is somewhat
lower than the (3.1 + 0.5)E-4 observed in our work or the (2.7 ± 0.1)E-4 found by Fukumoto el al. [8].
The latter used only one extraction temperature: 1600°C.

In addition to the deep Pacific magnetic fines, Brownlee provided us with six larger chondrite-like
particles having an average mass of approximately 20 fig. These were found with the magnetic fines
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and are also believed to be of extraterrestrial origin. The particles were selected for isotopic study
because they had not been melted in their passage through the earth's atmosphere. The results for
these are interesting. The amount of helium per unit mass of particle is very similar to that observed
for the magnetic fines, as are the 3He/4He, ^Ne/^Ne, and 4He/20Ne ratios measured from the low-
temperature gas extractions. Whereas not all of the samples of magnetic fines exhibited a high
^e/^e ratio for a 1600°C extraction, the ratios for all of the single large particles had a high ratio—
greater than 1CK The high 3He/4He ratios seen in both the magnetic fines and chondritic particles
during the 1600°C extractions are accompanied by low ^Ne/^Ne ratios (see Table I). It appears
possible that these are due to implantation of solar flare gases where similar isotopic anomalies are
observed.

Stratospheric Particles

Our preliminary study of the helium and neon isotopes in three stratospheric particles showed that
i&otopic measurements could be made, and a systematic investigation was then instituted on 16
particles. The results obtained [11] are summarized in Figs. 5 and 6. Figure 5 gives the 4He
concentrations in cm3 STP/g, and Fig. 6 shows the isotopic ratios of interest. The concentration

Table I. Heiium and Neon Isotopic Ratios in Deep Pacific Magnetic Fines

Extraction
Temperature (°C) 4Hea 3He/4He "He^Ne ^Ne/^Ne 21Ne^Ne

850
1200

850+1200
1600

Fukumotoe/a/. [8]

1600
1600

5.0E3b

2.1E3
7.1 E3
2.7E2

1.0E3
1.2E3

Amari and Ozima [9]

1710
1710
1510
1510

5.8E2
1.5E3
1.8E3
3.1E3

a In units of 10scm3 STP/g.
b Means 5.0 x103.
c Means (2.8 ± 0.1) X10"4.

(2.8±0.1)E-4c

(3.6±0.5)E-4
(3.1±0.5)E-4
(3.8±1.4)E-3

(2.73±0.06)E-4
(2.74±0.08)E-4

(1.48±0.08)E-4
(1.72±0.31)E-4
(2.22 ± 0.71 )E-4
(1.18±0.37)E-4

410 ±20
118±10
209 ±39
44±8

292
365

113
84

294
412

12.1 ±0.2
11.5 + 0.2
11.7±0.3
9.9 + 0.5

12.5 + 0.2
13.0 + 0.7

11.2±0.2
11.1 ±0.3
12.2 ±0.8
12.0 + 0.8

0.035 + 0.002
0.034 ±0.002
0.034 + 0.002
0.034 ±0.002

0.044 ±0.004
0.030 ±0.004

0.043 ±0.002
0.037 ±0.003
0.031 ± 0.003
0.033 + 0.003
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values are only rough estimates. The particles are of a fluffy nature and have highly irregular shapes.
Their mass densities are believed to be near 1 g/cm3, based on the mass determinations of Sutton
and Flynn [12], who recently made density determinations on 11 particles similar to those used in the
present investigation. The volumes are based on visual examinations of the particles by the curatorial
staff at the Johnson Space Center. Because of the irregular shapes, volumes can only be estimated.
The computed 4He concentrations, although admittedly not very accurate, are useful approximations
to use when making comparisons with lunar soil grains or other sources of extraterrestrial material.
The averages corresponding to the plotted values are (1.6 + 0.6)E'10 cm3 STP for the 4He content and
0.054 ± 0.02 cm3 STP/g for the concentrations. These figures agree quite well with the results of Rajan
et al. [4], who obtained values in the same general range.

In spite of the large variations in the amounts of gas found in the particles, the isotopic ratios are
remarkably similar. For example, if one excludes particle number 10, where an anomalously high
3He/4He ratio was observed, the average ratio for the eight particles where ratios could be measured
was (2.4 ± 0.3)E-4. For five of the eight particles whose 3He signal was sufficiently large, the 3He
blank correction was less than 20%.
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As seen in Fig. 6, the 20Ne/22Ne ratios generally are less than the 13.7 + 0.3 attributed to the solar
wind [13]. The average for the values shown in the figure is 12.0 ± 0.5. For particles numbers 3, 7,8,
and 10, where the instrument blank correction was less than 20%, the average ratio was 11.1 ± 0.5.
Hudson et al. [14] combined 13IDP to make a larger sample and found a value of 11 ± 3. Maurette
et al. [15] found values generally between 11 and 12 for unmelted Antarctic particles also believed to
be of extraterrestrial origin; Sarda et al. [16] found a value between 10 and 11 for the neon in a single
large particle found on the Greenland ice and also believed to be an IDP.

DISCUSSION

There is little reason to doubt that both the deep Pacific magnetic fines and the stratospheric particles
investigated are of extraterrestrial origin. The isotopic ratios are quite different from ones generally
seen for terrestrial samples. For example, the 3He/4He ratios, while not precisely the same for the
various particles, are some 200 times greater than those found for atmospheric helium and more than
20 times those observed in deep oceans and attributed to mantle release [17]. The 20Ne/22Ne ratios
fall in the general range of 11 to 12, whereas the ratio for atmospheric neon is slightly less than 10.
The 4He/20Ne ratios, although highly variable in the "extraterrestrial" particles, are always much
larger than unity; the terrestrial atmospheric ratio is 0.3.

Lunar surface fines, comparable in size to the stratospheric IDPs, have an average 4He content of
0.15 + 0.02 cm3 STP/g and 3He/4He, 20Ne/22Ne, and 4He/20Ne ratios of (3.7 ± 0.1JE-4,12.6 ± 0.1, and
62 ± 5, respectively, for the bulk gas [18-22]. The corresponding isotopic ratios for the solar wind are
taken as (4.3 + 0.2)E-4,13.7 + 0.3, and -600, respectively [13]. It is generally assumed that the bulk of
the noble gas in lunar surface grains is implanted by the solar wind, and differences in ratios from
the solar wind values are due to saturation, diffusion, and sputtering effects. On the other hand,
Wieler et al. [23] have conducted interesting etching experiments on lunar soil particles, in which
isotopic ratios are measured as successive layers of material are etched away. They concluded that in
the case of the ^Ne/^Ne ratio, except near the surfaces of the grains where the ratio had a value
close to that of the solar wind, the bulk of the neon observed had a ratio of 11.3 + 0.3. They attributed
this to implanted solar particles called solar energetic particles (SEP), which are more energetic than
those of the solar wind but not as energetic as the particles seen in conjunction with solar flares [see
Signer et at, in this volume for an overview].

Amari and Ozima [9], in their study of deep Pacific particles, concluded that their average 3He/4He
and 20Ne/22Ne ratios, (1.8 ± 0.4)E-4 and 11.6 + 0.6, respectively, are consistent with the Wieler et al.
corresponding ratios of less than 2.4E-4 and 11.3 + 0.3, respectively. For this and other reasons, they
concluded that in the particles they studied, the most likely source of helium and neon was SEPs, as
Wieler et al. [23] found in their etching experiments of lunar surface fines. They ruled out the solar
wind as the source, arguing that solar wind gas, being shallowly implanted, would be lost by
diffusion during atmospheric entry or subsequently. Qualitatively, our results tend to support this
view. Certainly the ̂ Ne/^Ne ratios found in both our deep Pacific and stratospheric particle studies
fall in the 11 to 12 range, as do the values found by investigations of Antarctic [15] and Greenland
particles [16] by others.
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In our work on the deep Pacific and stratospheric particles, as well as the work of the earlier
investigators [8,9], the ^Ne/^Ne ratios fell close to 0.03. This ruled out the possibility that any
appreciable part of the noble gases observed could be attributed to spallation by cosmic rays.

The picture for helium is less clear. Our 3He/4He ratio for the bulk of the helium in the deep Pacific
magnetic fines, (3.1 ± 0.5)E-4—although too low to be attributed to unaltered solar wind—is
definitely higher than the (1.8 + 0.4)E-4 given by Amari and Ozima for their particles. On the other
hand, in the case of our stratospheric particles, our average value of (2.4 ± 0.3)E-4 was seen. These
values are all well below the 3.7E-4 seen for the average helium in lunar surface fines or the 4.3E-4
observed in the solar wind.

It is sometimes argued that most of the gas seen in the deep Pacific particles or in the stratospheric
IDPs is merely implanted solar wind. Then, as in the lunar fines, differences from the solar wind in
isotopic and elemental ratios can be explained as due to saturation, sputtering, and diffusion effects.
This argument ignores the fact that in neither the deep Pacific material nor in the individual
stratospheric IDPs is there any relationship between the concentration of the gases and the ratios
observed—the isotopic ratios appear to be independent of the concentrations of the gases. Moreover,
unlike in the lunar particles, where 3He/4He ratios close to that of the solar wind are seen, the
3He/4He ratios in both the deep Pacific and stratospheric particles are substantially lower. Moreover,
because the gas concentrations in the IDPs are almost as high as in the lunar particles, if diffusion
played an important role in determining ratios in the stratospheric IDPs, the turnover of gas would
have to be much greater than in the lunar particles. The picture is further complicated by the fact
that, unlike the lunar grains, the IDPs, in their fall into the earth's atmosphere, suffer some heating,
which could remove some or all of the shallowly implanted solar wind.

It is interesting to speculate on the possibility that at least some of the helium and neon observed
may be of a primordial nature. Black [24], in an investigation of the correlation of helium-neon
isotopic ratios in carbonaceous chondrites and gas-rich meteorites, studied the relationship between
3He/4He and 20Ne/22Ne ratios and concluded that for the carbonaceous chondrites the ratios fell into
what he called a "corridor," and in the gas-rich meteorites, a zone. If the 3He/4He ratios are plotted
against the 20Ne/22Ne ratios, the points overlap to form an area common to both. For the
stratospheric particles as well as those from the deep Pacific, our results fall at the edge of the
overlap region.

In the gas-rich brecciated meteorite Fayetteville, a high concentration of noble gas is found [25].
Wider et al. [26] measured the 4He concentration in the dark matrix of this meteorite and found a
concentration of approximately 1.5E-2 cm3 STP/g, very similar to what was observed in our IDPs.
In another experiment [27], it was found that the bulk of the neon present had a 20Ne/22Ne ratio of
11.2 + 0.1, identical to that found for the etched lunar soil samples [23] and similar to the values
observed in our deep Pacific samples and stratospheric IDPs. For helium, the Fayetteville etching
experiments gave a 3He/4He ratio of 2.4 ± 0.3, the same as the average observed in our stratospheric
IDP study; in our deep Pacific sample study, the average ratio for the 850°C extraction where over
half of the gas is removed was (2.8 + 0.1)E-4.
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STEP-HEATING EXPERIMENTS ON STRATOSPHERIC IDPs

As work on the stratospheric particles proceeded and the analysis techniques were improved, the
question arose as to whether it might not be possible to release the gases in step-heating experiments to
see if any pattern would emerge relating the amount of gas released to the temperature for the release.
Because of the extremely small amounts of gas found in the particles, it was realized that the study, at
least initially, would have to be restricted to 4He, the most abundant constituent. Such an investigation
would be interesting for a number of reasons. It might tell us something about the thermal history of the
particles. As seen in Fig. 5, the 4He concentration (cm3 STP/g) varies widely from particle to particle.
Could there be a relationship between the amount of gas observed and the temperature at which it is
released? For example, if the gas found in particles with low amounts of gas is released at a higher
temperature than that for particles with larger amounts of gas, this could indicate that the low-gas
particles suffered more outgassing at some time—perhaps in their deceleration in the earth's atmosphere.

Ever since IDPs were identified in the stratosphere, their source has been a subject of speculation. In
the early days it was thought that they were primarily of cometary origin. More recently, the belief
has grown that the majority are produced in collisions between asteroids. In 1989 Flynn [28],
building on earlier work of his own as well as that of others, published an interesting article in which
he discussed the dynamics of IDPs entering the earth's atmosphere. He pointed out that for particles
of the approximate size used in our investigations (10 to 20 um in diameter), originating in collisions
between asteroids or from comets with perihelia greater than 1.2 AU, the geocentric velocity for earth
collection is relatively small; therefore the kinetic energy, which is dissipated as heat as they fall into
the earth's atmosphere, is almost all due to the conversion of gravitational potential energy into
kinetic energy. On the other hand, particles that come from low-perihelia comets enter the earth's
atmosphere with an appreciable amount of kinetic energy, increasing then the total energy to be
dissipated as heat as they are decelerated in their fall to the stratosphere where they are collected. He
pointed out that many of the IDPs studied show solar flare tracks and contain volatile elements and
minerals. This suggests that these particles may not have been heated to high temperatures and,
hence, are probably of asteroidal origin. We wondered if the variations in helium content could be a
measure of the heating experienced and whether step-heating of the particles might provide clues.

The quantitative control of the power and the measurement of the temperature of a small oven such as
shown in Fig. 2A present difficulties if one wishes to retain the simplicity of the present apparatus. For
an initial experiment, it seemed most efficient to make only minor changes in the apparatus and
procedures. A computer-controlled power supply was constructed, with which it was possible to supply
power to the oven in a series of equal-power increments. Essentially all of the electrical resistance in the
flange assembly is in the little tantalum oven and the tungsten springs that hold the oven; very little is in
the nickel rods carrying the current to the oven. Because the resistance of the metals varies with
temperature, the computer controller was designed to control the product of the current and voltage
applied to the oven flange and thus the wattage, independent of resistance changes of the oven and its
associated tungsten mounting springs. Temperatures were read with an optical pyrometer in the range
where it could be used—above roughly 800°C. Temperature curves could then be drawn relating
temperatures and wattage, and these could be extrapolated down to the temperature range of interest—
400 to 800°C—where the optical pyrometer could not provide information. Because in these initial
experiments the main interest was to observe differences between particles, corrections have not been
applied to the optical pyrometer readings to allow for the emissivity of the oven material.
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To determine baseline data, step-heating measurements were made on the release of 4He from
approximately 20 individual small lunar grains. Figure 7 shows the 4He signal in ion counts/s as a
function of the wattage for a typical lunar grain. To obtain the step-heating data, the wattage was held
constant for 5 min before being increased to the next step. As seen from the curve, this time may not be
quite long enough to reach equilibrium and perhaps in further experiments should be increased. On
the other hand, the mass spectrometer and entrance manifold have to be isolated from pumps for 2 h—
1 h for the heating sequence shown in Fig. 7 and 1 h for the isotopic analyses. During this period, the
instrument blank grows, contributing to the uncertainty in correcting for it. Increasing the length of the
heating steps would extend the time. If the total time were kept the same and fewer, but coarser,
heating steps were employed, the temperature increments would become too large, and differences in
release patterns for particles might be lost. At present the compromise chosen seems to be the most
practical to use. Further experience may result in a modification.

4He vs. Watts

2.5w 2.75W 3.0w
2.0w

Lunar Grain 7123190

2.25w

Time

Fig. 7. The *He release from a typical lunar surface grain as it is step-heated by raising the power to the
oven in 0.25-W steps while the wattage is held constant for S min at each step. Power amounts
are converted to temperatures through calibration with an optical pyrometer; 2 W corresponds
to approximately 700°C.
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Figure 8 shows the fraction of the total gas released as a function of the power provided to the oven.
The release patterns for the lunar grains were all slightly different. If we exclude the few for which the
release pattern seemed markedly different, the remainder fall in the range depicted by the shaded area
in the figure. Shown also, in the lower part of the figure, are the differential amounts corresponding to
the two curves shown above. For both curves, the maximum release per quarter watt increment occurs
at approximately 600°C. The difference in the curves is due in part to a real difference in the particles
and in part to the difference in the temperature vs watt characteristics of the individual ovens.

4 r\

1 .0

0.8

£ 0.6

3? 0.4

0.2

0.4
.2

£ 0.2

£
5

Step-Heating of Lunar Soil Grains

4He ?'** X

Min / /
' / Max

/ /

/ /

* . < . • • • * "

570 630 6 2 0

505
560

490
4401-^-^

680
670

^ 7 8 0 ' 1820

1 2 3
Watts

Fig. 8. Summary of plots (normalized) such as shown in Fig. 7 for approximately 20 lunar surface soil
particles. The shaded area shows the range of values observed. A few cases with extreme
values have been excluded in choosing the width of the shaded area. The lower part of the figure
gives the differential amounts and associated temperatures for the two curves bounding the
shaded area.
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To date, 20 stratospheric IDPs have been subjected to step-heating, and the results are undergoing
analysis. Although detailed conclusions are not yet available, some general observations are possible.
Eight of the particles contained sufficient helium to permit complete analyses. The release curves
were very similar to those found for the lunar grains; for a few, the release took place at lower
temperatures than for lunar grains. For several, the amount of helium released was small, but curves
could still be drawn. For these, the release took place at higher temperatures, suggesting these may
have been heated more than the others in their deceleration in the atmosphere. The remainder of the
particles had too little helium to permit drawing meaningful release curves.

Some of the particles were fragments of larger IDPs. Fragments, companion to ours, are being
analyzed for elemental and mineralogical composition by other investigators. The combined analyses
should lead to a better understanding of the nature of the particles and, we hope, some clues as to
their origin. The step-heating experiments performed in the present investigation appear promising
enough to warrant improvements of the technique and more refined calibrations in order to obtain
more precise release patterns.
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ADVENTURES OF "NOBLEMEN" IN DIAMONDS

/. H. Reynolds and P. McConville

ABSTRACT

We trace the development of the subject of noble gases in diamonds
over the last 13 yr. Early noble gas data from diamonds were "noisy"
and were originally interpreted as solar-like helium, to which
radiogenic 4He was added from in-situ decay of uranium/thorium in
the diamonds themselves. As data were accumulated, interpretations
grew to paint a clearer picture where trapped mantle gases are
recognized in a subset of diamonds (notably "cubics" and "coats"
from Zaire) containing microscopic relics of fluid inclusions. In
addition, it has been learned that in-situ cosmogenic helium,
nucleogenic 3He and 4He, and fission krypton/ xenon, implanted
from adjacent matrix rock, are important sources of gases in
diamonds. We identify the contributions of the "heavy hitters"
among those who have worked in the field and conclude by detailing
our more modest Berkeley contributions, including some useful
implantation formulae for cases where the uranium/thorium and
lithium are not uniformly distributed in the matrix rock.

INTRODUCTION

It gives us much pleasure to contribute to an 80th year festschrift for Al Nier. His own work in mass
spectrometry for more than 50 yr has resulted in monumental contributions to nuclear physics, nuclear
energy, isotopic geochemistry, and space physics. Offshoots of his leadership in the field have
revolutionized Earth science and meteoritics. His eternal youth and enthusiasm have inspired us all.
Many, many happy returns, Al!

The Nier-type mass spectrometer has been the key instrument in the study of noble gases in diamonds,
which has been our main research interest for the last 5 yr or so. This paper will be partly a research report
and partly a review. We have seen one of the most confusing and "noisy" subjects in isotopic geochemistry
gradually clarified due to the efforts of several laboratories and we will enjoy telling the story.

Our presentation reverses the usual order of going from an account of experiments to a set of
conclusions and associated comments on the "big picture." We start with the big picture and end up
with some of the experimental details.

145



Reynolds

AN OVERVIEW

Figures 1 and 2 summarize how the subject has progressed. Figure 1 shows some of the ideas that
prevailed when we at Berkeley first started collecting diamond samples for measurement. Early results
for argon in diamonds were contradictory. Melton and Giardini [1] reported low values (for example,
189 compared to the atmospheric value 296) for the ratio ^Ar/^Ar in diamonds from Arkansas,
whereas one of the early findings of the pioneering work by the Ozima group in Tokyo [2] was
impossibly old potassium /argon ages (for example, ~6 aeons) in diamonds from Zaire. The helium
picture suggested to the Tokyo group [3] that diamonds have stored mantle helium for times
approaching the age of the Earth. They observed a nearly linear correlation of 3He/4He with 3He
concentration in the diamonds. From this observation, Ozima et al. [3] infer that diamonds stored a
spatially variable 3He/4He composition from the mantle. They infer that this variability reflects a
combination of helium (which has a primordial 3He/4He ratio but occurred in varying concentrations in
the mantle) and radiogenic 4He (from the decay of uranium/thorium) that occurs in trace but, they
believe, nearly uniform amounts within the mantle.

EARLY IDEAS

ARGON

(SOME) DIAMONDS ARE EXTREMELY OLD

(K-Ar Ages ~6 Aeons)

VERSUS

(SOME) DIAMONDS EXHIBIT "PRIMORDIAL" ARGON

(40/36 Ratios « Atmospheric Value)

HELIUM

3He/4He RATIOS FOR ALL DIAMONDS CAN BE EXPLAINED BY

IN-SITU DECAY OF U/Th MODIFYING

AN INITIAL PLANETARY (OR GREATER) RATIO

Fig. 1. Early ideas about noble gases in diamonds. Principal references are Melton and Giardina [1] and
Ozima etal [3].
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Contrast those ideas with the ideas in Fig. 2, which represent what is more or less a present consensus.
Trapped gases are now seen to be associated with a subset of diamonds that contain microscopically
visible relics of fluid inclusions. These gases occur elsewhere but are found most consistently in the cubic
and coated diamonds from Zaire. The excess ^Ar in these trapped gases correlates with chlorine and
was evidently inherited as part of the included fluid. Roughly speaking, the trapped gases resemble the
gases in the glassy margins of mid-ocean ridge basalts (MORBs) and include isotopically anomalous
neon.

Contributing to the "noise" in diamond data, which still characterizes the subject to a fair degree, are
certain complications that might have been expected if we had been prescient enough. Cosmogenic
helium occurs in diamonds that have had a prolonged surface exposure to cosmic rays, as is often the
case with alluvial diamonds. Uranium/thorium and lithium are of very low abundance in the diamonds
themselves but can be relatively abundant either in minerals with which the diamonds are in contact or
in a pervasive surface phase adhering to diamonds in the matrix rock. Thus, mere can be implantation,
to a typical maximum depth of 25 (xm, of (a) 4He and fission fragments from the adjacent
uranium/thorium and (b) 3He from adjacent lithium, which has a large cross section for the (n,t)
reaction. Atmospheric gases can also be implanted in diamonds if they are pulverized in air. Figure 3
lists important papers that led to the understandings summarized in Fig. 2.

CURRENT (BERKELEY VERSION) IDEAS

TRAPPED GASES

1. OCCUR IN DIAMONDS WITH MICRO-INCLUSIONS

2. SOMEWHAT MORB-LIKE IN CHARACTER

3. INHERITED EXCESS 40Ar IS CHLORINE-CORRELATED

4. NEON IS ISOTOPICALLY ANOMALOUS

COMPLICATIONS

1. COSMOGENIC HELIUM OCCURS iN DIAMONDS (FOR EXAMPLE, ALLUVIALS)
WITH PROLONGED SURFACE EXPOSURE

2. IMPLANTED 4He, FISSION XENON AND/OR 3He CAN BE FOUND IN DIAMONDS WITH

LONG EXPOSURE TO ADJACENT U/Th AND/OR LITHIUM IN MATRIX ROCK

3. ATMOSPHERIC GASES CAN BE SHOCK IMPLANTED IF DIAMONDS ARE
PULVERIZED IN AIR

Fig. 2. Current ideas about noble gases in diamonds as set out in McConville et al. [4], For references
to the discoveries, see Fig. 3.
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OUR WORK AT BERKELEY

Repeatability

It is characteristic of a new field that experiments intended to look for one effect often produce evidence
for another—a pattern that was very much the case with us. Figure 4 contrasts what we were seeking
with what we found. The first Berkeley paper [6] was an attempt to test the early ideas summarized in
Fig. 1 by using samples of known provenance, which the early studies frequently did not. What we
found were departures from the 3He/4He us 3He correlation that the Tokyo group had seen and some
weak evidence for solar-like neon in two samples. We were distressed at the variability among results
for similar samples from the same locality—always disturbing to experimentalists continually on the
lookout for flaws in the experimental techniques. Professor Lai provided us wish a large bort (a poorly
crystallized variety of diamond used for industrial purposes) from Sierra Leone, which is almost

DISCOVERY PAPERS

PIONEERING WORK ON RARE TAKAOKA AND OZIMA [5]
GASES IN DIAMONDS OZIMA AND ZASHU [2]

NEON ISOTOPIC ANOMALIES HONDA ETAL. [6]
OZIMA AND ZASHU [7]

COSMOGENIC 10Be IN DIAMONDS LAL ETAL [8]
(REQUIRING 3He AS WELL)

MICRO-INCLUSIONS IN DIAMONDS NAVON ETAL. [9]

INHERITED 40Ar IN DIAMONDS OZIMA ETAL. [10]
WITH MICRO-INCLUSIONS TURNER ETAL. [11]

REDISCOVERY OF IMPLANTATION REDISCOVERY ? (SEE
OF RARE GASES IN DIAMONDS ADDENDUM)

(SUGGESTION) KURZ ETAL [12]
(DEVELOPMENT) LAL [13]

Fig. 3. Papers from the "heavy hitters" among those studying noble gases in diamonds.
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certainly of alluvial origin, that we pulverized [14]. To our satisfaction, the results for two aliquots of the
fine powder gave almost identical results, showing that our techniques were valid. Figure 5 shows some
details; the two aliquots are labeled 4 and 5 in the figure. The histograms in this figure show the 3/4
ratio and various isotopic concentrations of diamonds of known provenance for all published analyses
up to about 1987. The notation R/Ra refers to the 3/4 ratio, R; normalized to the air value Ra = 1.4 x 10"6.
Note that the horizontal scales are logarithmic and that accordingly there is a large data spread. Samples
4 and 5 agree almost perfectly in all the plotted quantities. The absence of a value for 40*Ar in sample 4
results from the fact that the calculated value is negative with a large error. The values of 40*Ar for both
samples 4 and 5 include zero when errors are taken into account.

BERKELEY CONTRIBUTIONS

Seeking

VERIFICATION EARLY IDEAS

REPLICATION AND COSMOGENIC
He IN PULVERIZED ALLUVIALS

SHOCK IMPLANTATION

NEON ISOTOPIC ANOMALIES

Found

DEPARTURES FROM He CORRELATION
NEON ISOTOPIC ANOMALIES (?)

REPLICATION, COSMOGENIC He,
AND SHOCK IMPLANTATION

SHOCK IMPLANTATION
AND TRAPPED GASES

APPARENT IMPLANTATION OF
He, Xe FROM MATRIX ROCK

Footnote

1

2

2S

3

REFERENCES
1. Honda et al. [6]
2. McConville and Reynolds [14]

2S. McConville and Reynolds [14] — Supplementary Experiment
3. McConville etal. [4]

Fig. 4. How effects seen at Berkeley often differed from expectations.
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Cosmogenic Effects

The other things to note about samples 4 and 5 are the very high 3He concentrations and the very high
3/4 ratio—nearly at the extreme high end of the histograms in both cases. The 4He concentrations on the
other hand were low. Everything about these data is consistent with the cosmogenic hypothesis
advanced (and proved by 10Be measurements) by Lai el al. [8]. The measured amount of He agreed with
calculated values based upon reasonable estimates of the age and average burial depth of the alluvial
sample at the Sierra Leone location.

H P E-14 E-13 E-:IB E-lt E-IO

n
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R / R » E-8 E-l E-0 E«I E*E E*3

r

n
E-8 E-7 E-6 E-S E-4

n40« . . . . . . x . . : 1
A ( " E-10 E-9 E-S E-7 E-6 E-S A t " E-1E E-lt E-JO E-9

n
84^ • • • • ^ i i r ; '

Kt" E-14 E-13 E-12 E-U E-10 X e E-l

n
•IS E-14 E-13 E-12 E - l l

Fig. 5. Results for Sierra Leone "bori" diamonds [14]. Samples 4 and S are aliquots of finely pulverized
bort sample. Samples 6 and Tare uncrushedandair-crushedsamples; respectively, of another
bort sample that turned out to be 40*Ar-rich. The histogram shows publlished data up to 1987 for
diamonds of known provenance.
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Shock Implantation

There was an interesting coda to this work occasioned by our observation that the heavy gases (argon,
krypton, and xenon) trapped in samples 4 and 5 were also in high abundance, which we attributed to
shock implantation during the crushing of the samples in a percussive mortar. Reviewers Lai and Craig
found this hypothesis important but wanted proof. We accordingly carried out a supplementary
experiment on another bort from Sierra Leone. This time we measured an uncrushed sample and
samples crushed in air and in pure nitrogen. Figure 5 reflects the results from the uncrushed and
crushed (in air) samples, labeled "6" and "7", respectively. In every case (that is, for ^Ar, ^Kr, and 132Xe),
there was less trapped gas in the uncrushed samples. The values for the sample crushed in nitrogen (not
plotted) were very similar to the values for the uncrushed sample.

Trapped Gases in Sierra Leone Samples

What interested us even more about the supplementary sample was that it was very different from the
original sample in its 3/4 ratio and in its concentrations of the radiogenic nudides 4He and ^ A r , where
the values were near the extreme high end of the histograms. The high ends of those two histograms are
almost entirely populated [see 14] by the cubic and coated diamonds from Zaire, which contain
microscopically observable residues of fluid inclusions, as described by Navon et al. [9]. A high
abundance of 40*Ar is the most diagnostic feature for this diamond subset. Examining a data set from
neutron-irradiated samples, G. Turner, Ozima, and coworkers showed that 40*Ar correlated with the
38Ar produced from chlorine in the irradiation [10,11]- In other words, the excess 40*Ar is an inherited
component associated with the relict fluid inclusions. In our 1989 paper, we showed that such diamonds
can be found in Brazil and Sierra Leone and not just in Zaire. Our collaborator Dr. E. Roedder observed
microscopic features in samples taken from the same bort as samples 6 and 7 that were suggestive of
fluid inclusions, albeit somewhat larger in size than those seen by Navon et al. [9].

Nature of the Trapped Gases

Another point made in our 1989 paper was that the trapped gases in the 40*Ar-rich stones roughly
resemble gases trapped in MORBs, although this hypothesis needs further testing in samples where the
complications of cosmogenic and implanted species can be eliminated by working with deeply mined
stones from which the outer layers have been removed. The Tokyo group has shown that the Ar-rich
stones consistently exhibit anomalously high 20Ne/22Ne ratios, a signature that is now accepted as an
indication of mantle-derived gas.

Implanted Noble Gases

Our most recent paper, [4], reexamined composite samples of small diamonds from the same area in
Western Australia where Honda et al. [6] had seen an instance of high neon content with a solar-like,
high value of the ratio 20Ne/'nNe. Honda detected the neon in a composite that had been segregated for
lack of color. A composite that was pale brown in color showed no neon effect. Once again we saw
something different from what we expected. We studied both colored and colorless diamonds, some
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mined from the ancient Argyle (East Kimberley) lamproite pipe and some alluvials associated with that
pipe. We also measured pipe samples from the much younger Ellendale (West Kimberley) occurrence.
There were nine composite samples altogether, each consisting of about a dozen stones about 2 mm in
diameter. They had been examined by Dr. Roedder for inclusions but he saw none. We segregated the
stones before analysis both by color and by their long-wave UV fluorescence.

None of the nine composites had enough neon to measure in our glass mass spectrometer, which has a
high neon blank due, in part, to the higher levels of CO2 background one encounters in glass. Nor did
we detect any differences in the samples of different color or fluorescence. But there was a very large
difference in 4He content between the samples from the ancient Argyle pipe and the samples from the
young Ellendale pipe. The high 4He contents were not accompanied in the Argyle samples by the high
^ A r content that is the signature for diamonds with relics of fluid inclusions. We immediately surmised
that we were seeing evidence of ct-particle implantation, which had been rediscovered (see Addendum)
in a suggestion by Kurz et al. [12] and had been developed from the standpoint of noble gas analyses by
Lai [13].

The relevant Berkeley data are seen in Fig. 6, where we have averaged the results for each sample
location so as to make a simpler diagram. For the ancient Argyle pipe, the helium concentrations
impinge on the most helium-rich end of the histogram, but the 40*Ar concentrations do not, showing that
we are not dealing with the inclusion effect. The samples from the Ellendale pipe are much poorer in
4He. The high 4He values in the Argyle samples lead to exceptionally low R/Ra values for those
samples. In the case of 3He, we see a difference between the Argyle alluvials and the Argyle pipe
samples—a difference that turns out to be quantitatively consistent with the estimates of cosmogenic
3He production in the alluvials. Unfortunately, we obtained only an upper limit for the 3He
concentration in Ellendale diamonds.

Calculated Implantation Amounts

Lai [13] calculated the implantation expected in a large-diameter spherical diamond vs the range of the
implanted particle, assuming that the particle source is uniformly distributed in the matrix rock. His
formula, which is the basic one for most considerations, is an upper limit for the implantation in smaller
diamonds because some of the implanted particles will pass through the diamond and escape if the
stone is small. Lai's formula is set out in Fig. 7 along with some others we have derived for calculable
situations in which the particle source is not uniformly distributed in the matrix rock. The reduced
implantation efficiency can be considerable when the uranium is concentrated in spheroidal grains that
are large compared to the particle ranges. For a case suggested by a fission track map of a (probably
unrepresentative) kimberlite from the micaceous Jos dike, Somerset Island, N.W.T., Canada (Fig. 7.1 in
[15]), where part of the uranium is sited in 0.3-mm-diam perovskite grains, the efficiency factor for
helium implantation is 0.0033. On the other hand, the amplification factor for implanting helium from a
pervasive uranium-rich surface phase can easily be as high as 50 [4].
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Other Implanted Species

Fission krypton and xenon will be implanted along with 4He because of the spontaneous fission
branch in the decay of 238U and because the fragments responsible for those isotopes have ranges
similar to those of the a-particles. Recently Ozima et at. [16] have reported spectacular instances of
implantation of 4He and fissiogenic krypton and xenon in carbonado (diamond aggregates) from
Africa and Brazil. In four samples from various localities, the average concentration of 136*Xe was 1.4
x 1010 ccSTP/g. The carbonado samples are made up of micrometer-size diamonds in which the
concentrations of fissiogenic krypton and xenon would require their being immersed in a medium
containing ~100-ppm uranium for times of ~109 yr or an equivalent exposure. These gases were
probably implanted from a uranium/thorium-rich phase that pervaded the sites occupied by the
microscopic diamond crystals.

r
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Fig. 6. Results for composite samples oi -2-mm diamonds from Western Australia [4J. "Squared" A's
are average results for Argyle pipe samples. "Circled" A's are averages tor Argyle alluvials.
"Squared" E's are average values for Ellendale pipe samples; often only upper limits were
obtained.
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As Lai [13] pointed out, 3He can also be implanted from adjacent lithium in the matrix rock. The
lithium nuclide has a large cross section for the (n,t) reaction and neutrons are produced in any

IMPLANTATION THEORY

DEFINITIONS

Q = Source Strength in Particles/Gm-Sec
r = Radius of Spherical Diamonds
S = Range of Particles in Matrix

Pm> Pd = Density of Matrix, Diamond
C = Implantation Rate in Particles/Gm-Sec

Vg = Grain Volume
Ag = Grain Surface Area

ASSUME

R » S THROUGHOUT

SOURCE DISTRIBUTION RATE REMARKS

Uniform Throughout
Matrix

Uniform in
Source Phase

Zero Otherwise

Spheres of
Radius R

Pervasive
Surface
Phase

°~4 Pd"r~

With Q = Q

With Q = Q
T) =

Efficiency

C=GC0

with Q = Q
G = Gain

Basic Formula
No Fluctuations

Fluctuations

ForR>= S/2
11 " i " LRJ LS" ' J
For R <= S/2

Ag

Fig. 7. implantation formulae for various distributions of the sources. Formulae apply to composite
samples consisting of numerous diamonds of radius r randomly dispersed in the matrix rock
relative to the sources [4,13J.
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matrix containing uranium/thorium. The tritons from this reaction have ranges similar to those of
alphas and fission fragments.

Our- Measurements Compared to Implantation Calculations

Our best attempts to calculate the expected implantation of 3He, 4He, and fission xenon agree fairly well
with measurements of these species in diamonds from the Argyle lamproite pipe and lend additional
support to the implantation hypothesis for the Argyle stones. The results are set out in Table I. Lacking
detailed information on how the uranium/thorium and lithium are distributed in the lamproite, we
used the basic formula of Fig. 7. Agreement between the measurements and calculations does not
necessarily imply that the uranium is uniformly distributed in phases for which the grain sizes are larger
than the 2-mm diamonds. We may have a case where small uranium-rich mineral grains, leading to
reduced implantation efficiency, have been compensated by a pervasive surface phase in which the
implantation power of the uranium is amplified. It would be interesting to see fission track maps (see
[15]) of representative slabs of the Argyle lamproite.

CARBON ISOTOPIC DATA

Professor Samuel Epstein measured the carbon isotopes in most of our graphitic furnace residues,
thereby creating a valuable body of data (in [6] and [4]) that bear principally upon the source materials
for the diamonds. Correlations we previously saw between the carbon isotopic data and the helium data
more or less dissolved when we obtained more data and when we took the implantation complication
into account.
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Table I. Implanted Nuclides for Argyie Samples. Concentrations in ccSTP/g.

Measured
Calculated (Average Total)

4He 1.2 x 1 0 5 1.2 ±0.3x10-5

3He 0.18 x 10'12 0.52 ± 0.1 x 1012

136*Xe 12.4 x 10"15 3.9 ± 2.4 x 10'15
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ADDENDUM

Our use of the word "rediscovered" requires some explanation. Science has become so specialized that
people laboring in one scientific vineyard can be quite ignorant of what is well known in another.
Mineralogists have known for many years that some diamonds have experienced high levels of external
a-particle irradiation from uranium/thorium in adjacent phases. The subject starts with the work of
Crookes [17] who described how diamonds could be "painted" green by exposure to a-rays from
radium. That a-rays were 4He ions was considered probable after the suggestion of Rutherford and
Soddy [18], subsequently confirmed by Ramsey and Soddy [19], that radioactive substances develop
helium. Final proof of the nature of a-particles came with Rutherford and Royds [20] capturing a-
particles in an evacuated vessel and showing that the helium spectrum appears when the gas in the
vessel is made luminous. Much later, Lind and Bardwell [21] confirmed the work of Crookes and
discussed a then current hypothesis that naturally occurring green diamonds owed their color to
exposure in nature to ot-radiation, but they (strangely, it seems to us) argued against the hypothesis
because of the rarity of green diamonds. The matter was settled by Vance et al. [22] who pinned down
and quantified the green coloration in diamonds as due to natural a-irradiation. The levels of helium
content to be expected in pale green diamonds are equal to or greater than the high end of the 4He
histogram in Fig. 5. In diamonds with deeply colored spots, arising from contact with
uranium/ thorium-rich mineral grains, the oc-doses are such as to produce measurable expansion of the
diamond crystal structure and enormous 4He concentrations (assuming helium retention) compared to
those we have been describing in this paper. Nevertheless, the subject of helium content of diamonds
was pursued by noble gas mass spectroscopists for 9 recent years before Kurz et al. [12] and Lai [13]
pointed out that implantation of helium isotopes from external uranium/thorium ought to be
considered among the possible sources.
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DEVELOPMENT OF THE DOUBLY-LABELED WATER METHOD

FOR MEASURING ENERGY EXPENDITURE

D. A. Schoeller

ABSTRACT

Measurement of energy expenditure in free-living animals or
humans has been a goal of scientists for decades. Most methods,
however, are either too restrictive or too prone to error. A method
that meets the needs of these investigators is the doubly-labeled
water method. This method is based on the differential elimination
kinetics of deuterium- and 18O-labeled water from body water. This
method is based on the observation by Lifson, Nier, and coworkers
that the oxygens in respiratory CO2 are isotopically equilibrated
with body water. This method is now being applied by dozens of
investigators throughout the world to investigate animal energetics
and human energy requirements.

Knowledge of an organism's energy expenditure is vital in many fields of research. Ecologists and field
biologists utilize information on animal energy expenditure to estimate optimal population density,
study adaptive strategies to predators and social pressures, and study evolutionary mechanisms, among
other research projects. Biomedical investigators and sociologists also make use of knowledge of human
energy expenditure to determine food and agricultural production requirements, study the etiology of
obesity, and investigate the influence of physical activity on health and disease.

Because knowledge of an organism's energy expenditure impinges on so many critical questions in such
widely diverse fields of study, numerous methods to estimate or measure energy expenditure have been
developed [1]. Indeed, the number of publications in the area of energy expenditure are often staggering.
Despite this vast array of interests, however, the methodology for measuring energy expenditure is
usually inadequate for the task. Simply put, methods that provide high accuracy and precision are quite
restrictive and thus cannot be used to measure energy expenditure under natural, free-living conditions;
those that can be used under natural, free-living conditions are often grossly inaccurate or imprecise [2J.

Perhaps the most accurate and precise methods for measuring energy expenditure are direct calorimetry
and respiratory gas exchange. The former method measures the rate of heat production and thus
provides a direct measurement of energy expenditure. The latter measures the rate of oxygen
consumption, carbon dioxide production, or both, and thus makes it possible to calculate energy
production from basic chemical relationships between fuel oxidation and heat production. Both of these
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methods are accurate and precise to within a few percent, but both require that the organism be confined
in a calorimetry chamber. In the case of human research, these chambers may be as large as 6 by 8 m, but
they are still too small to permit the full range of normal daily activities. In addition, the animal or
human subject is within a watched, unnatural environment that may inhibit normal activities.

Methods for measuring energy expenditure under natural, free-living conditions are much more varied.
These range from the factorial approach, in which the minute-to-minute or hour-by-hour activity pattern
of the animal or subject is recorded, with the use of electronic monitors. Factorial recording can be done
by an observer or, in the case of human studies, by the subjects themselves. When accurate
measurements for the energy costs of each specific activity are known, these methods are accurate, but
precision is rarely better than 15%. Electronic monitors include heart-rate recorders, movement counters,
or accelerometers. Heart-rate monitors work on the principle that heart rate increases with the rate of
oxygen consumption and thus is related to energy expenditure. Movement counters and accelerometers
work on the principle that movement requires the expenditure of energy and thus is related to the rate of
energy expenditure. These methods vary in both accuracy and precision, but again, rarely perform with
relative errors of less than 10 to 15%.

The only intermediate method is that of intake/balance, in which dietary energy intake is carefully
measured over an interval during which change in body energy stores is also measured. Energy
expenditure can therefore be determined from the sum of intake and change in energy stores. This
method has an accuracy and precision intermediate between the laboratory-based and free-living-
based methods described above. Such accuracies, however, are only attainable when dietary energy
intake is known. Animals that do not eat in plain view and humans who cheat on their diets will
compromise the results.

Perhaps the optimal method for measuring energy expenditure under natural, free-living conditions is
the doubly-labeled water method. As the name implies, this is a dual-isotope method that is used for
measuring carbon dioxide production. The method is based on the differential elimination kinetics of
18O and deuterium from body water. Deuterium is eliminated as water and its elimination rate is
proportional to water flux, whereas 18O is eliminated as water and carbon dioxide and its elimination
rate is proportional to the sum of water and carbon dioxide flux (Fig. 1). The difference between the two
elimination rates is therefore proportional to carbon dioxide flux. Because carbon dioxide is the end
product of oxidative metabolism, the rate of energy expenditure can be calculated from the carbon
dioxide flux. The tremendous advantage of the doubly-labeled water method is that it is not necessary to
collect the respired carbon dioxide; it is only necessary to obtain periodic samples of urine or other
physiological fluids for the measurement of isotope enrichment, and from these determine the
elimination rates and ultimately rate of energy expenditure.

The development of the doubly-labeled water method can be traced to a series of experiments
performed by Lifson and Nier during the 1940s [3]. The goal of these studies was to determine the
source of oxygen in respiratory carbon dioxide. The controversial issue at that time was whether the
oxygen was derived from molecular oxygen or body water. To determine the source of oxygen,
mice were placed in a closed respiratory system and two types of experiments were performed in
which the system was either charged with 18O16O or the mice were preloaded with H2

18O. Carbon
dioxide was scrubbed from the chamber's atmosphere and the 18O abundance was determined by
mass spectrometry. Comparisons between the 18O abundance of molecular oxygen, body water, and
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expired carbon dioxide demonstrated that the oxygen in carbon dioxide was derived from body
water as a result of rapid isotopic equilibration between carbon dioxide and body water.

This seemingly isolated finding suggested to Dr. Lifson the possibility of measuring carbon dioxide
production in free-living animals based on the differential elimination kinetics of 18O and deuterium
from body water. This possibility was documented in a landmark paper published in 1955 by Lifson,
Gordon, and McClintock [4]. In that study, water labeled with deuterium and 18O was injected
intraperitoneally or administered in drinking water in 15 mice to produce initial enrichments of 1.5 and
0.5 at.% excess, respectively. The mice were placed in a closed respiratory chamber and total carbon
dioxide production was measured for 1 to 3 days. Blood samples were obtained at the start and end of
this period for the determination of initial and final isotopic enrichments. The carbon dioxide production
rate calculated from the doubly-labeled water method underestimated measured carbon dioxide
production by 3% with a coefficient of variation of 10%.

rCO2- 1/2(ko -

Fig. 1. The doubly-labeled water method is based on the observation that the oxygens in carbon
dioxide are in rapid isotopic equilibrium with those in body water. Thus, after a loading dose of
DZ

18O, deuterium is eliminated as water and 18O is eliminated as water and carbon dioxide. The
difference between the elimination rates is proportional to energy expenditure.
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lifson and coworkers continued to refine the doubly-labeled water method and validate it in animal
models. The findings from those studies were summarized in an extensive review published in 1966 in
which the theory and assumptions of the doubly-labeled water method were presented in detail along
with the validations performed [5].

At that time the method began to be used extensively in comparative zoology. Numerous investigators
used the method in such diverse populations as locusts, birds, lizards, and small mammals [6,7]. These
studies provided extensive data on the energy needs of animals and for the first time made it possible to
determine energy expenditure in free-living animals. The studies provided invaluable data on the
energy costs of avian migration, comparative energy costs for foraging and sit-and-wait predatory
animals, and energy-efficient coping mechanisms in animate living in highly stressed environments.

Despite the rapid spread of the use of the doubly-labeled water method by zoologists, its use among
investigators of human energy metabolism was very slow to develop. The delay is probably due to the
high cost of 18O-labeled water. Current prices range from $40 to $100/g of isotope, depending on the
enrichment of the water. Most of the zoologists were using single-collector mass spectrometers or proton
activation analysis for measurement of 18O enrichments. These methods had only modest precision and
required initial 18O enrichment of about 1 at.% excess. To attain these enrichments, 18O doses of about
6 g of isotope per kilogram body weight were needed. At this dose, isotope costs for a small animal
weighing less than 1 kg are not unreasonable, but costs would exceed $20,000 for studies in adult
humans.

The economy of large-animal studies including humans, of course can be vastly improved by the use of
differential isotope ratio mass spectrometry for the measurement of isotope enrichments. This possibility
was not missed by Lifson and Nier, and an experiment was begun in the 1960s to validate the method at
low isotope doses and to demonstrate the economic feasibility of the method for human use.
Unfortunately, these studies were never completed because they were predicated on the construction of
a more precise differential isotope ratio mass spectrometer at the University of Minnesota. This
instrument was constructed, but it was never available to perform the isotopic analyses because of
system failures. These efforts, however, led to a theoretical treatment of the probable costs of performing
doubly-labeled water studies in humans based on manufacturer's specifications in 1975 [8]. This analysis
of error suggested that doubly-labeled water studies could be performed using less than $500 of isotope.

Despite the apparent economic feasibility and obvious need for the doubly-labeled water method for
studies in humans, it was another 5 yr before the first human study was reported by our laboratory [9].
This study was actually preceded by a never-reported use of the doubly-labeled water method in
humans. In reality, this first, unreported use was an accident, but it did lead to our discovery of the
previous doubly-labeled water experiments in small animals. We were in the process of validating the
use of 18O-labeled water—not for the measurement of carbon dioxide production, but rather, for the
measurement of total body water by stable isotope dilution. We therefore performed a dual-isotope
experiment in which both deuterium- and 18O-labeled water were administered to human volunteers.
Urine samples were collected frequently throughout the first day and periodically for the next 14 days to
compare the distribution and and elimination kinetics of the two labels. It was only when I was
attempting to understand the differences between the elimination rates of these two labels that I
examined the previous work by Lifson and coworkers and realized the tremendous potential of the
doubly-labeled water method for measuring human energy expenditure. At this point, we embarked on
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a study to validate the method in humans. Doubly-labeled water was administered orally to four
volunteers to yield initial isotopic enrichments of 0.02 and 0.005 at.% excess for 18O and deuterium,
respectively. Urine was collected on the first day and 14 days later for determination of the isotope
elimination rates. Energy expenditure was calculated from the carbon dioxide production rate as
determined by doubly-labeled water and the results were compared against dietary energy intake and
change in body energy stores. The doubly-labeled water method overestimated total energy expenditure
by only 2% with a coefficient of variation of 6%.

Since this first human validation, the use of doubly-labeled water has undergone a veritable explosion.
The method has been validated by numerous investigators under a wide range of conditions, including
normal health, surgical trauma, rapid growth, oral feeding, intravenous feeding, and laboratory and
field conditions [7,10]. The method has been accurate to 1 or 2% with a variation coefficient of variation
of 2 to 9%, depending on the isotope doses and duration of the metabolic period. Within the US alone,
there are now over 20 research groups using the doubly-labeled water in the study of human energy
metabolism. These investigators expect to use approximately 12 000 g of 18O in the form of 10-at.% water
during the 1991 calendar year alone. With an average adult dose of 10 g of 18O and average pediatric
dose of 5 g of 18O, this translates to measuring energy expenditure in approximately 1500 volunteers in
the US alone. Worldwide use of the doubly-labeled water method may be more than twice this amount.
Indeed, even though the method has been used in humans for 8 yr, current efforts by investigators at the
Dunn Nutrition Centre in Cambridge, United Kingdom, to collate a database for all doubly-labeled
studies performed in humans under 19 yr old have identified almost 900 individual measurements of
energy expenditure.

The doubly-labeled water method has proven to be a unique technique for the measurement of energy
expenditure in free-living subjects. It is accurate and reasonably precise. More importantly, it is
noninvasive, nonrestrictive, and not dependent on extensive subject training or compliance. As so often
happens, it grew out of what appeared to be a very isolated study asking a very specific question that
appears unrelated to the measurement of energy expenditure: "What is the source of oxygen in expired
carbon dioxide?" The answer to that question, however, provided a spark that has ignited an explosion
in the field of energy metabolism.
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NEGATIVE-ION MASS SPECTROMETRY OF TECHNETIUM

N. C. Schroeder, D. J. Rokop, and K. Wolfsberg

ABSTRACT

We have developed a method to determine S106 atoms of ^Tc or 97Tc
and 1.7 x 107 atoms of "Tc by negative thermal ionization mass
spectrometry. Interferences from isobaric impurities or hydrocarbons
are equivalent to 5 x 105 atoms of technetium or less. Lanthanum-oxide
ion enhancers in conjunction with Ca(NC>3)2 are added to single, zone-
refined rhenium filaments to achieve ionization efficiencies that are
>2% for the formation of TcOi Full chemistry blanks are 3.9 + 9.6 fg of
"Tc. Three water samples from the Los Alamos' Radionuclide
Migration Experiment satellite well were found to contain 14 to 20 fg
of"Tc/7.

INTRODUCTION

The Isotope and Nuclear Chemistry Division's Geochemistry Group has several experiments that
required the ability to measure low levels of 97Tc, 98Tc, and "Tc. One of these, the Molybdenum-
Technetium Solar Neutrino Experiment, proposes to measure the fluence of high-energy solar neutrinos
over the last several million years [1,2]. The experiment expects 108 atoms of 98Tc to be produced in
10 000 tons of molybdenite ore. However, after collection, separation, and purification, only 105 to 107

atoms of 98Tc would be available for analysis. Coincidentally, a smaller amount of 97Tc could also be
present in this sample. The significance of measuring this isotope is that 40% of the observed ^Tc may
have been generated by neutrinos from stellar collapses [3].

Technetium-99, produced in uranium ores (10 to 60% uranium) from spontaneous fission of 238U and
neutron induced fission of 235U, requires an analytical technique sensitive to 60 to 400 fg of "Tc in 1 g of
ore. The development of an analytical technique for "Tc at this level will allows us to apply it to other
problems: (a) the migration of "Tc from underground nuclear weapons tests [4], (b) a contemporary
concentration of "Tc in rainwater [5], and (c) the analysis of environmental samples to monitor
technetium in the geosphere.

All these experiments require a method to detect 97Tc, 98Tc, and "Tc at picogram levels or lower.
Methods [6] for the mass spectrometry of technetium with positive ions have detection limits of 1 pg
(6 x 109 atoms). The high ionization potential of technetium, 7.3 eV, is the major factor that limits ihe
detection to this level. In addition, isobaric impurities produced by positive-ion methods are so large
that these techniques cannot be used at the low levels required for the neutrino experiment.
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Kastenmayer [7], Heumann et al. [8], and Delmore [9] have shown that negative thermal ionization is a
practical method for performing high-ionization-efficiency mass spectrometry on selected elements,
including technetium. Delmore proved that pertechnetate ions could be formed, and Kastenmayer and
Heumann developed methods for microgram samples—sizes that are still 103 to 106 times larger than
our experiment required. The attraction of negative thermal ionization is that technetium is formed and
measured as the TCO4 ion whereas molybdenum, the isobaric impurity most common and difficult to
remove, is preferentially formed as the MOO3 ion. A disadvantage of this method is that the only
available spikes, 98Tc and 97Tc, form ions with 17O and 18O at the "TcO4 position. This limitation
establishes a measurement limit of a few million atoms of "Tc. However, this is not a serious constraint
for the solar neutrino experiment.

EXPERIMENTAL SECTION

Instrumentation

We use a tandem magnetic mass spectrometer with pulse counting and movable Faraday cage detectors
[10,11] at both the intermediate position (between magnets) and in front of the multiplier. The ion source
is a modified Nier thin-lens source [12] designed for thermal ionization with "Z" axis focusing. The
tandem instrument is necessary to discriminate against large scatter tails of ReOj ions that are produced
by the ionization of the rhenium filaments and by residual hydrocarbons. The ReQj signals are between
10"9 and 10-8 A. Full-peak resolution with a <1% valley is -600.

Reagents

Aqueous solutions are prepared with 18-M£J (Milli-Q) water (Millipore, Bedford, Massachusetts).
Ultrapure NH4OH, HNO3, and HC1 are obtained from Seastar (Sidney, British Columbia, Canada).
Suprapur HI, 56%, is obtained from E. M. Reagents (E. M Science, Cherry Hill, New Jersey). Lanthanum
oxide, 99.999%, and Ca(NO3)2, 99.99%, are obtained from AESAR (Seabrook, New Hampshire). The
particles of the La2C>3 as received are too large to form stable suspensions. Milling the oxide in an agate
wiggle-bug for 10 min produces particles that are <0.2 urn and that form stable suspensions. Two
lanthanum-oxide suspensions are prepared. The first is 166 mg of La2O3 m 10 m ^ °f methanol (Baker,
HPLC grade). The second is 166 mg of La2C>3 in 10 mi oi 5M NH4OH. Suspensions are placed in an
ultrasonic bath several times to disperse clumps, but only briefly to avoid heating the suspensions. The
suspensions have a limited lifetime and must be replaced about once a month.

Chemistry

Reagent, sample, and filament preparations are done in a dass-100 clean-room environment. Reagents
and samples contact only rigorously clean Teflon or quartz glassware. The cleaning procedures are an
adaptation of those described by Zief et al. [13] and include soaking the ware for 24 hr in a nonionic
detergent (Coulter Diagnostics, Hialeah, Florida). This is followed by sequential treatments with 6M HC1
(Baker, reagent grade), aqua regia, 8M HNO3 (Baker, reagent grade), and Milli-Q water. Each treatment
consists of soaking the ware at ~40°C for 24 hr; boiling for 1 hr, and rinsing with Milli-Q water. Cleaned
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ware may be stored in Milli-Q water containing 5 m£ of Seastar nitric acid per 3 £ of water or may be
dried under a heat lamp.

Our mass spectrometric technique is demonstrated with the analysis of four water samples. The
complete technetium chemical separation procedure depends on the nature and size of each sample [14]
and is beyond the scope of this paper. However, the final steps are common to almost all analyses by our
method.

In the following purification procedure, all heatings of samples are done on a Teflon-coated aluminum
block placed on a hot plate. A thermometer inserted into the block is used to measure the temperature.
The partially purified sample is evaporated at 80 to 100°C in a 7-m£ threaded Teflon vial. The residue is
dissolved in 100 \tf of 8M HNO3 and taken to dryness at 80 to 100°C two times. After cooling, 24 \i£ of
HNO3 and 6 \i£ oi HC1 are added, and the vial is tightly capped. Technetium is distilled at 120°C for
approximately 20 min; a beaker of ice water set on top of the lid condenses the distillate. Figure 1 shows
the apparatus used for the distillation procedure. After removing the vial from the hot plate and before
opening the vial, a chunk of dry ice is placed on the lid for 15 min to ensure complete condensation of
the distillate, which contains a very volatile form of technetium—presumably TcO3Cl [15]. The
distillate is collected in the lid with 0.25 m£ of water, 5 pi of HI are added to reduce the technetium, and
the sample is evaporated at 100 to 120°C until the solution takes on a red-brown color. At this point, it
is very important to remember that the sample is very sensitive to conversion of residual I" to t ;
physical losses of sample may occur by rapid conversion. The sample is carefully removed from the
heat and allowed to undergo a conversion in as gentle a manner a& possible. After conversion, the
sample is evaporated at 110 to 120°C, and careful attention is paid to the location where the sample

Ice Water

7 mL Teflon Vial

24X HNO3/6 X HCI

Hot Plate at 120 °C

TcOXI BP = 25 °C

Fig. 1. Apparatus used to distill technetium.
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finally goes to dryness. The sample is finally dissolved in 20 \i£ of 1M NH4OH and is ready for loading
onto a filament for analysis by mass spectrometry. The chemical yields for the steps described in this
paragraph range from 80 to 90%; the variation is due to the amount of residue from which the
technetium is distilled and mechanical losses during the I"-to-l2 conversion.

Standard solutions of "Tc in 1M NH4OH are weighed dilutions of National Bureau of Standards (NBS)
Standard Reference Material (SRM) 4288. The NBS SRM-4288 "Tc standard (November 1982) is a
radioactivity standard. The NBS-measured half-life (based on gravimetric determination of the
technetium mass and liquid-scintillation counting) of (2.111 ± 0.036) x 105 yr agrees with a more recently
evaluated half-life of (2.111 + 0.012) x 105 yr [16]. Thus, the uncertainty introduced in using this standard
for isotope dilution mass spectrometry is no greater than 1.7%. This uncertainty is about a factor of 3 less
than all other errors in the solar-neutrino experiment. If more accuracy is desired, a gravimetrically
prepared standard would be required. These solutions give efficient ionization in the mass spectrometer
and require no further purification.

A 97Tc mass-spectrometric spike was purified from a ^Ru target irradiated with neutrons at the High
Flux Reactor at Oak Ridge, Tennessee. Useful dilutions (-18 pg/g of solution) of this spike in 1M
NH4OH gave poor ionization and required further purification by the method described above. This
solution was calibrated against a dilution of SRM-4288 "Tc standard by isotope dilution mass
spectrometry. Preparation of the calibration samples for mass spectrometry was done by repeating the
purification procedure. A simulated solar neutrino sample with a 98Tc/"Tc weight ratio of 0.98 x lfr6

was prepared by mixing 6.6 \\l of a 97Tc spike solution that contains 298.962 pg of 98Tc/g of solution
with 2005 \i£ of a dilution of SRM-4288 containing 1.006 |ig of "Tc/g of solution. At this dilution, the
impurities in the 97Tc solution do not affect the ionization.

Filament Preparation

Single, flat, zone-refined rhenium ribbon filaments (0.025 by 0.75 by 7.25 mm) are used. They are
degreased with glass-distilled acetone and rinsed with 30% nitric acid before filament construction. The
filaments are placed in a vacuum and degassed with a current of 4.5 A for 2 hr under a potential of 70 V
to fractionally distill contaminants such as molybdenum from the surface. A 5-)i£ aliquot of the well-
shaken l^Os/melhanol suspension is added to the filament in small increments. A set of five filaments
is degassed in a stainless steel unit with all metal seals. The unit is evacuated to <1 x 10* torr, and the
filaments are heated with a current of 1.6 A for 30 min. The application of a potential of 95 V between
each filament and a draw-out plate helps remove impurity ions produced during this step. The filaments
are allowed to cool overnight under vacuum before use. The sintered ha^D^ surface on the filament is
hygroscopic and has a lifetime of 16 to 24 hr in air that has a 50% relative humidity. They can be stored
in a vacuum desiccator for 48 hr before use.

Sample Loading

A filament is loaded by first applying 1 (Ji of 0.0165M Ca(NO3)2 solution in the center of the prepared
filament and letting it air dry. The solution should not wet a properly prepared filament surface (if the
surface does wet, poor ionization efficiency will result). Then a l-\ii aliquot of the initial 20-u^ sample
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solution and 1 \i£ of the agitated 5M NHjOH suspension of La2O3 are added. This mixture is allowed to
air-dry before the filament is inserted into the mass spectrometer ion source. Samples can remain in the
evacuated ion source for 24 hr without reducing ionization efficiency.

Mass Spectrometry

The source chamber is evacuated to ~2 x 10'7 torr in ~30 min using a turbo-molecular pump. Liquid
nitrogen is added to the source cold finger, and the heating pattern given in Table I is used.
Temperatures are set by observing the back or uncoated side of the rhenium ionization filament with
an optical pyrometer. These are observed temperatures uncorrected for filament emissivity or
window transmission. It is difficult to set this final temperature exactly, and some temperature
tuning may be necessary.

RESULTS AND DISCUSSION

Because the TcOj ion is preferentially formed, mass-161, -162, and -163 peaks are monitored for the 97Tc,
98Tc, and "Tc species. At 1045°C, the count rate will hold steady or even decrease for a short time before
rapid signal growth. For a 1-pg technetium load, we have observed maximum intensities between
200 000 and 750 000 counts per second (cps) after 10 to 12 min at 1045°C. The maximum count rate will
persist for several minutes before a slow signal decay begins. During this period, final source focusing is
performed. For a 1-pg load, useful measurement periods with >100 000-cps rates persist for 20 to 30 min.
Figure 2 shows that baseline count rates are 1 to 3 cps and that isobaric impurities at the integral mass
positions are also 1 to 3 cps. Integral mass isobaric species are observed in this mass region at masses
159,161,162,163,164,165, and 167. Because the relative abundances of these peaks are the same as the
natural abundances for molybdenum, we think that these peaks are due to the molecular ion M0Q3F".
Isobaric corrections are based on the measurement of the mass-159 isobar.

The dark current of our counting system is -0.05 cps. The associated hydrocarbon background peaks,
when present, are 0 to 5 cps, but they are completely resolved from the metal oxide peaks at the
integral mass positions.

Table I. Heating Pattern and Count Rate fora 1-pg Technetium Load

Minutes °C TcQi (cps)

0 800 0-30

3 930 0-200

6 1045 100-300

>6 1045 2-7.5 X105
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The TcOi ion is not the only technetium ion formed. The TcO§ ion is also produced at masses 145,146,
and 147. This ion is of less use, however, because the isobaric MoOj ions produced would make large
corrections to the 98TcC£ and 97TcO§ ions necessary.

Memory effects do not appear to be detectable. Consecutive loadings of 1 ng of the "Tc and 1 pg of the
97Tc demonstrated that <0.1 fg (6 x 105 atoms) of "Tc are carried over to the 1-pg 97Tc analysis.

The major variables that affect the efficient production of TcQj ions are the quality of the sintered La2Q3
coating on the filament, the amount of Ca(NO3)2 loaded on the filament, the optimum ionization
temperature, and the purity of the sample. The initial La2O3 coating must be thick and even; it must
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Fig. 2. Mass spectra obtained from 1-pg load of NBS "Tc SRM-4288. Hydrocarbon impurities are not
present.

170



Schroeder

adhere tightly to the filament surface. When the La2O3 coating appears grey (that is, the supporting
rhenium filament is visible through the oxide layer), the ionization effidency drops off by an arbitrary
factor. Because the purpose of the La2O3 layer is to lower the work function of the ionizing surface,
incomplete coverage will result in variable amounts of sample coming in contact with the bare rhenium
surface. Delmore's work [17\ has shown that La2O3 is the most important factor for tire generation of
ReQi ions. The sintering of the La2O3 coating and the preservation of its integrity is essential.

Caldum nitrate added to the sample at loading probably forms caldum pertechnetate. The low vapor
pressure of this compound retains the preformed pertechnetate on the filament at the operating
temperature. However, the amount of Ca(NO3)2 added is critical for achieving the optimum ionization
efficiency. Figure 3 shows count rates produced with 1-ui additions of varying concentrations of
Ca(NO3)2 and for technetium loadings of 1 pg and 1 ng. The maximum count rate for both loadings
occurs at approximately the same concentration. For this reason, we chose a concentration of 0.0165M
C a ^ C ^ 0.6 ug of Ca for our procedure. This is an order of magnitude lower than that used by
Kastenmayer and Heumann [7,8], who developed their technique for technetium at the microgram level
Larger calcium loadings may introduce more impurities that poison technetium's ionization at these
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lower levels. The range of count rates at each concentration is quite large. This variability can probably
be attributed to the quality of the La2Q3 layer and its adhesion to the filament as well as the adhesion of
the sample to the oxide surface.

The optimum temperature should not be exceeded because rapid volatilization and lower ionization
efficiency result. In addition, the ion intensity falls off much more rapidly with time, making isotope
ratio measurements difficult.

Purified 97Tc displays a strong and dominant TcO& signal relative to that of TcOg; the TcQi/TcOS ratio
ranges between 8/1 and 20/1. We presume that residual organic material in the unpurified spike
reduces technetium during the analysis, which results in these samples having a dominant, although
low-intensity, TcO^ ion signal. The distillation purification procedure described above is the only
method we have found that consistently produces a clean sample for this mass spectrometry technique.
It should be emphasized that only 1 yd of the 20 \il of purified sample is loaded for analysis. We have
had limited success running more concentrated samples (that is, using only 5 or 10 \x£ of 1M NH4OH
instead of 20 [ii to dissolve the sample after drying down with HI). This may indicate that there are still
residual impurities present that can "poison" the TcQj signal when their absolute amount becomes too
great. Dilution of the sample to 40 |Ji has, at times, improved the intensity of a poorly prepared sample.
Obviously, diluting the sample has limited utility for low-level samples.

Our 97Tc mass spectrometric spike, which has a concentration of about 18 pg of 97Tt/g of solution,
contains a significant amount of 98Tc and a small amount of "Tc. Quantitative work to determine "Tc
in samples requires that the 163/161 ratio of this spike be accurately known. Table II shows the
measurement of this ratio and the 162/161 ratio over the last 3 yr. Sample loads for this work were

Table II. Isotopic Analyses of 97Tc Spike (1989-1991)

Year

1989

1990

1991

1991

Ave. ±1o

Oxide corrected13

163/161a

0.01572

0.01553

0.01572

0.01584

0.01570 ±0.00016

0.00718 + 0.00016

a Measured ratios,
b Oxide corrections based on Ref. 18 (atom % 0 : 1 6 O = 99.762;

162/161a

0.3400

0.3384

0.3422

0.3412

0.3405 ±0.0020

0.3389 ±0.00016

17O = 0.038; 18O = 0.200).
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0.89 pg or 5.4 x 109 atoms of 97Tc. The average 163/161 ratio, 0.01570, has a relative standard deviation
of 1%. A 50% correction for the molecular ion oxides, 97Tc16O3

18O-, 97Tc16O2
170$, and 98Tc16O3

17O-, at
mass 163, yields the oxide-corrected 163/161 ratio, 0.00718 ± 0.00016. This sets a l o instrument
detection limit, at this filament loading, of 2.8 fg or 1.7 x 107 atoms of "Tc. Because a difference is
calculated between a measured analyte 163/161 ratio and the spikes 163/161 ratio in the isotope
dilution equation, the uncertainty in the analysis of a real sample within lo of the 97Tc spike value will
be ~140%. The limit of detection may be more realistically set by the average "Tc blank value. Before
1991, the average blank was in excess of 500 fg. Extensive analyses of reagents and ambient air samples
indicate that the latter make the most contribution to this blank. With the aid of new standard
chemistry laboratories and clean rooms, our average blank has dropped to 3.9 ± 9.6 fg or 2.3 x 107 atoms
of "Tc. A conservative detection limit, defined as +3a of this value, is 33 fg or 2.0 x 108 atoms. These
relationships are summarized in Fig. 4.

The 97Tc spike concentration was measured by preparing five mixtures with NBS "Tc SRM-4288. The
prepared 99/97 mass ratio was varied by a factor greater than 100 to test linearity in this sample size
range (see Table HI). Approximately 1 pg of total technetium was loaded per analysis. The results show
that good linearity and precision of measurement for this sample size and that isotopic equilibration has
been established. The error stated is on an individual measurement. From the 97Tc concentration in Table
HI and the oxide-corrected 163/161 ratio, the "Tc concentration in the 97Tc spike is 7.8 x 108 atoms of
"Tc/g of solution.

The sensitivity for "Tc is shown in Fig. 5. The result was obtained by analyzing mixes of 97Tc, at 18 pg
97Tc/g of solution with 1,3, and 15 pg of "Tc. Extrapolation of the line should theoretically intersect flie
y-axis at the 163/161 ratio of the pure 97Tc spike, 0.01570. The observed intercept, 0.01680, corresponds
to 18 fg, which lies within the 3a error range of the average blank detection limit.

Absolute Instrument
Detection Limit

4.3 x 10 5 atoms

1c Instrument
Detection Limit

1.7 x 10 atoms
(2.8 fg)

Average Blank

2.3x10 atoms
(3.9 fg)

Detection Limit
8

2.0x10 atoms
(33 fg)

10 10 10 10 10

99Tc Atoms

Fig. 4. The "Tc measurements by mass spectrometry.
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Table III. The 97Tc Spike Calibration with NBS " T c

Prepared Mix

Wt. 97Tc
Spike

Solution (g)

Wt. " T c
Standard

Added (pg)

SRM-4288

Measured

99/97a

(Oxide-Corrected)

Calculated

97Tc in Spike

(pg/g)

0.08411
0.29224
1.00821
1.06891
0.96116

15.411
15.824
15.387
3.9212
1.3325

10.22
2.992
0.8414
0.2124
0.08464

Average

17.96
18.14
18.30
17.89
17.93

18.04 ±C

1 Weight ratio of the mix (wt % 97Tc spike: 97Tc = 74.111; 98Tc = 25.346; 99Tc = 0.543).
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The 1-ng loads of simulated solar-neutrino mixture were measured eight times to obtain an average
162/163 weight ratio of 1.129 + 0.024 x lOr6. The measurement precision, + 2.4%, looked very good, but
the measured value differed from the prepared value of 0.98 x 10"6 by 15%. After looking for and not
finding a hitherto-undetected isobaric interference at the mass-position 162, we decided to look more
closely at NBS SRM-4288 "To When four 1-ng samples were loaded and carefully examined (see Fig. 6),
an average 162/163 weight ratio of 1.27 x 10'7 was measured. Because no other peaks were observed in
the spectra and because the ratio was constant with time, temperature, and repeated loadings, we now
assume 98Tc is present in the NBS SRM-4288 "Tc. The 9 Tc may be present from its independent
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formation in fission or from reactions such as "Tc(n,2n)98Tc. When this correction is applied to the
measured ratio for the simulated solar neutrino mixture, it becomes 1.002 x 10'6, within 2% of the
prepared value. Thus the 6 x 106 atoms of 98Tc, loaded on the filament, were measured to ± 2.4%. As can
be seen in Fig. 6, 97Tc is easier to measure due to both the absence of isobaric interferences and the
greater displacement from the scatter tail of the large "Tc peak.

The proof of any analytical technique is in its application to real samples. The Radionuclide Migration
Experiment (RNM) measures the movement of radionuclides from the site of an underground nuclear
explosion [4]. The Cambric test was detonated in 1965 at the Nevada Test Site (Fig. 7). In 1974, a satellite

s ^ A =—'
S /^RNM-ZS

MIGRATION
3H

36C ,
85 K r

"Tc
129|
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PUMP
316 IW

340 M
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Fig. 7. Radtonuclids Migration Experiment. RNM-1 Is the well drilled into the original cavity of the
Cambric test. RNM-2S is the satellite well that pumps water 91 m from the Cambric cavity.
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well was drilled 91 m from the original test cavity. Pumping water from this well establishes an artificial
gradient between the cavity and the satellite well. Figure 8 shows the concentration of 3H and ^ 1 in (he
satellite well water. The concentrations of these nuclides at the peak maxima are -1000 lower than their
concentrations in the test cavity before the start of pumping. We have analyzed three samples from the
satellite well for technetium and the results are shown in Table IV. The "Tc concentration in the satellite
well is -1000 times less than in the cavity water. This is similar to the dilution factor for 3H and 36C1. The
significance of the technetium analyses of the RNM Experiment will be described in another paper [20].

The power of the mass spectrometric technique over P-counting is also illustrated in Table IV. Counting
techniques were only able to set an upper limit of <54 pg/€ for the cavity water, whereas our technique
was able to make a definite measurement not only for this water but for the more dilute satellite water
samples. In addition, our sample size for the cavity water was only 1 £ and the counting technique
required 50 L. The three satellite water samples were obtained as residues, -80 g each, from the
evaporation of 55 gal. of the water [21]; 2 to 6% of the residues were taken for analysis. Each sample and
a 1-g blank of 99.995% SiO2 (Aldrich) were ashed at 440°C to remove organic material before chemical
purification. Samples 1 and 3 and a SiO2 blank were also processed un-ashed. The un-ashed samples
gave values 10 to 20% lower than those of the ashed samples. Such an effect could be caused by
incomplete dissolution of organic material in the un-ashed samples during microwave digestion.
Entrained technetium would therefore not have been released from the sample matrix and therefore
would not have been lost during subsequent separation steps.
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CONCLUSIONS

Samples of technetium ranging from 1 ng to less than 1 fg (6 x 106 atoms) can be successfully analyzed
with ionization efficiencies of >2% with negative thermal ionization. Our method gives measurement
limits for the three long-lived technetium isotopes 97Tc, 98Tc, and "Tc that are in the few-million to
20 x 106 atom range. Such sensitivity should greatly simplify "Tc determinations in a variety of
environmental studies because the sample size requirement may be reduced to as low as a few grams.
Such studies include detecting and following the movement of anthropogenically produced "Tc
contaminants in the environment and studying the migration of "Tc produced by natural processes in
and around uranium-ore deposits. Although these applications are critical for current environmental
and nuclear waste storage considerations, future applications of the method discussed above may be
even more important. The TcOjion has a number of properties that make it useful as a future monitor
of nuclear waste repositories: a high abundance in fission-product wastes, a long half-life, and a high
mobility in oxidizing environments in many geologic media. Its presence in monitoring wells would
indicate an early or unexpected release from the repository and its absence would give confidence to
successful performance of the repository.
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Table IV. Technetium Concentrations in RNM Waters

Sample

a Reference 19.

cavity

cavity

1

2

3

13.4 (NTIMS)a

<54 (fi-counting)a

0.0139 ±0.0013

0.0204 ±0.0010

0.0167 ±0.0027
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CLOSED SYSTEM STEPPED ETCHING;
AN ALTERNATIVE TO STEPPED HEATING

P. Signer, H. Baur, and R. Wieler

ABSTRACT

The closed system stepped etching (CSSE) technique for on-line
analyses of noble gases from selectively etched phases is described. As
an alternative to stepped pyrolysis or stepped combustion, CSSE has
the advantage that no high temperatures are involved in the gas
extraction process and so no thermal effects occur during the
experiment. In favorable cases, noble gas components can be separated
from each other and analyzed in a way not achieved by other
techniques. Two CSSE extraction lines are described and the results of
two applications are summarized. First, depth-profiling of implanted
solar noble gases in mineral separates from lunar soils revealed the
presence of a distinct component in the solar corpuscular radiation that
is implanted with higher energies than the solar wind is. Second, the
direct determination of the "planetary" noble gases in their elusive
carrier "Q" was possible by closed system oxidation of HF/HC1-
resistant residues from carbonaceous meteorites by using HNO3.
Further potential CSSE applications like methodological ^Ar-^Ar
dating studies are briefly discussed.

INTRODUCTTON

During the last half century, the steady progress of mass spectrometry has been strongly influenced by
Alfred O. Nier. With his numerous methodical and instrumental developments, he has contributed
probably more than anybody else to the continuous expansion in the number and scope of the scientific
applications of mass spectrometers. To fully exploit the ever-more-sophisticated instrumentation,
specific treatments of the samples before the actual mass spectrometric analyses have been continuously
developed to address new problems from many different disciplines.

One such treatment is the stepped heating of rock or mineral samples for geochronological purposes by
the 39Ar-40Ar method, as pioneered by Merrihue and Turner [1]. The basic idea is to detect possible losses
of radiogenic ^Ar from the mineral grains by probing the depth distribution of the naturally-produced
^Ar and the reactor-produced 39Ar, the latter being a measure of the potassium concentration. Ideally, the
gases observed in consecutive steps, lasting a given time at progressively higher temperatures, originate
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from deeper and deeper sites within the grains. Because diffusional losses of ^Ar may have affected only
the outer grain layers, the ^Ar-^Ar ratio in high-temperature steps could still reflect the true age of the
sample. Although the initial concept of simple volume diffusion cannot be upheld rigorously, stepped
heating has become a standard and fruitful mode of K/Ar age determination [2].

Stepped heating is also applied in other domains that require separation of different gas components
that may be located at different depths in the samples or may reside in different phases of a
mineralogically complex host. Such applications are, for example, tine I-Xe age determinations [3,4] or
investigations of carbon, nitrogen, and oxygen isotopic compositions in lunar and meteoritic samples
[5-7]. An interesting variant of stepped pyrolysis in vacuum is the stepped combustion in the presence
of a frw torrs of oxygen [8,9].

Depth profiles of solar helium in lunar samples have also been explored by the so-called "gas ion probe",
where a primary ion beam sputters the surface of a grain, thereby releasing more and more deeply sited
noble gases [10]. The spatial distributions of ^Ar and 39Ar in large crystals can now also be studied
directly with a laser extraction technique [11].

Another technique to separate gas components sited in different phases or at different depths in grains is
etching of the sample before the mass spectrometric gas analyses. For more than 15 yr, primordial noble
gases in meteorites have been studied mainly in acid-resistant carbonaceous phases obtained as residues
after dissolution of the meteorite by HF and HC1 [12-14].

Our first etching study to probe the depth distribution of solar-wind-implanted gases dates back more
than 10 yr. This study was motivated by observations of substantial elemental fractionation among
helium, neon, and argon during linear heating experiments [15]. We anticipated that etching of the
grains would allow us to probe the depth distribution of the implanted gases undisturbed by the
extraction process itself. Samples were etched off-line and the gases remaining in the samples were
analyzed by total fusion. This experiment revealed that much more information could be obtained by
stepped etching of samples in vacuum with subsequent on-line analyses of the gases released in each
etching step. In this paper, we briefly present this dosed system stepped etching (CSSE) technique and
summarize results of some applications. Where possible, etching and heating results are compared.

DIFFERENT MODES OF ETCHING

Off-Line Etching of Aliquot Samples

For the first off-line etching study to probe the depth profiles of helium, neon, and argon implanted by the
solar wind, a grain-size suite of plagioclase separates from lunar highland soil 61501 was etched by diluted
HF; each grain size was etched for a different duration [16,17]. The noble gases in all etched samples and an
unetched aliquot of each grain-size fraction were determined by total extraction at 1800°C. The study
confirmed that the progressive etching indeed removed increasing amounts of implanted gases with
increasing etching times. Very surprisingly, we found solar noble gases in the grains down to nominal
etching depths of =30 urn, much larger than than the few hundred angstroms anticipated for implanted
solar wind (SW) ions. Furthermore, neither element nor isotopic abundance? in the various samples could
be explained by any reasonable assumptions about simple volume diffusion [16].
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The neon data are shown in Fig. 1. The datapoints from the unetched samples all cluster in the small
region shown also on an enlarged scale. Surprisingly, the extrapolation of this data array (correlation
coefficient R2 = 0.91) leads neither to solar neon as determined in the solar wind composition (SWC)
experiment [18], nor, on the other side, to galactic cosmic ray produced neon (GCR-Ne). This speaks
against a simple mixing of various fractions of a single well-defined solar neon endmember with a
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data for samples etched to different degrees. The size of the symbols indicates the grain size of the
sieve fractions; the smallest was 25 to42\im and the largest 200 to 300 p.m. Neon in the present-
day SWC [18] and satellite measurements of neon in solar flares (SF,,,) ate also shown. The best-fit
line through the unetched samples (dashed line) cannot be interpreted as mixing line because
neither the left nor the right side extrapolation passes through data points of known neon
compositions. The best-fit line through the data from all etched samples (line "p") passes close to
the data point GCR ofcosmogenio neon in a ptagioclase sample from rock 76535 [19]. On the left
side, the path of mass fractionation of SWC-Ne intersects line "p" at a ̂ Ne^Ne ratio of-11.3. Such
a neon component has not been known before. This 11.3-Ne we call later "SEP-Ne."
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compositionally unique cosmogenic neon. Most surprising is the linear array of the datapoints of the
etched samples. Notably, all samples, even those from which a layer of nominally 30 um was removed,
still contain some solar neon, showing the large depth to which these gases are now distributed. For a
given size fraction, the stronger an aliquot was etched, the closer its datapoint falls towards GCR-Ne, as
expected. In contrast to the data array of the unetched samples, the datapoints of the etched sample suite
correlate very well (R2 = 0.999), and the best-fit line passes close to the GCR point. This strongly indicates
a mixture of two isotopically distinct components, one being GCR-Ne as measured in plagioclase from a
lunar rock [19]. Extrapolating this line back to a 21Ne/22Ne ratio of approximately 0.03, which is
common to most trapped compositions, Etique et al. [17] concluded that the left-hand endmember of this
correlation line represents implanted solar flare neon with 20Ne/22Ne = 11.3 (or somewhat lower in the
unlikely case that inward migrated SW had been mixed to the solar flare neon in constant proportions in
all samples). A neon component assumed to stem from solar flare particles had already been deduced by
Black [20] from stepped heating experiments on solar-gas-rich meteorites and lunar soils; he derived for
this so-called Ne-C a 20Ne/22Ne ratio of 10.6 ± 0.3. The nearly perfect mixing line found by Etique et al.
[17] strongly supported Black's interpretation and yielded an improved 20Ne/nNe ratio for this second
solar neon component. It became clear that the solar gases implanted in extraterrestrial samples were
more complex than hitherto assumed; it also turned out, however, that the best way to carry out etching
experiments was to measure the gases released by etching and not those retained in the etched sample.
Only in this way would it become possible to deduce reliable values for the isotopic and particularly the
elemental ratios of the gases removed in each etching step. Thus, an old method—CSSE—had to be
revived, a method that had been pioneered 20 yr earlier by Vilcsek and Wanke [21].

THE CSSE WITH HNO3

Apparatus and Procedure

The CSSE method poses a formidable problem with regard to the purification of the noble gases to be
analyzed. Depending on the acid temperature, the total vapor pressure in the reaction vessel is around
10 to several hundred Torr, to which the noble gases contribute only a few parts in 106 to 1010. The very
large amounts of nonnoble gases have to be removed before analysis in such a way as not to loose any
noble gases. Our first CSSE extraction line (see Fig. 2; [22]) was designed to study lunar plagioclase
separates by using 16M HNO3 as the etching agent. It consists mainly of supremax/1720 glass, which
has a lower diffusivity for helium and neon than pyrex does. Valves A and B are commercial pyrex
valves with teflon stopcocks. They are operated in an outer vacuum of about 10*2 torr to reduce the rate
at which air leaks through the stopcocks into the system. The HNO3 has previously been purified from
atmospheric noble gases on a separate vacuum line by repeated distillation in a statically operated vessel
and subsequent pumping of the gas phase. During pump-off, the nitric acid is held at about -20°C to
reduce its vapor pressure. Before a run, the teflon stopcocks and the CaO acting as first gas purification
agent are thoroughly degassed for about 2 weeks (teflon at 100°C, CaO at 300°C). The CaO has to be
replaced after each run to prevent a new sample from being pre-etched during baking by traces of acid
inherited from the CaO of the previous run.

Immediately after the break-off has been opened, any residual air in the acid ampule is pumped off,
while the acid is kept at -15°C. After 1 min, the actual etching of the sample starts, first by exposing it to
HNO3 vapor at room temperature. Later, the acid is distilled onto the sample and is allowed to etch it at
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volume b

Pyrex X t V j X Pyrex

diffusion
pump

to getters sample HNO3
and MS reservoirs

Fig. 2. Schematic of the apparatus for
extraction of noble gases by
CSSE with HNO3. The acid is
pmdegassed in an auxiliary
vacuum line. Acid-exposed
parts consist of "Supremax-
glass" (equivalent to 1720
glass) except for the stopcock
valves A and B (Pyrex and
teflon stopcocks). To reduce
gas leakage from outside
through the stopcocks, the
valves are housed in evacuated
chambers. Gases are first
purified on CaO, which
efficiently removes acid and
water vapor. After that gases
are further cleaned on several
ZrTi and ZrAI getters before
separation and mass
spectrometrtc analyses.

temperatures increasing from 25 to about 90°C. The glass tube above the sample is cooled to
immediately recondense the boiled-off HNO3. The etching speed is controlled by several parameters,
namely the method of etching (either by vapor or fluid acid) the acid temperature, the sample
temperature, and the amount of acid.

Step durations typically last between 1 hr and several days. At the end of each step, sample and add
fingers are cooled to -15°C to reduce acid vapor pressure as well as etching speed. Sample gases are
processed by expanding them first from volume a to volume b containing the CaO. Volume b is about
seven times larger than sample storage volume a. The CaO acts as an effective sink for acid and water
vapor. During transfer, the vapor pressure in the sample volume is still high enough to warrant viscous
flow through valve A, causing a nearly unfractionated transfer of the noble gases. Less than 2% of the
gases from this step are retained in the volume after transfer and are thus added to the next step. Further
purification is accomplished by a set of ZrTi and ZrAI getters. After a final purity check by a 5-s
exposure to an ion gauge, first helium and neon and later argon are analyzed in our venerable Nier-type
mass spectrometers, which were built under the guidance of Al and Buddy Thorness some 25 yr ago in a
small mechanics shop in Minneapolis.
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Example of CSSE Results with HNO3

Figure 3 shows the neon data of two plagioclase separates of lunar soil 65511 studied by CSSE [22,23].
Each step in etching displays strictly decreasing 20Ne/22Ne ratios. The dashed line "p" is the best-fit line
from Fig. 1. The main difference between the data patterns in Fig. 3 and Fig. 1 is seen in the first few
etching steps. In Fig. 3 they have distinctly higher 29Ne/22Ne ratios than the points from total fusion of
aliquots or the unetched samples in Fig. 1. Steps 1 of both CSSE runs plot rather close to the SWC value.
This shows unambiguously that in lunar plagioclase a neon component is present with a 20Ne/22Ne
ratio closer to that deduced for present-day SW by the SWC-experiment than that revealed by total
fusion experiments. The similar positions of the best-fit lines in Fig. 1 and Fig. 3 obtained from samples
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Fig. 3. Neon three-isotope correlation diagram analogous to Fig. 1, showing CSSE data of two differently
prepared plagioclase samples from lunar highland soil 65511. The data points of the first two steps
of both samples plot above the values observed in total fusions (TEx) of an aliquot sample. Later,
steps again form linear arrays close to the line "p" deduced in Fig. 1. The points labeled "res."
correspond to the neon left in the residues at the end of the CSSE analyses. The sums of all CSSE
steps and the residuals are indicated by?..
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from different soils analyzed by two different methods emphasize that the etching indeed reveals an
intrinsic property of the implanted solar gases rather than an experimental artifact.

Thus, the results from both off-line etching and CSSE implied to us that lunar soils contain, besides SW-
Ne, a second trapped neon component with ^Ne/^Ne = 11.3. A decreasing concentration of 11.3-Ne
with increasing depth can readily explain the data pattern, which strongly suggested an implanted
component. Because the depth of up to 30 um is much larger than the few-hundred-angstrom
implantation depth of SW-ions, an association of 11.3-Ne with solar flares was appealing, the more so
because neon in present-day solar flares had been shown to be isotopically heavier than. SW-Ne, with
20Ne/22Ne ranging between 7.7 and 9.2 [24,25]. However, the amounts of 11.3-Ne relative to SW-Ne in
the plagioclase samples are several orders too high to be attributed to solar flare neon. Wieler et al. [22]
postulated therefore that 11.3-Ne represents a component emitted by the sun with energies in between
those of SW-ions (=1 keV/amu) and SF-ions (=10 MeV/amu). They named 11.3-Ne "SEP-Ne" for "solar
energetic particles." Solar particles in the energy range postulated for SEP-Ne have not been searched by
satellite-borne instruments up to now.

An alternative view on the origin of 11.3-Ne was expressed by Frick et al. [26] and Becker and Pepin [27].
Using stepped combustion/pyrolysis of various lunar bulk samples and mineral separates, these
workers postulated two reservoirs of trapped solar gases. At low temperatures, recently implanted,
essentially unfractionated SW is released, whereas higher extraction temperatures liberate inwardly
migrated, diffusively altered SW that was trapped in earlier times. This latter component corresponds to
11.3-Ne observed in CSSE experiments. The alternative interpretation circumvents the apparent problem
of the large relative abundance of 11.3-Ne. However, very large losses of SW-Ne would be required to
shift the 20Ne/22Ne ratio by diffusion from the SW value of 13.7 to 11.3, if such a strong fractionation is
possible at all. Such large losses would in turn require SW fluxes, which persisted up to the recent past
and were very much larger than the present SW. To explore merits and flaws of the two alternative
explanations, we decided to study lunar ilmenites. This mineral is much less prone to diffusive losses of
implanted gases than plagioclase is and therefore was also investigated in the stepped
combustion/pyrolysis experiments mentioned above. On-line etching of ilmenite required the
construction of a CSSE line allowing use of HF.

THE CSSE WITH HF

Apparatus and Procedure

Gold and platinum are among the few substances resistant to hydrofluoric acid and suitable to be used
in an UHV device. We thus developed a CSSE extraction line whose parts that are exposed to HF or
other adds consist exclusively of these two noble metals [28]. The line is depicted in Fig. 4. A modular
design was chosen and all units are bakable. Tubes consist of 99.99% pure gold of 3-mm i.d. and 0.5-mm
wall thickness; gold washers welded to their ends act as flanges. In between two of these flanges, a
platinum washer (99.99%) is inserted to prevent cold welding. (Fig. 5A). The flanges are tightened as
shown in the figure, and the degree of tightening is controlled by a spacer ring. By using consecutively
thinner spacers, flanges can be tightened about a dozen times. Then, new gold rings must be welded
onto the tube. Adjustable mountings account for the shortening of a given unit that results from the
renewal of flanges and spacer rings. The upper membrane of the valves (Fig. 5B) consists of 0.3-mm
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platinum and the lower disk is 0.5-mm gold, again to prevent cold welding in the ridge seal. Volumes of
sample and acid fingers are about 1.5 cm3 each.

The line incorporates 160 g of gold and 30 g of platinum. Because these metals can be resold, the costs of
this apparently exclusive extraction line are not substantially higher than for thermal gas extraction and
purification devices. It is more economic to use pure noble metals instead of gold-plated stainless steel
vessels becav.se the former can be recycled.

In contrast to the glass-line, the etching agent is pre-degassed in the gold-platinum apparatus itself by
repeated distillation between the two acid fingers and subsequent pumping with an auxiliary mercury
diffusion pump. This pump is protected from being swamped by acid by a stainless steel cold-trap at
liquid nitrogen temperature. The sample storage volume is bypassed by an auxiliary line (not shown in
Fig. 4), to permit blank analysis of the acid and leak detection before etching. The etching speed is
controlled as described above for the glass-line. Because HF etches much faster than HNO3, starting
steps typically last some 10 min only at a vapor pressure obtained by cooling the acid to around 0°C.
After this time, the etching is inhibited by cooling the acid to -70°C to allow processing and analysis of
the noble gases of the step. Subsequent steps are carried out at steadily increasing temperature and
etching time. Finally, the acid is distilled onto the sample. When sample gas is expanded to fee cleaning
line and mass spectrometers, the U-shaped tube is also cooled to -70°C to freeze out HF as efficiently as
possible, preventing interferences on mass 20. No trapping of helium, neon, or argon in the frozen HF
has been observed.

to CaO,
further
getters,
and MS

to auxiliary
pump

stainless
steel

r*-
Acid exposed to Au and Pt only

Fig. 4. Schematic of the bakable and HF-resistant CSSE line. Acids are exclusively in contact with gold
and platinum. Two acid reservoirs are provided for on-line degassing via an auxiliary pump.
Samples of up to several hundred milligrams can be loaded. Details of the valves and flanges are
given in Fig. 5. The overall dimension of the gold-platinum line is -40 cm.
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spacer sealing—ridge

Pt—washer
(to prevent
cold—welding)

Au-washer
(welded to
Au—tubing)

Au—tubing

Fig. 5. A; Schematic of the stainless steel
clamps to flange gold tubing. A gold
washer is welded to each end of the gold
tubing to serve as flange and gasket To
prevent cold-welding, a platinum washer
is placed in between the two gold
flanges. The seal is achieved by a
circular ridge. To reproduce the
tightening, a brass ring of proper
thickness is placed between the steel
flanges. If a flange has to be opened,
another ring, thinner by 0.08 mm, will be
inserted for the next tightening, so a
flange can be used up to-12 times. The
outer diameter of the flange is 2.8 cm;
the gold tubes have an outer diameter of
4 mm.

Fig. 5. B: Schematic of the HF-resistant UHV
valves. A bolt driven by a nut on a
thread forces the platinum membrane
against the gold membrane by means of
a circular valve closing ridge and thus
separates the left side tubing from the
right side one. To open the valve
against atmospheric pressure, the
platinum membrane is putted up by a
little flap. As in the flange above, cold-
welding underpressure is prevented by
pressing platinum onto gold. The outer
diameter of the valve is S cm; the outer
diameter of the gold disk and platinum
membrane is 2.8 cm.

top—plate, with
valve action
(stainless steel)

Pt—membrane/^
(with flap for /
forced opening) /

clamping flanges
(stainless steel)

Au—tubing Au—disk
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Blank values in this line are approximately (in 10"10 cm3 STP/day): 4He: 3, 20Ne: 0.35; and ^Ar: 8.
Therefore, the long gas accumulation times necessary in many steps do not lead to excessively high
blanks. In fact, the argon blank stated above is lower than that achieved in our lab for a conventional
15-min total extraction at 1800°C

Example of CSSE Results with HF

Figure 6 shows the neon data of an ilmenite separate from lunar breccia 79035 [28], The data pattern is
basically similar to those observed in CSSE analyses of plagioclase, with some interesting differences
that are discussed later.

Intricacies of CSSE

The goal of this report is to show the ability of CSSE to selectively extract and analyze specific noble gas
components from a sample or to probe the spatial distribution of its noble godes. These capabilities have
established CSSE as a method to be considered among others when faced with the problem of isolating
one noble gas component from others in a given sample. Besides its advantages, the method also has its
problems, which are discussed in this section. Briefly, a CSSE run is very time consuming, and
aggressive acids are not substances one particularly likss in an UHV system.

Thus far, our CSSE runs have lasted between 2 weeks and 2 months—much longer than stepped
pyrolysis extractions, which may be performed in 1 or 2 days. The long run times alone will, for some
time, prevent CSSE from becoming a method for routine analyses: 1 to 2 weeks must be spent to degas
CaO and—in the glass line—the teflon in the valves. Because only one sample at a time can be loaded,
this pre-degassing time cannot be shared—as in stepped pyrolysis—among several samples. Runs with
HF usually are less time consuming than HNO3 analyses. The HF requires, however, a particularly
careful selection of etching conditions, which must be explored for each mineral species separately.
There were "runs" that effectively consisted of a single step releasing 100% of the sample gas because the
operator lost his patience and raised the acid temperature too much after prior steps had delivered
essentially no gas.

Usually, the noble gas clean-up is performed very efficiently, so that backgrounds in the spectrometers
at mass positions 2,14,16 (HNO3) and 19, 20 (HF) are comparable to within a factor of 2 to values in
standard analyses. Monitoring the essential background mass positions ensures that no unrecognized
interferences on the noble gas peaks occur. Sometimes, however, acid and water vapor swamp the gas
cleaning system as a result of the boiling retardation when the gases of a step are expanded. In the glass-
line, this incident can be visually controlled, whereas in the noble-metal line one has to rely on the
pressure reading on the ion gauge before gas admission to the spectrometer. From bom lines, gases need
to be pumped off without analysis if such an accident occurs.

Care also has to be taken not to lose any noble gases in the cleaning procedure; for example, by
adsorption, burial, or solution in CaO or the liquid or frozen acid. Extensive tests have shown that less
than 1% of the noble gases He-Xe is lost in HNO3 runs, at least at the relatively high gas levels studied
so far (B2Xe > l(r10 cm3 STP). The same is true for helium, neon, and argon in the HF runs, even when the
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HF is frozen at -70°C to keep the background at mass 20 as low as possible. No krypton and xenon
analyses in HF runs have been performed yet.

Blanks must also be checked carefully. It is well known that in pyrolysis extractions a "hot blank" of the
empty furnace may be considerably lower than the blank gas amounts actually liberated when a sample
is vaporized. Similarly, "dry blanks" from a CSSE line may be lower than "wet blanks" in the presence
of acid. Because a wet blank determination lasts a few weeks also, they are not made as frequently as
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Fig. 6. Isotopic composition of neon in an ilmenite separate (125 to 175 pm) from lunar breccia 79035 as
obtained by CSSE with HF. Neon released in the first steps has a composition essentially identical
to that of present-day SW-Ne [18], as can also be seen from Fig. 8. Evidently, diffusion in ilmenites
is sufficiently low to retain at least a fraction of the implanted SW-Ne isotopfcally unaltered. The
relatively high retentivity of ilmenite for SW gases causes SW-Ne to mask SEP-Ne more efficiently
than in the ieakypiagioclase. Therefore, and also because GCR-Ne in ilmenites has a different
composition than that in plagioclase, only few data points fall on the "pJine." The increase of
MNe/BNe towaids the end of the CSSE sequence is attributed to ilmenites that are chemically more
resistant than those etched first
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desirable, particularly not in the glass line, where an acid ampule has to be spent just for a blank run
alone. Instead, blanks are estimated at the end of a run, when essentially all gas from the etchable phases
has been released. We recognize that supremax glass loses part of its resistivity against hot HNO3 after
extended use, which causes considerably higher blanks. This is one reason we now prefer the noble
metal line also for runs with HNO3 because of its much improved blank control. As stated above, this
line yields blanks comparable to or lower than a high-temperature crucible, even if gases are
accumulated for several days.

Usually, the noble metal line is as vacuum-tight as one may wish, and the valves can be operated many
hundred times without punching holes into the platinum membrane along the sealing ridge. Sometimes,
however, Murphy visits our lab, and then leaks through flange connections can be as common as they
may have been at times when Al Nier was young, before the invention of metal gaskets.

DISCUSSION

In the following, we briefly discuss the scientific relevance of some of the CSSE studies carried out so far
to illustrate the potential of the method. We summarize the data on solar noble gases in mineral
separates from lunar soils and compare the data obtained by CSSE and stepped combustion/pyrolysis
from the most noble-gas-retentive lunar material, ilmenite. More details of this comparison can be found
in Kerridge et al. [29]. Finally, we present an overview of a CSSE analysis of planetary noble gases in
primitive meteorites.

Solar Gases in Lunar Soils and Gas-Rich Meteorites

The off-line etching of a lunar plagioclase sample had yielded rather unexpected results, which led us to
develop CSSE. The data acquired by this method increasingly support the early notion that a second
component of solar noble gases, termed SEP, exists in lunar soils. The most pertinent observations are
given below.

(1) In plagioclase, SEP gases dominate after the first few steps and then gradually give way to
the cosmogenic component. This proves, as already deduced from the off-line etching, that
the SEP gases reside at larger depths than the SW gases. In turn, this suggests that they are
implanted at higher energies, maybe in the million electron volt/nucleon range. The SEP-
Ne is less clearly separated from SW-Ne in ilmenite than it is in plagioclase; only few
datapoints fall close to the tie-line SEP-GCR (for example, Fig. 6). The comparatively high
retentivity of ilmenite for SW gases causes SW-Ne to mask SEP-Ne more efficiently than in
the SW-leaky plagioclase.

(2) Lunar pyroxene and ilmenite revealed that SEP-Ne is accompanied by SEP-He and SEP-
Ar, both of which are also isotopically heavier than the respective SW gases.

(3) SEP-gases are also found in solar-gas-rich meteorites [30,31]. Furthermore, Nier et al.
[32^3 and this proceedings] and Amari and Ozima [34] observe helium and neon
isotopic ratios that indicate the presence of SEP gases also in interplanetary dust
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particles. Thus, all material that has been exposed to the SW shows SW and SEP gases,
even if the material was exposed quite recently.

(4) Several ilmenite samples—some of them irradiated as early as 1 to 3 Ga ago—release in the
first few steps neon with 20Ne/22Ne = 13.7, which is identical to the value in the present-day
SW. These steps thus are interpreted to release pure, unfractionated SW from the outermost
grain layers [28,35]. In contrast, no plagioclase separate studied by CSSE showed
unfractionated SW-Ne in the first steps. The retentive ilmenite is thus clearly better suited
than the leaky plagioclase to reconstruct the isotopic composition of noble gases in the
ancient SW. The ilmenite data show that the 20Ne/22Ne ratio of the SW has not appreciably
varied in the past 1 to 3 Ga.

(5) Even in relatively retentive ilmenites, the light SW gases helium and neon released in the
first CSSE steps are strongly depleted, as shown by the ^ e / ^ A r and ^Ne/^Ar ratios,
which are much below the solar values (see Fig. 7). With increasing step number, these
ratios increase and 20Ne/36Ar ratios in ilmenites approach the solar ratio, as tabulated by
Anders and Grevesse [36]. Even He/Ar ratios reach one-half the solar value. Thus, the SEP
component in ilmenites seems to be well retained. With the data available, it is not possible
to decide whether or not there is a difference in the relative noble gas elemental abundances
between SEP and SW, although such a difference—if it exists—seems to be small, at least for
Ne/Ar.

In summary, there is now overwhelming evidence supporting the existence of the SEP component. One
problem already pointed out by Wieler et al. [22] remains, however: the abundance of SEP gases relative
to SW gases is too high by several orders of magnitude to readily attribute the former to gases emitted
during solar flares. This is true even for ilmenites, which retain SW-Ne an order of magnitude more
efficiently than plagioclase. This makes it even more problematic to explain the high SEP/SW ratio by
strong diffusive losses of the shallowly implanted SW gases alone. Instead it seems to strengthen the
alternative explanation that SEP gases mainly represent solar particles with implantation energies
between those of SW and solar flare ions. Longer effective exposure times for SEP particles, due to a fine
dust cover that stops SW but permits transmission of SEPs to the mineral grains, may contribute to the
astonishingly high SEP/SW ratio [22]. A very interesting and somewhat intriguing observation has
recently been made by Olinger et al. [37]. Single grains of aliquots of ilmenite separates also studied by
CSSE were analyzed by a low-blank laser extraction technique. Grains with low noble gas loading have
20Ne/22Ne ratios close to the SW value of 13.7, whereas gas-rich grains approach the SEP ratio of 11.3.
Olinger et al. tentatively interpret this to show that saturation of SW-implanted neon is more important
than has been concluded by Wieler et al. [22]. Olinger et al. thus believe that SF-Ne, as measured by
satellite-borne instruments, may still contribute an important fraction of the neon component that Wieler
et al. attributes to SEP. The large losses of SW gases implied in this scenario again leave us with the
uncomfortable conclusion that the SW flux would need to have been much higher than it is now to
explain the amounts of SW gases in the lunar regolith.

193



Signer

i
o

4 0

20

n

12000

8000

4000

i i

71501 Ilmenite

SWC
Anders + Grevesse-..

Mean
• Moblac Cameron |j \

Stepped etching
— — — Stepped beating

- . 1 N- 1 I | I

71501 Ilmenite
Stepped etching

• Stepped beating

20 40 60 80 100
% 36Ar,

cum.

Fig. 7. Relative element abundance patterns in stepped heating and CSSE analyses of ilmenite separates
from lunar soil 71501 plottad vs the cumulative release of implanted xAr. Stepped heating data are
from Frick et al. [26]; the firct 5 steps are carried out in the presence of oxygen. The differing
tONeflSArand 'HefiBAr release patterns clearly illustrate the diffusively enhanced release of the
lighter species in the thermal extraction. The ̂ Ne^Ar ratio in CSSE reaches soiar values, which
implies similar element abundances of SEP and SWgases. Cosmogenic gases cause the tamer
Jumpy patterns in the last steps of both experiments.

194



Signer

Comparison of CSSE with Stepped Heating

One of the advantages of CSSE is that the sample is never subjected to temperatures exceeding 100°C
Thus the depth profiles of the noble gases to be studied should not be altered notably by the experiment
itself, either by diffusion or by annealing of radiation damage or recrystallization. An illustration of the
clearly different elemental release patterns in CSSE and stepped combustion/pyrolysis is made in Fig 7.
The high-temperature extractions were performed by the Minneapolis group partly on aliquots of the
ilmenite separates that were used in our CSSE studies [26,27]. The obvious differences in both 2ONe/36Ax
and 4He/36Ar emphasize that the two methods yield different information. In the initial steps, the
thermal release clearly favors light noble gases, which are then strongly depleted in the later steps. Just
the reverse pattern is observed in CSSE. Initially, the released 2JNe/36Ar and ^He/^Ai ratios are low,
and in later steps, element ratios approach solar values. To probe element abundances as a function of
depth, CSSE clearly appears to be the method of choice. Interestingly, much smaller differences, if any,
are observed in the 20Ne/22Ne ratios (Fig. 8) even though neon is released much faster in the thermal
extraction than in CSSE.

Meteoritic Noble Gases in Oxidizable Carrier Phases

The direct determination of the so-called "Q-gases" in primitive meteorites is a problem that should be
tackled by CSSE. Lewis et al. [12] recognized in a now classical study that the primordial noble gases in
the carbonaceous chondrite Allende reside in a tiny carbonaceous residue remaining after
demineralization of the meteorite by HF/HC1. Furthermore, they realized that the major fraction of the
primordial argon, krypton, and xenon (and a minor part of the helium and neon) are lost from these
residues by an oxidative treatment with HNO3 or HCIO4.

The noble gases in oxidized residues have received much more attention than their counterparts in
oxidizable carriers. In part, this is undoubtedly due to the many exciting discoveries of "exotic" or
"presolar" noble gas components and their carriers, which have been isolated from oxidized HF/HC1
residues; Xe-HL, for example, resides in tiny 20-A diamonds and is strongly enriched in the lightest as
well as the heaviest isotopes. These diamonds predate the birth of our solar system and carry a record of
nudeosynthetic processes in stars [38]. Similarly, presolar SiC has been detected as a carrier of krypton
and xenon produced in s-process nucleosynthesis, and Ne-E(L) (nearly pure 22Ne) resides in presolar
graphite grains [39-41].

On the other hand, the noble gases that are lost upon oxidation have also been neglected somewhat
because their carrier is so elusive as to inhibit a direct and unambiguous analysis. This carrier is called
"Q" (for "quintessence" [12]) and possibly consists merely of a set of adsorption sites rather than a real
phase [42]. Thus far, the composition of noble gases in Q had to be inferred either by difference, that is,
by comparing the gases in a sample before and after etching with HNO3 or by attempts to partially
separate Q-gases from exotic gases by stepped pyrolysis or stepped combustion [8,12,43-46]. All these
methods yielded reliable and passably accurate results for argon, krypton, and xenon because the
fraction of these gases in Q amounts to some 90% of the total gas in an HF/HC1 residue. However,
helium and neon in Q, representing only some 10 to 20% of the total gas, were much more difficult to
determine because either the difference between two nearly equal numbers had to be formed or because
stepped heating extractions did not result in a clear-cut separation of the minor Q-component from the
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large background of exotic helium and neon. This has even led to a debate as to whether or not helium
and neon are indeed present in phase-Q [47]. Furthermore, these indirect methods did not make it
possible to resolve possible noble gas mixtures. The difference method is basically unable to distinguish
whether a unique component or a mix' has been lost by oxidation, and none of the stepped
extractions had the resolution required to«:- t such a potential blend.

CSSE has allowed us to o.^ . me these problems. This is visualized in Fig. 9. In die lower right comer,
neon data from a steppea i-e; ring run of an Allende bulk sample [45] are displayed. Cosmogenic neon
interferes strongly because a bulk sample was studied rather than a demineralized acid residue. Two
distinct excursions towards trapped neon in the upper left corner are nevertheless observed. The first of
these peaks at 800°C points towards Ne-A (''We/^Ne = 8.73), whereas a much less conspicuous peak at
1100°C indicates the release of a second te; «>n component with 20Ne/22Ne = 10.4 ± 1. This second
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component was attributed to neon from phase Q. Its inferred composition agrees well with the value of
10.3 ± 0.4 obtained by the difference method [46J. Our data on two Allende HF/HCl residues (prepared
by R. S. Lewis, University Chicago) obtained by CSSE with 16M nitric acid as oxidation agent are
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Fig. 9. Neon three-isotope correlation diagram of CSSE data from HF/HCI-nsistant residues from the
meteorites Allende and Murchison. Also shown are stepped heating data from an Allende matrix
sample [45]. Two excursions toward trapped neon at 800 and 11OOPC, respectively, are observed in
the stepped heating data; the 1100°C fraction hints at the presence ofNeJi with 20Nefi2Ne=10.4± 1,
which is similar to the value of 10.3 ± 0.4 deduced by difference between original and oxidized
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for Afe-O of 10.7± 0.15. Murchison residues contain the same Ne-Q componentplus Ne-E and Ne-A
in oxidizable carrier phases.
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displayed in the upper left corner and also in the inset of Fig. 9 [48]. The samples were first mildly
oxidized by acid vapor only, whereas increasingly harsh conditions with liquid acid at up to 90°C were
applied later. All datapoints cluster tightly and only tiny amounts of cosmogenic neon are present
Clearly, a single trapped neon component with 20Ne/22Ne = 10.7 + 0.15 has been released from Allende
throughout the extraction sequence. Obviously, CSSE allowed a much better isolation of Ne-Q than
stepped heating did. As in studies of implanted solar gases, much of the analytical power of CSSE rests
on its ability to analyze elemental ratios as well as isotopic compositions without much distortion of the
reservoirs by the extraction itself, as may happen with stepped high-temperature extractions. The noble
gas abundance ratios in the CSSE analysis of Allende confirm the diagnosis mat Q-gases are indeed a
unique component, comprising helium and neon as well as the heavy noble gases, with an isotopic and
elemental abundance pattern distinct from those of gases in oxidized residues.

The CSSE studies on the carbonaceous chondrite Murchison confirmed and extended the results
obtained on Allende [49]. Again, a component with essentially the same isotopic and elemental
abundances as Q-gases in Allende is liberated by HNO3. The neon data of one Murchison run are also
indicated in Fig. 9. In this case, CSSE has proven its ability to disentangle noble gas mixtures. In the first
step under mildly oxidizing conditions, a ^Ne /^Ne ratio identical to that of Ne-Q in Allende is
observed. This step also yields similar element ratios as Q-gases in Allende. However, in contrast to
Allende, later Murchison steps plot a ^Ne/^Ne as low as about 7, indicating that Murchison contained
also Ne-E in an oxidizable carrier. Elemental abundances also prove the presence of a Ne-A
subcomponent in the CSSE steps [44]. Earlier studies had shown only that the neon lost upon oxidation
is isotopically heavier than Ne-Q in Allende [44,50]. The CSSE studies have now proven that Ne-Q, as
well as the other Q-gases present in Murchison and in Allende, have the same composition. A noble gas
component very similar to Q-gases in carbonaceous chondrites has also been found in various other
meteorite classes [51-53]. The Q-gases thus were undoubtedly an important noble gas component in the
early solar system. They very probably represent a sample of heavily fractionated solar gas; thus the
fractionation must have taken place before incorporation in the final carrier.

OUTLOOK

The CSSE is by now an established method for selective stepwise noble gas extraction. It has the
potential to probe the depth distribution of noble gases within grains and it allows us to separate noble
gas components in multiphase samples according to the chemical resistivity of their carriers. Further
problems where the method may be applied include ^Ar-^Ar and I-Xe dating. The CSSE should be able
to attack domains that have lost part of the radiogenic isotopes separately from isotopically undisturbed
sample regions. This may be the case not only if volume diffusion affected the outer grain layers but also
if radiogenic noble gases are preferentially lost from less retentive sites in crystals or phases, which are,
at the same time less resistant to chemical attack. A pilot experiment on an irradiated K-Ar hornblende
standard has indicated the potential of CSSE for ^Ar-^Ar studies [54]. Because the CSSE method is quite
complex and time consuming, such work will be limited in the foreseeable future to studies of the 39Ar-
^Ar methodology rather than to routine dating.

In many samples, there are interesting noble-gas-bearing phases that are difficult to separate from other,
perhaps more-noble-gas-rich carriers. This holds true especially for chondritic meteorites. Whenever the
phase of interest is much less resistant to a particular chemical agent than its surroundings, CSSE might
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be applied. We are currently constructing an extraction line to selectively etch chondritic metal particles
by O1CI2 (after Vilcsek and Wanke [21]), with the aim of continuing our studies of implanted solar gases
in another noble-gas-retentive phase of solar-gas-rich meteorites [see, for example, 55]. A further
potential application may be the analysis of fissiogenic xenon in easily soluble chondritic phosphates
[56]. Future developments may include multiple sample and/or acid storage chambers to permit more
than one sample to be analyzed in one run or a sequential treatment of a sample with different etching
agents. In particular cases, a system where the acid could be analyzed for dissolved solids repeatedly
after etching steps would yield much additional information.
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LASER RESONANCE IONIZATION MASS SPECTROMETRY
FOR TRACE ANALYSIS

N. Trautmann

ABSTRACT

Laser resonance ionization mass spectrometry is becoming a useful
analytical technique for trace analysis. The method, which is
applicable to most of the elements of the periodic table, is based on
the excitation and ionization of atoms with laser light followed by
mass separation of the ions. High sensitivity and selectivity can be
achieved by three-step photoionization of the atoms in combination
with a mass separation step for unambiguous isotope assignment. An
efficient facility for resonance ionization mass spectrometry consists
of three tunable dye lasers pumped by pulsed copper vapor lasers
and a time-of-flight spectrometer. The detection of trace elements
with such an instrument is demonstrated by low-level measurements
of lanthanides, actinides, and technetium. By saturating the
excitation steps and by using autoionizing states for the ionization
step, detection limits of less than 107 atoms in the samples can be
reached. The sensitivity of laser resonance ionization mass
spectrometry can further be improved by trapping the atoms in a hot
cavity to enable repeated interaction with the laser light. With such a
laser ion source, ionization efficiencies of up to 14% have been
obtained. The rapid detection of 89Sr and 90Sr in environmental
samples is an example which requires the high selectivity of laser
resonance ionization spectroscopy for the suppression of the stable
isotope 88Sr by a factor of =10n. Strontium is chemically isolated,
surface ionized, and accelerated to 60 keV for mass separation. The
resulting fast ion beam is neutralized and resonance ionization in
collinear geometry is performed by means of excitation into Rydberg
states and subsequent field ionization.

INTRODUCTION

Low-level detection methods are required for studies on the impact of radionuclides in the
environment and their ecological behavior. The radiotoxic elements are present in the environment
mainly as a result of global fallout from atmospheric nuclear weapons tests, releases from nuclear
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facilities (including reactor accidents), and the reentry of satellites into the atmosphere. Very often,
in addition to the detection of the total amount of the element, information on its isotopic
composition is desirable in order to determine the origin of the sample. To date, radiometric
methods have usually been applied for the determination of radiotoxic elements in trace amounts.
However, this technique has some disadvantages: (1) the detection sensitivity depends on the half-
life of the isotope to be measured, (2) there are limitations in the isotopic resolution, and (3)
extremely pure samples are needed, especially for P-counting. Mass spectrometry has also been
employed for low-level measurements, but here isobaric interferences can occur, at least with
conventional facilities; for example, between 238Pu and 238LJ or 241Pu and 241Am. In ultratrace
analysis, accelerator mass spectrometry is also frequently used. Up until now this method has been
limited to the lighter elements of the periodic table.

Resonance ionization spectroscopy (RIS) has been proposed as an universal and very sensitive laser-
spectroscopic technique [1]. The RIS principle depends on the selective excitation of atoms or molecules
with resonant laser light followed by an ionization process, which can also be selective. The resulting
ions are extracted by an electric field and measured with very efficient detectors. An additional mass
separation step, for example, with a time-of-flight spectrometer, completes the method for resonance
ionization mass spectrometry (RIMS). The applicability of RIMS in fundamental research as well as for
analytical investigations has been described recently in a number of publications [2]. With the
availability of powerful laser light sources that combine high photon intensity with small bandwidth,
spatial coherence, and tunability, laser mass spectrometry has gained increased interest in trace
analysis.

We have set up two facilities for the detection of trace amounts of radiotoxic elements in environmental
samples by laser mass spectrometry. The instruments and their performance are described as well as
the feasibility of this method for low-level measurements of lanthanides, actirddes, technetium, and
strontium is demonstrated.

EXPERIMENTAL SECTION

Resonance Ionization Mass Spectrometer

The apparatus for three-step photoionization using pulsed lasers with a high repetition rate in combination
with a time-of-flight spectrometer is shown in Fig. 1. The laser system consists of three tunable dye lasers
(Lambda Physik, Model FL 2001) pumped simultaneously by two copper vapor lasers (Oxford Lasers,
Model CU-40), which emit light at 510.6 and 578.2 ran with an intensity ratio of 2:1. With an average power
of about 30 W for each copper vapor laser in an unstable resonator configuration at a pulse repetition rate
of 6.5 kHz and 30-ns pulse length, conversion efficiencies between 10 and 25% have been obtained in the
wavelength range from 520 to 850 nm. By frequency-doubling of the dye laser beams, the range can be
extended to 260 to 425 nm. The bandwidth of the dye laser radiation varies between 3.5 and 10 GHz for the
used dyes. By insertion of an intracavity air-spaced etalon, this value is reduced to about 1 GHz. To achieve
a homogeneous spatial beam profile and to get a good overlap of the dye laser beams with the atomic
beam in the interaction zone, the dye laser beams are coupled into quartz fibres (200-nm diameter) and
focused into the apparatus with individual outcoupling lenses and one focusing lens. The laser light in the
ionization region is increased by reflecting it with a spherical mirror behind the exit window.
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The ions produced by interaction of the laser light wilh the atomic beam are accelerated by two grids
to 2.9 keV and focused with deflecting electrodes on a channel plate detector 2 m away. The
dependence of the laser pulse length on the width of the mass peaks in the time-of-flight spectra can
be eliminated by pulsing the voltage of the first accelerating grid 2 us after the laser pulse happens. In
this way, mass resolutions of 1500 to 2500 [4,5] have been obtained, depending on the atomic beam
sources. The mass spectra are recorded by time-to-pulse-height conversion and pulse-height

PULSED Cu-VAPOUR LASER (30W, 6.5kHz)

PULSED Cu-VAPOUR LASER (30W, 6.5 kHz)

DICHROIC
MIRROR

FOCUSING LENSES

QUARTZ FIBRES

DYE LASER 1

DYE LASER 2

DYE LASER 3

ATOMIC BEAM -

CHANNEL PLATE
DETECTOR

IPHERICAL MIRROR •

ACCELERATION
ELECTRODES

DRIFT TUBE

Fig. 1. Experimental set-
up for resonance
ionization mass
spectrometry [3].
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multichannel analysis. The ion count-rates for different masses and the dependence of the wavelength
of the three dye laser beams are simultaneously recorded with an LSI 11/23 microcomputer.

Two kinds of atomic beam sources are applied: (1) an oven providing intense and stable beams for test
measurements with larger amounts of material and (2) a filament device for trace analysis. The
filament sources are prepared by electrolytical deposition of the elements to be detected on a rhenium
foil of 25-um thickness in a 2-mm spot [6]. In the case of the lanthanides and actinides, the samples are
covered electrolytically with a thin rhenium layer [7-9]. Evaporation of the atoms occurs by heating
the filaments to 1500 to 2000°C. More details on the resonance ionization mass spectrometer are given
in Ref. 3.

Apparatus for Laser Mass Spectrometry of Strontium

A simplified sketch of the facility [10] for the fast detection of 89Sr and 90Sr by laser mass spectrometry
is outlined in Fig. 2. After chemical separation of strontium from environmental samples, it is
electrodeposited on a tungsten foil that is introduced into a surface ionization source. Ionization is
performed in a two-step process of evaporation and ionization. The extraction of the resulting ion
beams is carried out by a 60-kV two-stage acceleration gap. After mass separation in a 60° separator
magnet, the ion beam is deflected by 10° to overlap the laser beams and then charge-exchanged with
cesium in a vapor cell. At a vapor pressure of about 10-3 mbar, quasi-resonant charge exchange with
cesium is achieved predominantly into the 5s5p 3PQ,I,2 states of strontium. For laser adjustment, an
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Fig. 2. Experimental set-up for the detection of trace amounts of strontium by collinear resonance

ionization spectroscopy [10J.
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optical detection system is installed downstream to record the fluorescence signals of the stable
strontium isotopes. Excitation into the Rydberg states for the isotope under investigation is performed
by resonant laser light in a 1-m-Iong field-free excitation region. The Rydberg atoms are field ionized
in an overcritical electric field of about 10 kV/cm. An energy-selective detection of these ions is
performed by a two-step deflection in an electrostatic deflector, focusing only the photoions with the
correct beam energy onto a particle multiplier. Three ion filters are installed in the path of the fast
beam to suppress collision-produced Rydberg atoms and ions. The vacuum in the ionization region
must be better than 10'10 mbar to minimize the background from collision-produced ions.

RESULTS AND DISCUSSION

Investigation of RIS Excitation Schemes

Test experiments with larger amounts of gadolinium were performed in the oven arrangement to
find the optimum conditions for the resonance ionization mass spectrometer. With a collimated
beam, a mass resolution of 2700 was obtained [5] using the described time-of-flight spectrometer.
Various excitation schemes have been examined for resonance ionization mass spectrometry of
the lighter aetinides and technetium. The plutonium atoms have been excited [4] from the
ground state 5f67s2 7FO to the first excited state 5f67s7p 9Gi with laser light of A,i=586.49 run. To
populate higher-lying energy levels, laser wavelengths of X2=665.6 to 688.2 nm have been
applied. The ionization step was performed either with a part of the yellow pump laser beam of
\3=578.2 nm or by excitation of autoionizing states. The autoionizing resonance with the highest
excitation cross section has been found at X.3=580.5 nm. By focusing the laser beams to about 3-
mm diameter, all steps in the three-step photoionization of plutonium could be saturated by
means of an autoionizing state.

In Fig. 3, three of the investigated schemes for the photoionization of neptunium are outlined. With
scheme (a) no autoionizing levels could be found in the wavelength range X3=591.8 to 557.4 nm.
With schemes (b) and (c), leading to the same second excited level, autoionizing states with the
strongest resonances at X3=571.2 and X3=581.1 nm have been detected. Neptunium-237 with a
nuclear spin of 5/2 shows large hyperfine structure splitting of the resonance lines. The total
splitting (for the schemes shown in Fig. 3) varies between 66 and 24 GHz in Xi and 50 and 33 GHz in
X& depending on the A- and B-factors of the ground state and the excited states. This means that
even with broadband laserlight not all the atoms can be excited simultaneously from the ground
state.

The high ionization energy of technetium requires the use of ultravioleS laser light in one of the
three steps of the photo-ionization process. The technetium atoms can be excited from the 4d55s2

6S5/2 ground state to the first excited states 4d65p 4P5/2 or 4d65p 6P7/2 by using laser light of the
wavelength Xi=313.12 or A,i=318.24 nm, respectively. A second excitation step with laser beams of
787.94 to 821.13 nm leads to the 4d66s 4D7/2 or 4d46s 6D5/2 states. From these excited states, a
number of autoionizing states have been found; the one with the highest cross section is at
X.3=670.74 nm [11].
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Fig. 3. Excitation schemes for resonance ionization of neptunium.

Isotope Analysis

For accurate measurement of the isotopic ratios, three effects must be considered: (1) the isotope shift
(IS), (2) the hyperfine structure splitting (HFS), and (3) the dependence of the transition probabilities on
the polarization of the laser light and the angular momenta I,J,F of the states involved. By transmission
of the laser beams through multimode fibres of =10-m length, the polarization has been decreased to a
level of few percent, minimizing the latter effect. However, the IS is strong in the actinide region. As an
example, Fig. 4 shows the IS for several plutonium isotopes. The signals were obtained by scanning the
first transition from the 5f67s2 7F0 ground state to the 5f67s7p 9Gi excited state at Xi= 586.5 nm. The
transitions at 7^ and X3 were kept in resonance for each isotope. The spectral width of the resonance for
the even isotopes is determined by the laser bandwidth of about 3.5 GHz. The HFS of ^ P u with a
nuclear spin of 1=1/2 is lower than the laser band width, whereas in the case of 241Pu with a nuclear spin
of 5/2, the splitting is more pronounced.

In the case of ^ 'Np, which has a nuclear spin of 1=5/2 and an angular momentum of J=ll/2, the HFS is
even stronger than that of the odd plutonium isotopes, as can be seen from Fig. 5. With the excitation
scheme shown at the lower part of Fig. 5, a total splitting of =15 GHz in A,j and =16 GHz in X2 has been
found in a two-dimensional plot. For other excitation schemes these values are even higher, as indicated
above.
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For measurements of the isotopic composition of actinide samples, the wavelengths of the lasers must be
tuned over the resonances of all isotopes, including the HFS, in order to avoid errors. In a series of
experiments, the isotope ratios for the plutonium isotopes 239, 240,241, 242, and 244 were measured.
The obtained results are in good agreement [4] with mass spectrometric data and have the advantage
that such a laser mass spectrometric measurement takes only 10 to 20 min.

Fig. 4. Isotope shift and
hyperfine structure
for the plutonium
isotopes 239 to
244 as a function

= 586.5 nm
tuned over 24 GHz
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Sensitivity

The sensitivity of the laserspectroscopic method was tested with plutonium and technetium samples with
1011 to 108 atoms. Defining the detection efficiency of the instrument as the ratio of the number of ions
counted in resonance to the number of atoms evaporated from the filament, an efficiency of 2 to 4 x 10* was
found for both elements. The number of atoms evaporated was determined radiometrically. With a vanishing

Fig. 5. Hypertine structure
splitting of ^Np.
ton-count rates as a
function ofX-i and fa
with a stepping
width of 0.6 GHz.
The excitation
scheme used for
these
measurements is
Indicated in the
lower part.
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background in the time window used for the measurement and at a confidence level of 99.7% for Poisson
statistics, a detection limit of 2 to 4 x 10s atoms is calculated from ;he efficiency values. This overall efficiency
[3] is mainly limited by the poor spatial and temporal overlap between the laser beams and the atomic beam
(6 x 10"4) with some contribution to the detection efficiency by the channel plate detector (0.3), the
transmission of the time-of-flight spectrometer (0.6), and the thermal ground state population of the
evaporated atoms (0.5). Incomplete saturation of the transitions and molecular evaporation may also
influence the detection efficiency.

Because the most limiting factor for the detection efficiency is the unfavorable spatial and temporal overlap
of the atomic beam with the laser beams (even with laser systems yielding a repetition rate of 6.5 kHz), one
possibility for improving the sensitivity is the use of a pulsed atomic beam instead of a continuous one [12].
This can be achieved through evaporation of the sample atoms by applying pulsed-laser-induced
desorption.

Laser Ion Source

Another possibility for improving the sensitivity of laser resonance ionization mass spectrometry is the
utilization of a laser ion source [13,14]. Here, the sample is placed in a hot cavity with a small hole in it for
injecting the laser beams and extracting the produced photoions by an electric field. In this case, the atoms
have the chance to pass several times the interaction zone for the laser light. With such an arrangement, an
improvement by several orders of magnitude is expected.

Thus far the experiments with the laser ion source have mainly concentrated on technetium samples. The
same laser system described earlier has been used lor these studies. The laser beams are deflected by means
of mirrors into the ionization cavity, which is a tungsten cylinder of 1-cm length and 1-cm diameter with two
end cups. One cup has a 2.5-mm hole in the center. The cavity is heated by electron bombardment up to
2400 K. The ions produced are extracted by an extraction electrode, accelerated to 10 kV, and focused by an
einzel lens and a quadrupole doublet into the entrance slit of a double-focusing Mattauch-Herzog mass
spectrometer.

The ionization efficiency of the laser ion source is determined by the rate of photoionization R,, the rate
of diffusion out of the hole as neutral atoms RQ, and the rate of surface ionization Rg, which is an non-
selective and undesired process. The total efficiency is given by

RI + RD + RS

For a cylindrical cavity with a length L and a diameter D = L and neglecting surface ionization, which is
justified for technetium in a tungsten cavity at 2400 K, one obtains

1>
rep •
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Here v^ is the pulse repetition rate of the laser, €photo the photoionization probability at resonance, and i5
the mean thermal velocity of the atoms in the cavity. The mean free path of the atoms in the cavity between
two wall collisions was assumed to be equal to its length L. As can be seen, the efficiency does not depend
on the size of the hole in the cavity. This is true as long as the diameter of the laser beam is equal to or
larger than the diameter of the hole. A total efficiency of e theory = 0.2 is obtained for "Tc at 2400 K, with a
pulse repetition rate of the lasers i)™ = 6.5 kHz, a photoionization probability ephoto = 0.6 (corresponding
to the thermal ground state population and complete saturation of excitation and ionization), a thermal
velocity x> - 650 ms"1, and a cavity length L = 1 cm. Very recently an ionization efficiency value of 0.14 has
been measured for technetium—which is close to the calculated one.

Trace Analysis of 89Sr and '''Sr

After the Chernobyl reactor accident in 1986, there was a strong demand for a fast and sensitive method to
determine ^ r and '"Sr in environmental samples. The radiometric technique is time-consuming because
both isotopes are pure p-emitters and cannot be easily distinguished from each other by P'spectroscopy
(especially if ^Sr exists in great surplus). In this case, an integral measurement of both activities has to be
performed and the content of 90Sr must be detected from the p~"decay of its daughter product, 90Y
(VA = 54.1 h), which is chemically isolated after being grown in for a preselected time. Therefore, a
radioactivity-independent and rapid detection method for trace amounts of ^ r and '''Sr is very desirable. A
typical sample, as obtained from 1000 m3 air in Germany a few days after the Chernobyl accident, contained
lO** to 1010 atoms ol ^ST and ^ r and up to 1 mg of stable strontium corresponding to about 1019 atoms.
From these data, the requirements that must be fulfilled by an alternative method can be defined:

(1) the selectivity in the suppression of the stable strontium isotopes, mainly ^ r , must exceed a
value of about 1011;

(2) the detection efficiency for analyzing S 108 atoms of 89Sr and ^ r must exceed a value of
about 10"s for reasonable statistics; and

(3) the total measuring time including sample preparation should not take longer than 1 day.

These demands should be met by resonance ionization spectroscopy on a fast, diarge-exchanged atomic
beam in collinear geometry [15] and by excitation with cw laser light [16]. By inducing an artificial mass
shift by means of the different Doppler shifts of ^ r , ^ r , and the stable strontium isotopes, a selectivity
of «109 is expected. This shift amounts to =5*5 GHz for neighboring strontium isotopes in a typical
transition of X ~ 700 nm and an acceleration voltage of 60 kV. Taking into account the enhancement
factor of the mass separator, one expects a selectivity of better than 1011.

The complete procedure for the detection of strontium by laser mass spectrometry consists of three steps.

(1) Air samples are collected by utilizing standard devices. Strontium and barium are separated
from other elements by liquid-liquid extraction into dicyclohexyl-18-crown-6 ether
dissolved in tetrachloroethane. After back extraction of both elements with water, barium is
extracted into a solution of dibenzo-24-crown-8 ether in nitrobenzene. Finally, strontium is
deposited on a tantalum or tungsten filament by molecular plating.
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(2) Large samples of strontium are pre-enriched in a high-current mass separator [17], leading
to an enrichment factor of at least 1000 and reducing the amount of ̂ r to 1014 atoms.

(3) The tantalum or tungsten foils containing the chemically extracted or pre-enriched strontium
are introduced in the surface ionization source of the mass separator shown in Fig. 2. At a
temperature of about 2000 K, strontium is evaporated and ionized on a hot tantalum surface.
The resulting ions are extracted by a 60-kV voltage, mass separated, deflected by 10° to
overlap the laser beams, and charge-exchanged with cesium vapor. Then the isotope under
investigation is excited into Rydberg states in a field-free excitation chamber of 1-m length; the
Rydberg atoms are subsequently field-ionized in an electric field, deflected, and detected by
means of a particle detector.

E[eV! EleV]

3D, 3D2
 3D3

-3.89

Fig. 6. Part of the level
scheme of
strontium. At the
right hand side,
the ionization
potential of cesium
used in the charge
exchange ceil is
indicated. Two
excitation
schemes from the
domlnantly
populated 5s5p
3P2 level to
Rydberg states
are shown [10J.
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By choosing cesium with an ionization potential of 3.89 eV as the charge-exchange medium, neutralization
into the 5s5p states of the triplet system can be achieved. A population of =20% is expected in the meta^-ble
5s5p 3P2 level. Figure 6 shows part of the level scheme of strontium. From this metastable level, Rydberg
states can be reached either by means of a single-photon transition with laser light of ?l = 326 run or by means
of a first excitation step into the 5s5d ̂  level with X = 496 nm and then a second excitation with %i = 951 nm.
Presently, this laser mass spectrometric method is in the testing phase. To determine the detection efficiency, a
known amount of a calibrated radioactive ^ r tracer solution will be added to the original sample. A fast
cyclic switching of the excitation frequencies between the isotopes ̂ r , 'PSr, and the tracer will be performed.
An estimate of the signal-to-background ratio gives a value of =300, corresponding to 1000 detected ^ r ions
and three events of ̂ r from a sample of 108 atoms of '"Sr and 1019 atoms of ^ r .

CONCLUSIONS

Laser RIMS has been proven as a powerful technique for trace analysis and is suited for fast isotope ratio
measurements. Its versatility and sensitivity are mainly due to the high repetition rate of the pump lasers,
optimized profiles of the laser beams, high resolution of the time-of-flight spectrometer, and very small
background rates. This method yields a detection limit of about 107 atoms in the sample and surpasses that
of radiometric m-.'thods for long-lived isotopes like ̂ P u or "STc by some orders of magnitude.

A further improvement in the sensitivity is possible by the application of a laser ion source. Thus far,
with such a cavity, an ionization efficiency of 14% has been achieved for technetium.

Using RIS in collinear geometry should allow the detection of trace amounts of ^ r and '"Sr down to about
108 atoms in environmental samples containing up to 1019 atoms of stable strontium. Here an accelerated
beam of fast atoms from a mass separator after charge exchange is excited to Rydberg states, which are
field ionized and detected with a particle detector.

In the last few years, RIS and RIMS have been applied to the investigation of a large number of elements,
as illustrated in Fig. 7. One can recognize that this technique is applicable to most of the elements in the
periodic table.
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MEASUREMENT AND MODELS —
"ONE MAN'S SIGNAL IS ANOTHER MAN'S NOISE"

D.J.De Paolo

Over the past 20 years, measurement techniques have been improved so that many isotopic ratios
can be measured with extremely high precision (±0.001%), and most of the elements of the periodic
table are accessible to isotopic composition analysis. The technical side of isotope geochemistry has
been a highly successful endeavor. The interpretation of data sets generated with these techniques
are guided, explicitly or implicitly, by conceptual models of processes operating in the earth, oceans,
atmosphere, solar system, etc. These models range from relatively vague intuitive notions to
sophisticated mathematical simulations. The value of the data is governed as much by the quality of
the models as by the quality of the data.

There are two instances where the close relationship between data and models is easily recognized.
One of these is when the natural "noise" seems to be much greater than the measurement precision
and comparable to the signal expected from the model. Another is when the model used has no
physical basis. Typically in the former case, no conclusion is reached; in the latter, the wrong
conclusion is reached. A good model turns "noise" into signal; it can be as valuable to the isotopic
sciences as a good mass spectrometer.

There are many examples of the contributions of models to isotopic studies of the earth. An example
is the investigation of Sr isotopic ratios in marine precipitates; careful mass spectrometry can gain
precision of ±0.001% in measurements of 87Sr/86Sr. Such high-quality data can theoretically give
unprecedented correlation resolution in marine sedimentary rocks. However, detailed studies of
Miocene deep sea cores showed that two sections of identical age had different, systematically
shifted ratios—about 5 times the measurement precision. Such "geological noise" would render the
method ineffective for most stratigraphic correlation purposes. The apparently discrepant data can
be reconciled using mathematical models for Sr isotopic redistribution during diageneses; both
sections are compatible with a single seawater Sr isotopic history. The resultant seawater Sr isotope
curve, based on an equal partnership between precise data and appropriate model, can be shown to
be of great value for stratigraphic correlation purposes. The same model shows that samples less
than 1C m.y. old are negligibly affected by diagenesis, increasing confidence in the value of the
highest precision analyses on young samples and suggesting potential value of further
improvements in precision. The model gives guidance on the magnitude and sign of isotopic shifts
likely to be caused by diagenesis for different sedimentation histories and sediment types.

There are many examples of isotopic studies carried out in the absence of sufficiently good models.
Mathematical simulations similar to those mentioned above cast doubt on the value of stable isotopic
data used for paleotemperature studies in sediments older than 30-40 Ma, but offer the same
possibility of deducing the correct temperatures from systematically adulterated natural samples.
Examples of inappropriate process models abound in the interpretation of isotopic data in igneous
and metamorphic rocks. The mature science of isotopic geochemistry must be one that utilizes
sophisticated, actualistic process models as well as sophisticated analytical machinery.
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ENVIRONMENTAL INFORMATION IN THE
HYDROGEN ISOTOPIC RECORD IN TREES

Samuel Epstein

The data I discussed was obtained by means of a mass spectrometer built, with small modifications,
from the plans generously provided by Al Nier, many, many years ago. Thank you, Al, for this
terrific instrument and for much inspiration.

Hydrogen and carbon isotopic records in tree cellulose provide information about the history of the
Earth's climatic temperatures and about the sources of atmospheric CO2, respectively. The climatic
records in trees indicate that the global warming has existed at least over the past 150 years, possibly
over the past 500 years. The rate of warming is latitude-dependent; the colder the climate, the greater
is the rate of warming.

The warming rates do not coincide as the rate of atmospheric CO2 increases. The rate of wanning in
the nineteenth century in many cases exceeds that of the twentieth century.

The D/H record in a 5000- to 6000-year-old bristiecone pine segment when compared to the modern
D/H record in the bristiecone pine indicates that the climatic temperature 5000 years ago was about
2°C warmer. This agrees with the isotopic records in an ice core from the Devon Island ice cap.
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THE USE OF NATURAL ISOTOPES IN THE STUDY
OF HUMAN NUTRITION

Paul V. Fennessey

Although radiotracers are still and will remain an important tool in medical research and diagnosis,
natural isotopes have begun to play an important role in biomedical investigations. Metabolic
pathways, which were investigated in the 1950s and 1960s using 3H or UC, are now being studied
using the natural isotopes of 13C and 2H in vivo in humans. Further, many of the earlier studies can
now be addressed during pregnancy or in the newborn period of life.

Our laboratory has been investigating the transfer of nutrients from maternal to fetal circulation, as
well as the reverse process. On a global level, our studies are intended to define normal values for a
specific substrate and then to evaluate how different physiological changes in either the mother or
the placenta will affect these values. To facilitate these investigations, we have been using an animal
model to perfect the protocols and then extending the research to humans.

Examples of the use of these techniques will be presented focusing on the following questions:

Can we quantify the absorption of a trace metal, such as Zn?

Are all amino acids transferred to the fetus in a similar manner?

Can we determine the conversion of one compound to another in a specific organ?

In the case of the trace metal research, we have had to develop the mass spectral techniques needed
for the time-shared analysis of both metals and complex organics on the same instrument.
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ACCELERATOR MASS SPECTROMETRY IN GEOSCIENCES
AND THE LIFE SCIENCES

Robert C. Finkel

Accelerator mass spectrometry (AMS) merges particle accelerator techniques with those of mass
spectrometry, to allow the determination of as few as 105 radionuclide atoms. This sensitivity can be
reached even at abundance ratios as low as 10-15. The high sensitivity of AMS has opened new fields
of research in both the geosciences and in the life sciences.

Accelerator mass spectrometry of long-lived radioisotopes has become an important tool in
geosciences. Worldwide, several thousand measurements are performed every year. Radiocarbon
studies make up the majority of applications, for which reduction of sample size is the main
advantage compared to conventional decay-counting techniques. In addition, the efficient detection of
radioisotopes with longer half-lives, such as 10Be, 26A1, ̂ Cl, 41Ca, and 129I, has opened up a large
variety of new applications that could not have been undertaken with decay counting. In the
geosciences radionuclides are used both to date geophysical and geochetnical events and as tracers of
geophysical processes. Applications cover the spectrum of geoscience, including studies of climate
history, investigations of magma generation processes in subduction zones, determination of
terrestrial ages of meteorites embedded in Antarctic ice, unravelling the history of solar acitivity
cycles, and many other areas. Several recent examples of the use of AMS in the geosciences will be
discussed.

The use of radioactive tracers has long played an important role in the biological sciences. The
application of AMS to biology is a new field in which the first publications have only appeared quite
recently. The primary reason for using AMS instead of tracer techniques that rely on decay counting is
that with AMS one can use very low concentrations of both the radionuclide tracer and the active
chemical reagent being studied. Low tracer levels mean that biological systems can be studied without
high radioactive doses being encountered either by the biological system itself or by the investigator.
Low reagent concentrations allow interactions, e.g., mutagenesis, to be studied at levels actually
encountered in practice rather than at artificially high laboratory levels. In addition to studies involving
14C, biological work using AMS has been done with 26A1 and is being contemplated with 41Ca and 3H.
Applications to both biochemical systems in vitro and to human beings in vivo will be discussed.
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HELIUM FROM THE HEAVENS AND THE DEEP EARTH

Mark D. Kurz

Since Aldrich and Nier (1946, 1948) first established large helium isotopic variability within
terrestrial samples, there have been many important applications of helium isotope measurements to
the earth sciences. One important application to mantle geochemistry is the use of high 3He/4He
ratios to prospect for undegassed mantle (that is, source regions that have had high time-integrated
3He/(Th + U) ratios) through measurements in igneous rocks. This has resulted in the realization
that some oceanic island volcanoes, such as those on Iceland and Hawaii, are derived from less
degassed mantle than any other mantle sources of basaltic volcanism. The ocean island basalts that
have the highest 3He/4He ratios often have Sr, Nd, and Pb isotopic compositions that are inconsistent
with a primitive source relative to a conventional chondritic earth model. This has, in turn, led to the
widespread assumption that helium is decoupled from the other isotope systems, either through
mantle metasomatism or magma chamber degassing. Recent studies of stratigraphic sequences from
the Hawaiian volcanoes of Haleakala, Mauna Loa, Hualalai, and the volcanoes of Sao Miguel
(Azores) suggest that helium is coupled to the isotopes of Sr, Nd, and Pb. These data also
demonstrate large isotopic variations on the 0.1-10 ka time scales and 10- to 15-km-length scales,
which suggests that isotopic studies of oceanic volcanism must be placed within a good geological
context. The new data demonstrate the utility of helium isotopes in studying mantle processes.

An important recent development that evolved from the work on igneous rocks is the discovery that
cosmogenic 3He, produced by cosmic-ray-induced spallation reactions, can be found in surficial
rocks. New measurements from Hawaiian lava flows and Antarctic glacial deposits, coupled with
new diffusion data, demonstrate that 3He measurements can provide a chronology for terrestrial
surfaces, which were previously impossible to date. 3He surface exposure dates from the Dry Valleys
region (Southern Victoria Land) of Antarctica demonstrate that the oldest surfaces are at least 3 Ma
old and that exposure dating can be used to date glacial deposits. This holds particular promise for
reconstructing the timing of advance and retreat of the Antarctic ice sheets, which is of great
importance for climatic modeling.

The use of helium isotopic measurements in the earth sciences, which relates both to mantle
geochemistry and to quaternary geology, is but one illustration of the power and wide ranging
applicability of the mass spectrometric techniques pioneered by A. Nier.
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HIGH-SENSITIVITY TIMS IN ISOTOPIC ASTRONOMY

Guenter W. Lugmair

The isotopic uniformity and homogeneity of the chemical elements within our solar system has been
a long-standing question and has stood at the center of attention since the early days of mass
speclrometry. The pioneering work by our honoree, A. O. Nier, has beautifully demonstrated, at
least on a macroscopic scale and through the means and materials available at the time, that no major
heterogeneities exist and that solar system matter is well mixed on an isotopic scale. Those isotopic
variations that had been found before the 1970s could usually be explained by the effect of cosmic
radiation upon matter or by radioactive decay. Nevertheless, this knowledge of average abundances
of the elements and their isotopes formed the basis for nuclear astrophysics, and their peculiarities
motivated most of the theories of nucleosynthesis during stellar evolution.

In the 1970s, advances in mass spectrometric technology and serendipity provided us with the
means and samples to discover in tiny meteorite inclusions, small variations of relative isotopic
abundances in many elements. These variations occur not only in geochemically minor or trace
elements, such as Ni, Zn, Ba, Nd, or Sm, but also in major elements including O, Mg, Ca, and Ti. It is
this experimental evidence that provides new constraints for refined models in nuclear
astrophysics—models that not only attempt to attribute various nudeosynthetic processes to specific
classes of stars, but also express locations and mechanisms occurring within a star.
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MASS SPECTROMETRY AND THE URANIUM DECAY SERIES

M. T. Murrell, A. M. Volpe, S. f. Goldstein, and R. W. Williams

There is a quiet revolution underway in isotope geochemistry and it involves the application of mass
spectrometry to measurements of the uranium decay series. The use of U-series disequilibrium for
studies of geochronology, geochemistry, and environmental science dates back 30 or 40 years.
However, isotope geochemists—accustomed to high-precision U-Pb, Rb-Sr, or Sm-Nd mass
spectrometric data for very small samples—have not always taken advantage of U-series techniques
due to the poorer precision and larger sample sizes requirements typical of the decay counting
techniques used for U-series measurements. This situation began to change when Edwards et al.
(1987) showed that high precision U-Th dating of small coral samples was possible using mass
spectrometry. Since this work appeared, there has been a flurry of activity in many laboratories to
apply mass spectrometry to U-series studies.

The approach taken at LANL and UCSC is unique in that we have simultaneously developed mass
spectrometric methods for all the long-lived (ti/2 > 100 a) members of the uranium decay series. We
can now routinely measure 238U-234U-230Th-226Ra and 235U-231Pa using mass spectrometry with
improvements for sample size, precision, and counting of 10 to 100 times over that which is typically
obtained by decay-counting techniques. This research has provided an improved capability for
geochronology that we are using to answer basic questions in geochemistry and geology, as well as
for practical applications in geologic hazard risk assessment and paleoclimate.
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INSTRUMENTATION FOR HIGH-ABUNDANCE-SENSITIVITY
ISOTOPIC MEASUREMENTS

Jose A. Olivares

Problems of current interest in isotope geology often require the measurement of minor isotopic
species in the presence of major isotopes. The magnitude of the ratios to be measured is dependent
on the ultimate purpose of the experiment and ranges from 104 to as low as 1015. The upper part of
this range can be met by conventional mass spectrometer designs, whereas the lower part is mostly
dominated by accelerator-based mass spectrometry.

Many different instrument configurations and attachments have been proposed in the past for the
improvement of abundance sensitivity on mass spectrometers. Tandem mass spectrometers with
magnetic sectors, electrostatic sectors, electrostatic deceleration lenses, and RF-quadrupoles have all
been proposed and used.

This paper will review and compare the performance of a variety of instrument configurations and
attachments used in our laboratories for the improvement of the abundance sensitivity observed
with the NBS-12/90. Included in this list are four BB and BE tandem mass spectrometers in the "C"
and "S" configurations and a strong focusing deceleration gridded lens system. The performance of
the RF quadrupole mass spectrometers and the critical parameters affecting their ultimate abundance
sensitivity will also be reviewed.
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Perrin

ENVIRONMENTAL PLUTONIUM—SOURCE TERM EVALUATION

R. E. Perrin and D. W. Efurd

Recent changes in discharge limits for plutonium and in site cleanup requirements have resulted in
limits that are too low to be adequately proven by classical radiochemical methods. Additionally, the
expense of mandated cleanup levels requires positive identification of source terms when planning
site remediation strategies. Source term identification is not possible by elemental or radiochemical
techniques at these levels. The variable isotopic signature of plutonium from various processes and
from different time regimes does provide a means of source term identification. We have developed
chemical separations systems and mass spectrometric procedures capable of positive detection of
5 x 107 atoms of plutonium (blank limited). Useful isotopic signatures of the 240/239 ratio can be
obtained with as little as 7 x 108 atoms of recovered Pu.

Several examples of the application of both low detection limits and isotopic signatures to current
problems at Los Alamos and other sites will be presented. These include source term identification in
human contamination, water quality and treatment evaluations, and airborne particulates.
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Stein

SIMULTANEOUS PULSE-COUNTING ION DETECTION FOR
HIGH-SENSITIVITY ISOTOPE RATIO MEASUREMENTS

John D. Stein

There are many analytical problems where a need exists to measure the isotopic ratio of a small
sample with high precision. By simultaneously measuring all of the isotopes, detection sensitivity is
increased, problems of source instability are reduced, and analyses can be done more quickly. A
number of possible detector designs can be used for simultaneous detection with single-ion
sensitivity. A set of design goals, as well as a specific instrument design integrating ion optics, source
and vacuum system design, and a specialized detector system optimized for simultaneous ion
detection, will be presented.
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ION MICROPROBE MASS SPECTROMETRY OF STARDUST

Ernst Zinner

Ion microprobe mass spectrometry has revolutionized the measurement of isotopic anomalies and the
search for presolar isotopic signatures in primitive meteorites. The reason lies in the capability of this
technique to analyze microscopic samples and in the fact that large isotopic anomalies—for example,
large deviations from average solar system ratios—are carried by small meteoritic grains. The largest
isotopic anomalies in C, N, O, Mg, Si, Ca, Ti, Ba, and Nd have been measured by ion probe analysis.

The ion probe has proven particularly useful for the analysis of interstellar dust grains. There now
exists overwhelming evidence that diamond, silicon carbide, and graphite in primitive meteorites are
of presolar origin and represent stellar material [1-3]. The isolation of this material provides a unique
opportunity to study Stardust in terrestrial laboratories.

While diamond is too small (~25 A) for single-grain analysis, SiC grains, although of sub-um average
size, range up to 20 urn in diameter. Ion microprobe analysis of C, Si, N, and Mg isotopic ratios is
possible in single grains >1.5 urn [Refs. 4,5]. ^Kl/l3C ratios vary from 0.03 to 12.8 times solar (89),
MN/15N ratios from 0.07 to 18 times solar (273), and the ^ S i / ^ i and 30Si/28Si ratios from 0.62 to 1.16
and 0.42 to 1.14 times solar (0.0506 and 0.0336). SiC also contains large 26Mg excesses from the decay
of now extinct 26A1 (t1/2 = 0.72 Ma), with 26A1/27A1 ratios ranging up to 0.2, 4000 times that of the
canonical upper limit at the time of solar system formation. Measurements of Ti isotopic ratios have
been possible in larger grains (>5 um), indicating excesses in ^Ti, 47Ti, 49Ti, and ^ i relative to ^Ti
[Ref. 6]. Although SiC can, in principle, come from various stellar sources (red giants, novae,
supernovae, Wolf-Rayet-stars), a sizeable fraction undoubtedly comes from AGB red giants. This is
indicated by its noble gas compositions[7] and the fact that it is the carrier of almost pure
s-process Ba and Nd [8].

Interstellar graphite, characterized by the exotic neon component Ne-E(L), consists of round grains
1 to 8 (im in size [3]. All sizes can be analyzed in the ion probe for their C- and N- isotopic
composition. 13C/12C ratios range from 0.05 to 80 times solar; the isotopically light grains are pure
graphite that have higher density than the isotopically heavy grains that have higher concentrations
of other elements [9]. The latter could originate from novae, whereas He-burning is probably
responsible for the almost pure 12C of the former. Ion probe analysis of a few unusually large grains
revealed fossil 26Mg also in interstellar graphite; 26A1/27A1 ratios range up to 0.065 [5].

References
1. R. Lewis et al., Nature 326,160-162 (1987).
2. T. Bernatowicz et al, Nature 330,728-730 (1987).
3. S. Amari et al., Nature 345,238-240 (1990).
4. E. Zinner et al., Geochim. Cosmochim. Ada 53,3273-3290 (1989).
5. E. Zinner et al, Nature 349,51-54 (1991).
6. T. Ireland et al, Lunar and Planetary Science Conference XXII (in press, 1991).
7. R. Lewis et al., Nature 348,293-298 (1990).
8. E. Zinner et al., Lunar and Planetary Science Conference XXII (in press, 1991).
9. S. Amari et al., Meteoritics 24,348 (1990).
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Simultaneous Detection of the Uranium Isotopes Using
a Multiple-Collector Ion Counting System

P. M. Read, Z. Palacz, E. H. Hall, and S. Locke

The precise isotopic analysis of small uranium samples (<1010 atoms 238U) with minors at the
ppm level requires high ionization efficiency, high spectrometer transmission, and efficient ion
collection. In this paper we describe our improvements in ion collector efficiency through the use of a
multiple-collection ion counting array. This technique removes the necessity for peak switching and
maximizes the proportion of collected to transmitted ions. We believe the technique could
revolutionize ion counting measurements in a manner similar to the development of multiple
Faraday collection over 10 years ago.

The collection comprises of four off-axis Faraday detectors, a selectable Faraday or Daly detector
at the axial position, and four off-axis ion counting channels. Each of the detectors are externally and
independently adjustable to provide the flexibility to collect isotopes from various elements. The off-
axis ion counting system utilizes a single pair of micro channel plates (MCPs) to provide
amplification of the incoming ion beam prior to detection on one of the four collectors. For the
simultaneous detection of uranium isotopes the axial Daly has been used for 236U and the MCP
System for ^ u , ^HJ, and ^ U .

Data from the MCP array is presented on peak shapes, gain stability, background (<1 cps) and
efficiency (>50%). Measurements on uranium standards are reported, indicating the precision and
accuracy achieved to date with the system.

High-Precision Measurements of Osmium Isotopes by
Oxygen-Enhanced Negative Thermal Ionization Mass Spectrometry

E. Kauri, S. Hart, and G. Ravizza

We have measured the isotopic composition of Os in standard solutions and geologic samples by
oxygen-enhanced negative thermal ionization mass spectrometry (N-TIMS). Measurements were
performed on the NIMA-B 9-in. 60°-sector mass spectrometer using a Johnston electron
multiplier operated at a gain of 2 x 104. Negatively charged osmium trioxide ions are produced
by the oxidation of metallic Os by barium nitrate on a zone-refined platinum filament at filament
temperatures of 600-800°C.2 The presence of 1 x lO6 torr of oxygen in the source of the mass
spectrometer was found to substantially increase the production of Os oxide ions. Potential isobaric
interferences due to Re are eliminated under these conditions by the preferential formation of Re
tetroxide ions, and no corrections were necessary for these measurements. Ionization yields for

:ion

irement precisions reported for other methods (SIMS, RI
attained by the N-TIMS method with a reduction in sample size of about 102, and precisions of <0.1%
on 1 ng of Os are routine. 187Os/186Os isotope ratios measured on pelagic sediments from the north
Pacific Ocean agree with SIMS data within analytical uncertainty, providing an important check on
the method and demonstrating the usefulness of this technique applied to geologic samples.

During the course of this investigation, negatively charged oxide and metal ions of Pt, Ru, Rh,
Ta, W, and Au were also observed, establishing the potential of this technique for high-accuracy
measurements of metals of high ionization potential at trace levels in geologic samples.

1. Creaser, Papanastassiou, and Wasserburg, Geochim. Cosmochim. Ada 55,397-401 (1991).
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High-Current Ion Source Extractor for
Quadrupole Mass Spectrometers

/. A. Olivares, E. M. Garcia, and E. P. Chamberlin

High-current ion sources, such as inductively-coupled plasmas, microwave plasmas, and glow
discharges, used for elemental ionization are permitting new approaches to analytical mass
spectrometry. The extraction of ions from high-current ion sources has been extensively studied and
used in isotope separator spectrometers. The design objectives for these systems are maximum ion
extraction efficiency and minimization of space charge induced effects. Turner has recently
introduced a commercial instrument for elemental analysis that exploits these concepts.1 His
reported results show a minimization of mass discrimination effects and an increase in total detected
ion current.

We have designed and built a simple acceleration-deceleration ion-extraction system using some
of the principles of high-current ion extraction for isotope separators. The lens was tested using a
low-pressure microwave ion source (normally used for the production of 10-uA ion currents in an
isotope separator) and a quadrupole mass spectrometer. The performance of this instrument will be
discussed along with typical figures of merit and possible applications to other ion sources.

1. P. J. Turner, private communication, The Pittsburgh Conference in Analytical Chemistry and
Applied Spectroscopy, New York, 1990.

RIMS of Thorium for Uranium Series Disequilibrium
Geochemical Applications

S. G. Johnson, N. S. Nogar, C. M. Miller, M. T. Murrell, and B. L Fearey

Over the last several years, extensive effort has been directed towards the demonstration of
Resonance Ionization Mass Spectrometry [RIMS] as a generally applicable high-dynamic-range
isotopic ratio analysis technique. Recently, we have explored the RIMS process for the analysis of
thorium isotopes po /^Th -5.-106) for U-Th disequilibrium geologic studies. The ^U-2 3 0!!! decay
pair are useful for dating geologic samples in the <400 000-yr time range. Through the use of
continuous wave and pulsed lasers for the ionization process, we have been able to establish the
following: (1) the most accurate and precise determination of the ionization potential of thorium
reported to date, (2) details of the autoionization state structure for thorium, (3) an overall ionization
efficiency of - 1 % , which is at leastan order of magnitude greater than that provided by conventional
thermal ionization techniques, and (4) an experimental technique that has the potential of increasing
the ionization efficiency to several tens of percent. The ability to obtain very high ionization
efficiencies will allow for the use of subnanogram samples of thorium, thus greatly simplifying
measurements on individual mineral grains, important for the U-Th isochron dating method.

234



Poster Abstracts

Noble Gases in Fluid Inclusions from Valles Caldera and
the St. Cloud Mine, Chloride Mining District, New Mexico

John A. Musgrave, Jane Poths, and David I. Norman

Noble gas isotopic ratios have been measured in fluid inclusions from vein quartz from
Continental Scientific Drilling Program (CSDP) core holes VC-2A and VC-2B, the Cochiti mining
district, Valles caldera, and the St. Cloud mining district. The Cochiti mining district and the Valles
caldera are located in the Jemez Mountains of north-central New Mexico. The Chloride mining district
is located in the Black Range of south-central New Mexico. Measurements from Cochiti and the St
Cloud mine were conducted at A. Nier's lab and reveal that the 3He/4He ratios for the Cochiti mining
district, Valles Caldera, average R/Ro = 4.8, with helium concentrations that range from 1.1 x lfr6 to 2.2
x 1O7 cc STP/g. The age of mineralization for the Cochiti district is about 6 Ma. Samples from the St.
Cloud mine average R/Ra = 0.33, with helium concentrations that range from 2.4 x 1()-7 to 7.8 x KF cc
STP/g. The age of mineralization for St. Cloud is about 28 Ma. A sample of vein quartz from core hole
VC-2B, measured on the noble gas mass spectrometer facility at Los Alamos, has an R/Ra = 4.2 and a
helium concentration of 2.8 x 107 cc STP/g. Neon 21/20 ratio for this sample is 0.00304 ± 0.00064, with
neon concentration of 1.4 x 1010 cc STP/g. The "He/20Ne is 2100 vs the air value of 0.32, indicating no
atmospheric correction is required. Argon isotope ratio, before blank correction, of 40/36 = 345 ± 4.9.
This sample contains a modest excess of about 15% 40Ar, corresponding to 2.1 x 10* cc STP/g. Krypton
and xenon signals were similar to previously determined blanks, but upper limits on Kr and Xe are
<7.8 x 1012 cc STP/g and <1.1 x 1012 cc STP/g, respectively. The age of this quartz sample from VC-2B
is probably about 0.6 Ma. A calcite sample from core hole VC-2A has an R/Ra of 4.9 and a helium
concentration of approximately 6.0 x 10"8 cc STP/g.

The Molybdenum-Technetium Solar Neutrino Experiment

Norman C. Schroeder, Kurt Wolfsberg, and Donald J. Rokop

We are attempting to measure the time-averaged 8B solar-neutrino flux over 10 Myr by
measuring ^Tc produced through the 98Mo(v,e) reaction in a deeply buried molybdenum deposit.
This will test the prediction of periodic mixing of the Sun's core over long time intervals. To separate
technetium from 10 000-ton quantities of Henderson ore, we have taken advantage of the commercial
processing of molybdenite. Technetium, volatilized during roasting of molybdenite to MOO3, was
scrubbed from the gas stream and collected on anion exchange columns. After sample reduction and
chemical separation and purification, we measured technetium as TCO4 using negative thermal
ionization mass spectrometry. Measurement of "Tc in spiked and 98Tc in unspiked fractions from one
sample gives an apparent solar neutrino production rate of 95.8 SNU. However, roaster memory
probably invalidates this result.
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Use of Doubly-Labeled Water in Human Nutrition
A. Luke and D. Schoeller

In human populations where obesity or emaciation exist, it is not known whether the energy
imbalance is due to abnormal energy intake or expenditure. The reason for this is that neither intake nor
expenditure could be measured accurately in free-living subjects. Recently, the doubly-labeled water
(DLW) method has been used to measure total energy expenditure. This method depends on high-
precision measurements of the stable isotopes 18O and deuterium in body fluids by gas isotope ratio mass
spectrometry and is based on the observation that after a single dose of water labeled with 2H and 18O, the
2H is eliminated from the body as water while 18O is eliminated as both water and CQj. The difference
between the elimination rates is a measure of CO2 production, which, in turn, can be used to determine
total energy expenditure. Furthermore, physical activity can be estimated by combining total energy
expenditure with a measure of expenditure at bed rest. It is then possible to determine whether energy
imbalances are due to altered metabolism or to abnormal activity levels. We have used the DLW method
in three clinical populations characterized by energy imbalances: obese children with Down syndrome,
obese adolescents with Prader-Willi syndrome, and women with anorexia nervosa. In the obese subjects,
expenditure at rest was found to be comparable to controls; however, physical activity was decreased.
Activity in Down syndrome subjects was measured at 18.5 ± 3.3 us 30.7 ± 5.3 kcal/kg in normal weight
controls; activity in Prader-Willi subjects was 11.5 + 5.9 vs 18.3 ± 6.6 kcal/kg in normal obese adolescents.
In contrast, anorexia nervosa subjects were found to have lower energy expenditures at rest along with
higher physical activity levels, 20.2 + 7.2 vs 10.5 ±4.7 kcal/kg, than normal weight controls. Thus,
abnormal physical activity levels contribute to the perpetuation of obesity and emaciation observed in
each of these clinical populations. The DLW method provides a measure of total energy expenditure,
allowing an understanding of the basis of energy imbalances and possible guidance for treatment.

Models for Cosmogenic-Nuclide Production Rates in
Extraterrestrial Matter

Robert C. Reedy

Nuclides made in extraterrestrial matter by cosmic rays have been measured for almost 40 years.
For about as long, models also have been developed that attempted to describe the variations in trie
nuclide production rates as a function of the object's size and the sample's location in the object as
concentrations of cosmogenic nuclides were observed to vary considerably. One of these early
models, the Signer-Nier model for noble-gas isotopes in iron meteorites, was published around 1960.
Several other semi-empirical models also date back to about then, such as one by Arnold, Honda,
and Lai, and one by Honda.

Today, work continues on developing and improving the predictions for the production rates of
cosmogenic nuclides. New types of extraterrestrial materials, such as lunar samples and cosmic dust,
are now studied, and models for nuclide production in them were developed. Some of the newer
models are refinements and improvements of earlier semi-empirical models, such as was done
recently by Graf, Signer, and co-workers in applying the Signer-Nier model to several nuclides in
stony meteorites, by Reedy for the model of Arnold, Honda, and Lai, and by Honda with his own
model. A fairly new trend in getting production rates is the use of Monte Carlo computer codes to
numerically simulate the interactions of cosmic-ray particles in extraterrestrial matter. Many models
or calculated results are used to interpret cosmogenic nuclides as each one, including the older
models like Signer-Nier, has its strengths and weaknesses in various applications.

Work was supported by NASA and done under the auspices of the US Department of Energy.
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Isotope Ratio Monitoring Mass Spectrometry

C. B. Douthitt

An "isotope ratio monitoring mass spectrometry" inlet system is a single-viscous-flow inlet
system that carries both sample and reference gas pulses entrained in an inert carrier gas stream
directly into the source of a gas isotope ratio mass spectrometer. The transport of sample and
reference gas pulses in the same capillary removes the need for a reference inlet system, which in
turn removes the need for bellows, dual capillaries, and a changeover valve; the use of a carrier gas
to maintain viscous flow obviates the need for a crimp in the capillary. Measurements of ion currents
are made continuously over a whole pulse, and peak areas are calculated after background
subtraction. Collection of all the ions from a single sample enables isotopic measurements to be made
routinely on <1 nm of gas with precisions dictated by counting statistics, decreasing by 2 orders of
magnitude the minimum sample size accessible with the conventional dual viscous flow inlet
system. At natural abundance levels, nanomolar quantities of organic compounds can be isotopically
analyzed for 13C/I2C after transit through a capillary GC and combustion/water removal interface.
Nanomolar quantities of oxygen (O2) from microliter samples of air have been isotopically analyzed
both accurately and precisely. Femtomolar amounts of heavily 13C-labelled compounds have been
detected.

Quantitative Detection of Strontium-90 and Strontium-89 in
Environmental Samples by Laser Mass Spectrometry

JC Wendt, G. Herrmann, H.-f. Kluge, L. Monz, E.-W. Otten, G. Pussier,
J. Stenner, N. Trautmann, K. Walter, and K. Zimmer

Presently a new technique for trace detection of the radioactive isotopes '"Sr and 89Sr in
environmental samples is being developed. Both isotopes are produced man-made in nuclear
weapon tests and in cases of reactor accidents. As these isotopes decay by p-emission, the
radiochemical detection of trace amounts is difficult, requiring about 2 weeks of preparation and
measurement. Hence a radiationless, sensitive, and fast detection is desirable, which is realized by a
combination of different laser spectroscopic techniques with mass separation.

After chemical extraction the strontium isotopes are surface ionized, accelerated to 60 keV, and
mass separated for preenrichment. A fast atomic beam is produced by neutralization and the 89-90Sr
atoms are excited selectively by laser light to high-lying Rydberg states. Utilizing the variation in
Doppler shift for the different isotopes and the reduction of Doppler width in collinear excitation, an
extremely high selectivity of up to 109 per excitation step is realized for the suppression of the
dominant background of stable isotopes. By field ionization the ̂ r and S9Sr isotopes are counted
quantitatively and background-free by an energy-selective detection system. This application of
resonance ionization in collinear geometry will allow for a detection limit of about 10s radioactive
atoms per environmental sample.

Supported by the Deutsche Bundesministerium fur Umwelt, Naturschutz, und Reaktorsicherheit.
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Isotopic Analysis of Rare Earth Elements
by Total Sample Evaporation

/. C. Dubois, G. Retail, and J. Cesario

Isotopic fractionation, one of the main sources of systematic error in T.I.M.S., is largely
eliminated by the total evaporation of the sample.

This technique, already applied for uranium and plutonium analysis, has been adapted for R.E.
isotopic analysis (neodymium, samarium, gadolinium, lutetium). Measurements results and
fractionation curves are presented.

The value determined for the normalizing ratio W6Nd/144Nd is different from the one used by
geochronologists.

The total evaporation method allows precise analysis of about 10 ng of element within less than
0.5 hr.

A special software has been written to integrate all the ions coming from the measured isotopes.
These experiments are done with a multicollector mass spectrometer.

Ion Transmission Studies of Multiple-Sector
Isotope-Ratio Mass Spectrometers

/. /. Stoff "->) and ].-}. Laue

Theoretical and experimental ion transmission studies were conducted to determine the
transmission efficiency of multiple-sector isctope-ratio mass spectrometers with tandem magnets of
normal geometry. The computer program GIOS (General Ion-Optical Systems)1 was used to perform
theoretical calculations of focusing properties and ion transmission efficiency. Actual transmission
through multiple-sector instruments was determined from measurements of the ion beam vertical
profile at the focal point of each sector.

Our studies also determined a way to significantly increase ion transmission without changing
the basic geometry of existing instruments. The use of an electrostatic quadrupole lens or cylindrical
einzel lens near the focal point between the magnets provides vertical focusing of the ion beam to
achieve the improved transmission without perturbing focal properties in the plane of dispersion.

1. H. Wollnik, J. Brezina, M. Berz, and W. Wendel, Proc. 7th Int. Conf. Atomic Masses Fund. Constants,
GSI report THD-26 (1984), pp. 679-683.
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Measurements of 14C and 10Be
by Accelerator Mass Spectrometry

A. J. T. Jull, D.}. Donahue, L J. Toolin, G. S. Burr,
T. E. Lange, and P. E. Damon

Measurements of the radionuclide 14C in very small samples of 50 to 500 ug of carbon is possible
using accelerator mass spectrometry. At the University of Arizona, we have developed many uses of
14C measurements in small samples of textiles, shell, charcoal, plant remains, and many other
materials. The applications range from art history and archaeology to earthquake prediction and
dating ice. We have also used the sensitivity to small amounts of 14C and 10Be to study small samples
of Antarctic meteorites and lunar soils.

Boron Ion-Exchange Isolation from Biological
Materials for TIMS Isotope Ratios

Richard A. Vanderpool and Phyllis E. Johnson

Boron isotope ratios have been reported for biological samples prepared by alkaline fusion
digestion and boron specific ion-exchange resins (IRA-743) for boron concentration and removal of
interfering elements.1 In our laboratory, microwave sample digestion is followed by ion-exchange
concentration (pH > 7). This modified procedure has resulted, for some samples, in low boron
recoveries and mineral contamination, which interfere with boron isotope ratio measurements. For
NIST SKM-1572 (Citrus Leaves), boron recoveries were as low as 50% and calcium retention was up
to 2%. This results in calcium-to-boron ratios of 23:1. We modified reported procedures to increase
boron recovery and decrease calcium retention. Multiple sample passes through a boron-specific ion-
exchange resin raised recoveries to a plateau of 80%. This boron recovery was achieved with 4-6
sample passes through resin. Addition of 2 mi of 0.35 M NH4(C2O4), to precipitate calcium before
ion-exchange, resulted in boron recoveries of 70% and calcium retention of 0.6%. The combination of
oxalate precipitation followed by multiple passes through the boron-specific ion-exchange resin can
result in boron recoveries as high as 95% with calcium retention of 0.6%. However, reproducibility of
boron recovery and calcium separation can still be a problem in some samples.

1. E. Kiss, Anal. Chim. Ada 211,243-256 (1988).
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Ultratrace Elemental Analysis by Plasma Source
High-Resolution Mass Spectrometry

Neil Bradshaw, John Cantle, and Barry McKinnon

Plasma ionization sources such as inductively coupled plasma (ICP) or glow discharge (GD)
have proven high efficiency and therefore sensitivity for inorganic mass spectrometry. When coupled
to high-resolution double-focusing sector MS, the full potential of the plasma sources can be realized.

A brief description of GD and ICP ionization sources will be given together with a discussion of
MS characteristics to fulfill this potential.

Analytical data will be presented showing routine linear dynamic ranges of up to 1012 together
with detection limits in the solid phase of ppt and in the liquid phase of ppq.

Surface Exposure Dating Using
Cosmogenic Noble Gases

/. Poths, E. A. Bryant, and B. M. Crowe

We are measuring the buildup of cosmogenic noble gases in basaltic volcanic rocks from the
Lathrop Wells volcanic center in Southern Nevada. Our goal is to further elucidate the eruption
history of this site. There are two issues of particular interest: "When did the most recent volcanism
occur?" and "Were there multiple eruptive events at this center?" Olivine separates have been
analyzed from two bombs collected at the summit of the cone, presumably from the most recent
eruption, and from one sample of a basalt lava flow (designated Q14) just northeast of the cone.
Using Cerling's (1990) production rates for 3He, we calculate ages of 26 000 ± 5000 a and 22 000 ±
6000 a for the two bombs from the summit and 44000+6000 a for the Q14 flow. The difference in the
3He ages of the units exceeds analytical uncertainty and corroborates multiple eruptive events if the
bomb ages are not younger because of removal of unconsolidated scoria.

T. E. Cerling, Quaternary Research 33,148 (1990).
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Detonation Chemistry by Time-of-Flight
Mass Spectral Analysis

N. Roy Greiner, Herb Fry, and Normand Blais

The chemical characterization of detonation reactions has been an attractive goal for some time.
Molecular design of new explosives requires detailed knowledge of reaction mechanisms and
composition of molecular products from explosives having a variety of molocular structures and
giving different detonation pressures.

In our poster we describe a new apparatus for analyzing detonation reactions using laboratory-
scale explosive charges and a method for characterizing detonation reactions. The apparatus consists
of a time-of-flight mass spectrometer interfaced to a high-vacuum firing chamber through a
skimmer. When the explosive charge is detonated, the reacting mass expands freely (at velocities up
to 15 km/s) into the high vacuum, quenching the detonation reactions in a series of stages. The mass
spectrometer analyzes contiguous volume elements of the expanding material, giving analyses of
material from this series of stages in the detonation process. The results provide molecular
characterization of detonation products and help us infer steps in the molecular mechanisms of
detonation.

Discussion of Two-Stage Mass Spectrometers for
High-Abundance-Sensitivity Measurements

Hans-Joerg Laue and Karleugen Habfast

State-of-the art single-magnetic-sector instruments used for accurate isotope ratio measurements
are showing an abundance sensitivity of about 2 ppm (at mass 237 of the uranium isotope 238U),
which is not quite sufficient for some geological and atomic research applications.

Second stages of different types mounted behind the magnetic sector field have been developed
for abundance-sensitivity enhancement by reducing scattered ions entering the detector system with
wrong masses, wrong angles, and wrong energies.

Examples of the B-B, B-E, and B-RPQ configurations will be discussed (B = magnetic sector, E =
electric sector, RPQ = retarding potential quadrupole).

241



Poster Abstracts

A MicroChannel Plate Ion Detector for
Simultaneous Pulse-Counting of Multiple Ion Beams

John F. Wacker

A multichannel ion detector has been developed for simultaneous detection of individual ion
beams in a magnetic sector mass spectrometer. The detector consists of a microchannel plate (MCP)
that is equipped with four slit/anode pairs, with each pair behaving as an independent electron
multiplier. The geometry of the detector allows for the simultaneous measurement of closely spaced
ion beams (~1 mm or less separation) using pulsecounting techniques. Tests of the detector have
been made using a 15-cm-radius, 60°-sector, thermal ionization mass spectrometer. The mass
spectrometer is used for measuring uranium isotope ratios in single particles that are admitted into
the mass spectrometer ion source in aerosol form via a differentially pumped atmospheric inlet.
Performance tests of the detector show that the saturation and background count rates for each
slit/anode pair are 400 000 and 0.1 Hz, with cross talk between adjacent anodes better than 1:5000,
under typical operating conditions of -1900-V MCP bias, +200-V anode bias, and a mass spectrometer
pressure of 1 x 10-7 torr. These performance figures are more than sufficient for simultaneously
measuring 23SU and 238U ions. The MCP detector has been used to measure uranium isotope ratios in
single particles that, in the present mass spectrometer, produce bursts of ions with durations
generally from 10 to 100 ms. A program is now underway to determine the obtainable precision for
measuring isotope ratios on steady state ion beams.

Measurement of Trace Isotopes by
Photon Burst Mass Spectrometry

W. M. Fairbank, Jr., C. S. Hansen, R. D. LaBelle, X.-J. Pan,
E. P. Chamberlin, B. L. Fearey, R. E. Gritzo, R. A. Keller, and C. M. Miller

Photon Burst Mass Spectrometry (PBMS)1 is being developed jointly by Los Alamos National
Laboratory and Colorado State University for the purpose of measuring abundance of rare isotopes
at the 10 1 1 to 1016 level. The PBMS method combines a mass spectrometer with 104 to 106 abundance
sensitivity and poor isobaric selectivity with a selective optical detector titat has very high isotopic
and isobaric selectivity (>1010) but can tolerate only moderate throughput. Initial work has
concentrated on three elements, Mg, Kr, and Ar, but it is anticipated that PBMS may be applicable to
half the elements of the periodic table.

The status of our progress in the development of this technique will be reported in this paper.
This includes observation of photon bursts from 200-eV MG+ ions exiting a mass spectrometer,2

studies of charge exchange of Ar+ and Kr+ ions in Cs vapor, development of an efficient ion source
for the Los Alamos mass separator, diode laser work, and preparation of the mass separator for the
addition of the photon burst detector. Prospects for measurement of 81Kr, S5Kr, and ^Ar isotopes will
be discussed.

1. W. M. Fairbank, Jr., Nucl. Instrum. Methods B38,57 (1985).
2. R. D. LaBelle, W. M. Fairbank, Jr., and R. A. Keller, Phys. Rev. A40,5430 (1989).
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226Ra-230Th Isotopic Disequilibrium in Young Volcanics and
Mineral Separates: Constraints on the Timing of

Magma Formation and Crystallization

Alan M. Volpe

The purpose of this paper is to present an overview of procedures and results for measurement
of radium in geologic samples by thermal ionization mass spectiometry. ^^a- 2 3 0 !^ isotopic data
have been obtained for minerals in young (<3 ka) basalts, andesites, dacites, and phonolites from
Mts. Erebus,1 Shasta,2 St. Helens, and basalt glasses from mid-ocean ridges.3 High-precision ^Ra
abundance data for mineral phases in the volcanics that include plag-hblde-opx-cpx-oliv-mgt are
unique. Isotopic disequilibrium between ^ R a and 230Th in the rocks and minerals suggest that
magma formation, crystal growth, and transport of crystal-mush to the surface upon eruption occur
over geologically short timescales (=3 to 10 ka).

New data for young Mt. St. Helens volcanics provide insight into mineral trace element
partitioning and constrain the timing of magma generation. Robust alkaline earth-actinide
fractionation exists between plagioclase [Ba/Th > 1000; (^Ra/230!!!) =4 to 5] and magnetite [Ba/Th <
10; (226Ra/230Th) >0.2] in zero-age dacites. Linearly correlated rock-mineral data plotted on
(226Ra)/Ba-(230Th)/Ba "isochron" diagrams yield average ages for crystal growth and residence time
beneath the surface. In the future, these mass spec techniques can be used to determine Ra-Ba-Th-U
partition coefficients and diffusion rates and to model crystal growth rates.

1. Reagan and Volpe, EOS 71,1658 (1990).
2. Volpe et <?/., GSAAbstr. 22 (7), A 26 (1990).
3. Volpe and Goldstein, EOS 71,1702 (1990)

Cosmogenic He and Ne Dates at the Cima Volcanic Field

C. T. Olinger, S. G. Wells, and L D. McFadden

Accumulation of cosmogenic He and Ne is being developed as a geochronometer to date
samples ranging from a few ka to hundreds of ka old.1-2 This technique has been applied to two
samples from the Cima volcanic field, near Lake Mojave, California. One constrains the age of a
tephra fall deposit, which buries a well-developed soil profile in the colluvial deposits on a much
older volcanic vent. The other sample provides an age constraint on a lava flow characterized by a
mosaic of moderately developed stone pavements and pristine constructional volcanic forms.
Cobbles with the pavement overlie a thick desert loess layer and contain xenocrysts of quartz in
addition to phenocrysts of olivine and pyroxene indigenous to the flow. Comparing results from the
three mineral separates will permit direct calibration of the relative production rates of cosmogenic
He and Ne in these minerals, and comparing relative ages of individual cobbles in the stone
pavement should place new constraints on how desert stone pavements develop. Preliminary
analyses indicate that the tephra fall is fairly young at 10 + 9 ka, and the lava flow is 24 ± 5 ka (values
reflect analytical uncertainties only and assume 3He production rates adjusted for altitude and
latitude).2 A major uncertainty in interpretation comes from the corrections for trapped and
radiogenic He. The possibility of exploiting 20Ne as a pseudo-isotope of He to improve the accuracy
of trapped corrections is being investigated.

1. K. Marti and H. Craig, Nature 325 (1987).
2. T. E. Cerling, Quaternary Research 33 (1990).
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High-Precision Os Isotope Measurement as Negative Ions by
Conventional TIMS and Its Consequent Problems

Q. Z. Yin, E. Jagoutz, and H. Wiinke

We have been using the late-developing techniques reported by Yin et al. (1991), Creaser et al.
(1991), and Volkening et al. (1991) to measure Os isotopes as negative ions by conventional thermal
ionization mass spectrometry (N-TTMS). This technique shows a clear potential both in sensitivity and
precision superior over SIMS and RIMS, plus the advantage of simple instrumentation available to the
most geochemical community. Since Os isotopes are being measured in its trioxide form in these
techniques, while higher intensities in Os dioxide and tetraoxide masses are occasionally observable,
complicated oxygen correction is necessary. If Pt filament and Ba(NO)3 (as emitter and/or to reduce the
work function ofPt filament) are being used, possible interferences from the 198,196 Pt dioxide and
Barium molecular complex should also be monitored. Due to the high content of Re in Pt filament from
the commercial source, Re corrections on Os isotopes from 186 on should be applied. Considering all 10
possibilities of different oxygen isotope combinations in trioxide mass range for Os and Re and 6
combinations in dioxide mass range for Pt and correcting for all the interferences, our measurements of
Os standard solution give the following values: 184/188 = 0.001334 ± 23,186/188 = 0.119935 ± 25,
189/188 = 1.220091 ± 19,190/188 = 1.986775 ± 59 while oxygen correction is applied before
fractionation correction, using 192/188 = 3.086420 (Nier, 1937). With the correction of Pt dioxide
interferences on 184 and 186 Os trioxide peaks, our 184/188 ratio is closer to Nier's value than any
other group reported. The fractionation behavior of Os trioxide in TIMS needs to be further
understood. By using 240/236 = 3.089593 generated from the value of «2Os/188Os = 3.08642 determined
by Nier (1937) and oxygen isotope ratio ofl7/16 = 0.0003708 and 18/16=0.002045 for fractionation
correction, with the presumption that Os is fractionating in its trioxide form, and apply oxygen
correction after, virtually identical values are determined: 184/188 = 0.001347 ± 27,186/188 = 0.119981 ±
29,189/188 = 1220066+33,190/188 = 1.986640 ± 52. We believe that the ion source and the collector
need modifications in order to get maximum efficiency of negative ions and minimize electron
interferences. Some measures have been taken to avoid scattered ghost peaks from higher masses. The
187/186 ratio of iron meteorites Odessa determined by N-TIMS in our lab is 1,1792 ± 2; this is the most
precise ratio so far reported for meteorites. Further results from various meteorites and terrestrial
ultramafic rocks will be presented.

Yin et al., Terra Abstracts, EUG (1991); Creaser et al., GCA 55,297-401 (1991); Volkening et al., Int. J.
Mass Spec. Ion Proc. (in press); Nier, Phys. Rev. 52,885 (1937).

RIMS of Chromium for Elemental and Isotopic Analysis

R. C. Estler, N. S. Nogar, and f. E. Anderson

Resonance ionization mass spectrometry (RIMS) is described for detection and isotope ratio
measurements for chromium. Samples were prepared by dissolution of Cr(NO3)3»9H2O in water,
dissolution of stable isotope enriched Cr2O3 in an aqueous acid solution, and dilution of a NIST urine
standard. Determination of Cr in the urine sample was made using standard isotope dilution
techniques. Here, 20-|ii aliquots of the isotope spike, standard urine, and the spiked urine were air-
dried onto Ta ribbon filaments for subsequent mass spectral analysis. In our work, the resonantly
excited state pd^s17S3) is reached by two-photon excitation (K = 542.07 nm) from the ground state
pd^s1 7S3). Subsequent absorption of another photon of the same wavelength results in the
production of chromium ions in the source region of a time-of-flight mass spectrometer. Our results
indicate the utility of RIMS in isotope dilution analysis of biological samples.
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Influence of Fluid Composition on the Mechanisms and
*-'-- 'Stable Isotc - - " ' * - w s ' ™ ^ -

at Elevatec
David R. Cole and T. E. Burch

Rates of Stable Isotope Exchange in Mineral-Fluid Systems
id Temperatures and Pressures

Isotope exchange between minerals and fluids proceeds through two mechanisms: (1) surface
reactions (new phase formation, recrystallization) and/or (2) diffusion along lattice planes or crystal
defects. Experiments have been conducted to evaluate how fluid composition influences the nature and
rates of stable isotope exchange. In one set of experiments, fine-grained calcite (818O = +7.3%, mean grain
diameter = 15 um) was reacted with either pure water or NaCI aqueous solutions (818O = -24.8, -10.5%)
ranging in concentration from 0.1 to 4 m for durations up to 1956 hr at temperatures of 300, 400, and
500°C and 1 kbar. SEM observations clearly show an increase in the intensity of dissolution and
recrystallization of calcite with an increase in the NaCI (aq.) content at a given temperature and pressure.
Similarly, a near-linear increase in the degree of isotope exchange (F) is observed with increasing NaCI
(aq.) concentration. For example, at 400°C and 1 kbar, F values increase from 0.16 at 0.1 m to 0.35 at 4 m
NaCI. Rate constants for oxygen isotope exchange at 400°C based on a surface reaction model range from
19x 10-9 to roughly 8x lCr9 moles O/m2/s for 0.1 and 4 m NaCI, respectively.

A second set of experiments involved reacting the same calcite with mixtures of H2O and CO2 at
temperatures of 300,500 and 700°C and 1 kbar, % XCO2 = 0,2,4,6,11,18,100 for durations of up to
1200 hr. SEM evidence indicates that when CO2 is present in any amount in solution there is no wholesale
grain growth, only very minor grain rounding. Our results indicate that (1) carbon isotope exchange
occurs primarily by diffusion, even at 700°C, 1 kbar, and XCO2 = 0.02, (2) oxygen isotope exchange is faster
then in H2O + CO2, except at 300°C. We also observe a decrease in the effective 13C diffusion coefficient
with increasing XCO2 (~1 x 1015 at XCO2 = 0.02 to ~1 x 1016 cmVs at XCO2 = 1).

Scanning Ion Imaging of Gold in
Disseminated Gold Ores

JR. H. Brigham, B. M. Bakken, and R. H. Fleming

Unweathered disseminated gold ores of Carlin, Nevada, characteristically contain 1-4%
pyrite and no visible native gold. Scanning ion imaging of these ores reveal the paragenesis of this
gold. Images were obtained with a CAMECA IMS-4f SIMS instrument using Cs+ primary ion
bombardment tuned to image negative secondary ions. High mass resolution was used to remove
interferences with 197Air. Imaging revealed that gold is associated with pyrite. Two generations of
pyrite occur: an initial diagenetic phase that is barren and a second hydrothermal phase forming
overgrowths on the first generation (Bakken et al, 1989). Gold is concentrated in the hydrothermal
phase. Additional imaging shewed arsenic and antimony are strictly associated with the gold in the
hydrothermal pyrite. An identical association of gold, arsenic, and untimony in pyrite was observed
in the Post gold deposit. Significant differences in the lithologies of host rocks indicate that it is the
mechanism of hydrothermal deposition that is critical to formation of this type of gold deposit.

B. M. BakJken, M. F. Hochella, Jr., A. F. Marshall, and A. M. Turner, Earn. Geol. 84,171-179 (1989).
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Full Elemental Analysis of Metal-Rich Meteorites
by Glow Discharge Mass Spectrometry

John C. Huneke, Stephen P. Smith, and Wojciech A. Vieth

The glow discharge as an ion source for analytical mass spectrometry was rediscovered in the
early 1970s. With the introduction of commercial instrumentation in 1985, GDMS has gained rapid
acceptance as a method for accurate, matrix-independent elemental analysis to sup-ppb
concentration levels in conducting solids. GDMS provides total coverage of the periodic table with
much the same sensitivity for all elements. Although the measurement of specific elements to ppt
levels is a strength, GDMS is used to best advantage for full impurity survey to ppb levels, as for the
7N qualification of high-purity metals (<10-7 total impurities). GDMS is particularly appropriate for
the complete chemical characterization of iron meteorites and the metallic phases of pallasites and
mesosiderites. The sample must be homogeneous and representative in the volume samples. (Sample
size is 1- to 2-mm diameter and 10- to 20-mm long, with a sampled surface area of about 10 mm2

sputtered at 1 (im/minute). Full survey measurements of hexahedrite, ataxite, and octahedrite
material provide good examples for the usefulness of GDMS to meteoritics.

Tracer-Induced Random Errors in Determination of
87Sr/86Sr and Total Sr by Isotope Dilution

David B. Ward

Adding ^Sr-enriched tracer to a sample in order to determine total Sr by isotope dilution
unavoidably degrades the precision with which 87Sr/86Sr can be determined. The only sources of
random error affecting ^Sr/^Sr precision are the uncertainties inherent in measurement of ^ S r / ^ r ,
B7Si/KSr, and ̂ Sr/^Sr by thermal-ionization mass spectrometry. Gravimetric factors introduce
additional sources of random error in determinations of total Sr but are not dealt with here. The
extent of degradation depends directly on the amount of tracer added, inversely on the degree of
enrichment of the tracer in ̂ Sr, and on the ̂ Sr/^Sr of the sample.

The optimum tracer/sample ratio, which minimizes induced errors, can be determined
analytically for a simple two-isotope such as Rb but more easily is determined empirically for multi-
isotope systems like Sr, which require iterative solutions to the isotope-dilution equations.1 Previous
work2 has been cast in terms of common and radiogenic Sr components, a formulation with only
tenuous a priori meaning. In this study, all Sr is considered to be identical for analytical purposes.

Using a Monte Carlo approach, synthetic data sets were generated by calculating isotopic ratios in
idealized mixtures of tracer and sample and then adding random gaussian errors proportionate to
observed variations (la = 4.3 and 237 ppm for 87Sr/86Sr and "Sr/^Sr, respectively; ^Sr/soSr is used
for normalizing). The resulting tracer-induced scatter was measured for two spike compositions
(98% and 81% ^Sr) at various tracer/sample proportions and sample 87Sr/86Sr values.

Induced errors of <10 ppm for ̂ Sr/^Sr and <0.1% for total Sr are deemed acceptable. For the
81% ̂ Sr tracer, with sample ^Sr/^Sr <0.8, acceptable results are obtainable with tracer mole-
fractions (of Sr in the mixtures) between 0.0025 and 0.78. Scarce 98%MSr tracer permits latitude but is
essential only for samples that will unavoidably be over-spiked or that are extremely radiogenic.

1. W. R. Van Schmus, Uth Ann. Prg. Rpt.for 1966, M.I.T.-1381-14 (1966), pp. 179-181.
2. L. E. Long, Earth Planet. Sci. Lett. 1,289-292 (1966).
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Isotopic Analysis of Uranium: Measurements of Low-Level 236U
with VG 54 Sector Thermoionization Mass Spectrometer

M. E. Ropert, P. Renaud, and C. Lefevre

A VG 54 Sector fitted with seven symmetrically disposed Faraday cups and optional axial Daly
multiplier detector, allows working in single and multicollection modes. This work deals with
measuring very low isotopic ratios 236/235 and 236/238. External and internal reproducibilities,
accuracy, and abundance sensitivity are reported. Results on NBL isotopic standards and on French
reference materials (COGEMA) are performed. A large range of low isotopic ratios is available in
natural to strongly enriched samples.

Despite a resolution (460 at 10% valley) lwoer than VG 54.38, we get good results down to
5 ppm 236 and hope an adjustable source slit will give us better values at lower level detection limits.

Measurement of the Stable Isotopes of Iron

P. R. Dixon, R. E. Perrin, D. R. Janecky, H. Bach, J. Olivares, J. Banar
W. D. Spall, and P. Unkefer

Iron isotopes offer an excellent opportunity for detailed tracing of natural processes because of
the range of stable isotopes (54,56,57,58) and the importance of iron redox transitions in
biochemical processes. Our analyses of the stable isotopes of iron have concentrated on improving
the mass spectrometric technique for analysis using the low-temperature (1180 ± 50°C) silica
gel/boric acid ionization technique on a source filament assembly of platinum and ceramic. A
prototype microsample loader for "V" dimpled Delmore filaments has been completed. With the
microsample loader, 15 n£ of solution can be consistently point-loaded onto a filament. The benefits
of microloading are that it limits and controls sample contamination, allows better control of sample
ionization, and allows smaller quantities of material to be reproducibly analyzed. Our analysis
techniques eliminate time and temperature-dependent isotopic fractionation by the ionization
process. Isobarics produced in the source are also significantly reduced. Isobaric ^Cr contamination
from the source and sample system is less than 0.2% of the MFe peak. Other contaminants that can
result in isobaric interferences are limited to Ni and alkalis. The microloader, combined with
meticulous cleaning and a dry source, has significantly decreased such interferences (<1% on ^Fe).
Ce rtified iron isotope standards have been obtained through our collaboration with the Central
Bureau of Nuclear Measurements (Belgium), and we are further evaluating fractionation of iron
isotopes during analysis. Iron isotope compositions for a range of natural materials are also being
determined.
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135Cs-135Ba: An Application of Very High Precision Mass Spectrometry to
Identifying the Astrophysical Site of the Origin of the Solar System

Charles L. Harper, H. Wiesmann, and L. E. Nyquist
135Cs is produced in the rapid neutron capture process in supernovae with a production ratio of ~0.8 relative

to stable 133Cs, which is estimated to be about 85% r-process in the bulk solar system (BSS). Inferred ab initio BSS
abundances of other unshielded extinct radionuclides, I07Pd (tm = 9.4 My), 182Hf (13 My), and 129I (23 My) in the
early solar system are consistent with a model in which most of these nuclides are contributed to the protosolar
reservoir very near in time to the birth of the sun and following a long r-process separation ("free decay") interval
of ~108 yr, as expected if the solar system formed in the vicinity of a massive star association generated during the
passage of a galactic spiral density wave. Because of its relatively short mean-life (3.3 Myr), 135Cs is a critical test
nuclide for this spiral wave "late input" scenario. For a late-input r-process fraction, Nr*/Nr = 1 x 1CH, for Cs
(inferred from 129I, assuming constant 'Nr*/'Nr in the mass region), the late-input model predicts I35Cs/133Cs ->3 x
105 for a decay interval of less than 1 half-life between synthesis and the origin of the solar system. Live 26A1 (1
Myr) in the early solar system suggests the possibility of an even shorter time-scale.

i35Ba/i38Ba relative precisions of ±10 ppm (2o), normalized to 136Ba/I38Ba = 0.109540, are achievable by
averaging the results of multiple 100-ng multicollector runs with ~+30 ppm (2c) external precisions. The use of
138Ba in the normalization is justified at this level because 138*Ba/138Ba from the decay of 138La is only 2.5 ppm in
BSS and because the two meteorites included in this study (Orgueil and Allende) have identical bulk La/Ba to
within uncertainties of ~±25%. La/Ba in our terrestrial standard "1154", a Gorda ridge basalt, is 1.8 x CI: hence
A138*Ba/'38Ba relative to Orgueil is <2 ppm, (probably « 2 ppm). Contributions from spontaneous 23SU fission
are sub-ppb in BSS.

Runs of Ba separated form large bulk samples of the Orgueil and Allende meteorites, having 133Cs/I35Ba
ratios of 1.3 and 0.4, respectively, rev.al no resolvable difference in their !35Ba/138Ba ratios, (which are also not
resolved from 1154 Ba) at the ~30-ppm 2a) level of resolution. One explanation for the lower Cs/Ba ratios (Cs
depletion) in Allende (and in terrestrial primitive mantle estimates: -0.03) relative to the unfractionated Orgueil
(= solar) ratio, is thermally-driven volatile loss in the parental nebular regions of Allende and the Earth. In this
case, the fractionation would allow a solar system ab initio determination of (or upper limit for) 135Cs/133Cs. For
example, a +30-ppm difference in the 135Ba/!38Ba ratio of Orgueil relative to Allende would correspond to
135Cs/I33Cs = 3.3 x lO5 at the time of the Cs/Ba fractionation. Our preliminary data do not exhibit this level of
deviation, indicating that 13SCs/133Cs < 3 x 105 at the time of the Orgueil-Allende Cs/Ba fractionation. This
result suggests either that the mean age of the late-input /-process matter was >3 Myr relative to the meteoritic
Cs/Ba fractionation or that the late input scenario (an endpoint model) is itself incorrect. The timing of the
Cs/Ba fractionation apparent between Orgueil, Allende, and the bulk terrestrial mantle is being investigated
through analogous fractionation in Mn/Cr and the ̂ Mn-^Cr chronometry.

Zinc Isotope Dilution In Vivo to Measure Zinc Pool Sizes,
Zinc Absorption, and Endogenous Zinc Excretion in Men

Phyllis E. Johnson, Richard A. Vanderpool, and Ananda S. Prasad

Doses of 4 mg of 67Zn in 0.9% NaCl were infused intravenously into 11 men living on a metabolic unit and
consuming controlled diets containing 1,2, 3,4, or 10 mg Zn/day. Plasma was sampled periodically for 4 hr after
infusion and for 10 days thereafter. Feces were collected in 24-hr pools. Enrichment of 67Zn in plasma and feces
was measured by a Finnigan 261 TI-MS with a single collector. After ion-exchange purification of digestates, Zn
samples (500-1000 ng) were loaded on Re filaments with colloidal silica gel and H3PO4. Filaments were heated
slowly for 90 min to 1550°C, and two blocks of 10 scans were collected. Endogenous fecal Zn excretion (EE) was
calculated as F(67Zn enrichment in feces - natural abundance/67Zn enrichment in plasma - natural abundance)
where F = fecal Zn in mg/day. Zn absorption was [I-F + EE]/I where I = Zn intake in mg/day. A pool of Zn
exchangeable with plasma (MBZP) was calculated as [5.184(mg67Zn in body)]/[67Zn enrichment in plasma -
natural abundance]. 67Zn absorption ranged from 60% when 10 mg Zn/day was fed to 92% when 1 mg Zn/day
was fed. EE ranged from 3 mg/day when 10 mg Zn/day was fed to 0.7 mg/day when 1 mg Zn/day was fed.
MBZP averaged 256 + 64 mg and did not change with diet.
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Experimental Determination of Reaction Kinetics and Fluid/Mineral
Distribution Coefficients Under Hydrothermal Conditions

Using Isotopic Doping Techniques
Warren Beck, William Seyfried, fr,. and Michael Berndt

Isotopic doping involves the addition of elements with enriched isotopic composition to the fluid
phase of a hydrothermal experiment. By monitoring the subsequent changes in fluid isotopic
composition, we can monitor the rates of fluid mineral reactions or determine fluid/mineral
distribution coefficients, even when such systems are close to equilibrium.

This technique has been utilized to study near-equilibrium calcite recrystallization during two
'free-drift' hydrothermal experiments conducted at 250°, 300°, and 400°C and 500 bars in a 0.5 m
NaCl fluid. As determined from the changes in fluid isotopic compositions, the rates of calcite
recrystallization were observed to increase with increasing temperature but were found to be
exceedingly slow under near equilibrium conditions. Results indicate an initial period of relatively
fast dissolution, followed by a period of slow steady state recrystallization for which rate constants of
1012 7,10-12 3 3 ,10" 5S, and 10-10-88 (moles s'1 cm'2) were measured at 250°, 300°, and 400°C respectively,
yielding an activation energy of 25.5 kcal/mole for this process. Using these values, estimates of the
amount of time required to approach isotopic equilibrium between a pore fluid and a host carbonate
rock are calculated to be on the order of several days to several tens of million years, depending on
the temperature, fluid flow rate, and the relative concentrations of the element in the fluid and host
rock.

Fluid/calcite distribution coefficients for Sr were determined in the experiment performed at
250°C and 500 bars and were found to be dependent on the rate of calcite recrystallization,
corroborating previous reports of this type of behavior.

Secular Variation in 813C of Atmospheric Carbon Dioxide

I. Friedman,}. Gleason, and A. Warden

Measurements were made of the 813C of atmospheric CO2 separated cryogenkally from samples
of air collected from early 1981 to early 1989 at Mauna Loa (Hawaii), Point Barrow (Alaska), Samoa,
and South Pole.

During the cryogenic separation of CO2 from air the N2O, present in air to about 0.3 ppm, is
separated together with the CO2. Because N2O has the same isotopic masses as CO^ it interferes with
the mass spectrometric analysis, and a correction must be applied to the final 8I3C results. The
correction depends upon the relative efficiency of ionization of the two gases in the particular mass
spectrometer used for the analysis. Data indicate that the efficiency of ionization in our instrument of
N2O is equal to that of CO2. Accordingly all of the 813C data reported in this paper has been
corrected by adding 0.32% to the analytical values.

The long-term changes in 813C are -0.012%/yr at Mauna Loa (1980-1989), -0.028%/yr at Samoa
(1981-1989), -0.016%/yr at South Pole (1977-1989). Seasonal changes in 813C at Mauna Loa and Point
Barrow can be explained by the uptake by plants during the summer of CO2 having a delta value of
approximately -27%.

In addition to seasonal changes in 813C, we observed large changes varying from -0.2% at Mauna
Loa and Point Barrow to about -0.4% at Samoa and South Pole that were coincident with the
1982-1983 El Nino. A smaller change in 813C that may be related to the 1985 El Nino was observed in
samples from the South Pole collected in late 1985-early 1986. These effects of the El Nino emphasize
the importance of ocean-atmosphere exchange on the CO2 cycle.
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High-Sensitivity Inductively Coupled Plasma
Mass Spectrometry Methods

D. W. Koppenaal, M. R. Smith, and E. f. Wyse

Inductively coupled plasma mass spectrometry (ICP/MS) has now established itself as a
technique for the masses (pun intended). With solution detection limits in the ppb-to-ppt range for
most elements and radionuclides, this technique is unrivaled with respect to sensitivity, elemental
analysis coverage, and analytical flexibility. In spite of the generally excellent sensitivity, however,
certain applications command even better detection and quantitation criteria. Such applications
include the environmental and bioassay determination of ultratrace radionuclides, high-purity
materials process control, and inclusion and pore water geochemistry investigations. We have been
investigating two techniques for improved sensitivity in ICP/MS: electrothermal vaporization (ETV)
and ultrasonic nebulization (USN). The ETV approach currently enables detection at the femtogram
level (107 atoms) while the USN approach allows detection and quantitation at the ppq level (in
solution). The former technique requires laboratory and chemical finesse, while the latter enables
simple solution sample introduction. Aspects of each technique will be illustrated, along with
examples of their application.

Determination of U and Th at Ultratrace Levels in Inorganic
and Organic Matrices by High-Resolution Inductively

Coupled Plasma Mass Spectrometry—Preliminary Results

P. R. Trincherini

Inductively coupled plasma (ICP) mass spectrometry is recognized as one of the most powerful
analytical techniques for trace element analysis. Nevertheless, special applications need sensitivity
levels less than 1012 g/g. Enhanced sensitivity can be obtained coupling an ICP source with a double
focusing MS in a new instrumentation (Plasmatrace, VG Instrument, UK).

Data will be presented showing quantitative ultratrace analysis (<1(H4 g/g) of U and Th present
as natural radioactive impurities in an ultraclean liquid scintillator in preparation for the BOREX
experiment. The goal of this experiment is the measurement and characterization of the solar
neutrino flux using a sophisticated and extensive detection system.
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First True Linearity Checks on a New
High-Abundance-Sensitivity Mass Spectrometer

K. Mayer, R. Fiedler, and P. De Bievre

Modern isotope ratio mass spectrometers are complex instruments aiming at the precise
determination of isotope ratios. It is the analyst's task to turn this precision into accuracy by an
appropriate calibration.

As these instruments cover dynamic measurement ranges of more than 6 orders of magnitude,
the linearity of the system (detector + pre amplifier + amplifier) is not evident, although nobody
seems to worry about it. The manufacturers offer electrical linearity tests but these apply only to
parts of the measurement system. A complete picture of the instrument's linearity can be obtained
when synthetic isotope mixtures covering the dynamic range of the instrument are used.

In tine present investigation, the linearity of a Finnigan MAT 262 Q was tested using triple-
isotope mixtures of ^ U , 235U, and ^U. 1 The measurement procedure, as well as information about
the linearity of the ion counter, in combination with a decelerating system, was obtained and will be
presented, displaying true (non)linearity.

1. K. J. R. Rosman, et al., Int. J. Mass Spec. & Ion. Proc. 79,61-71 (1987).

Comparative Measurements of Minor Isotope Abundances
on a New High-Abundance-Sensitivity Mass Spectrometer

K. Mayer, R. Fiedler, and P. De Bievre

The accurate determination of minor abundant isotopes is a rather difficult task, hardly achieved
with commercial mass spectrometers. When needed, large instruments had to be build in specialized
research laboratories.

The new Finnigan MAT instrument (262 Q) combines a magnetic sector with a decelerating
system and ion counting. The abundance sensitivity achieved is a few parts in KH and is an
improvement by a factor of 102 over standard commercial spectrometers.

Measurements of minor abundance isotopes in natural and depleted uranium are described and
compared to multiplier measurements as obtained on a MAT 260. Calibration and operational
problems are discussed in some detail.
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