Fractiondion

Gengal Introduction

The isotoperatios measured at the detector of a mass spectrometer are rarely the
isotopic ratios of the sample. Various processes occur at every pat of the mass
spectrometer to changethe isotopic composgtion of theion beams. In this discussion we
will be concerned only with the processes tha occur after the sample is in the mass
spectrometer. This leaves out certain processes tha may change isotopic ratios during
sample introdudion or processing. For example, during introduction of a gas sample into
a mass spectrometer kinetic effects may change the isotopic ratio of the gas, or during
separation and conaentration, the isotopic ratio of an element may be changed when it is
beng proessed for solid ourae work.

Theword fractionation is often used for all of the processes that occur in the mass
spectrometer that change the measured isotopic ratios However, the term (hiasesOis
often used for the processes that occur pog-ion generation and the term fractiondion is
used for the changes occurring during ion generation. In practice, however, it is difficult
to separate many of these biasing factors from fractionation. Often when a Gractionation
correctionOis made no attempt is made to separate these effects. The correction is a
general onemade on the measured ratio. To some extent this is reasonably judified since
by far and away the magor change in isotopic ratio occurs in the source during ion
generation. However, we mug always keep in mind that we are correcting for numerous
processes tha may not follow the same modes of fractionation.

We will now look at the different parts of the mass spectrometer for the kindsof
biases and fractionationsthat can occur and the factorstha effect them.

The Source

As mentioned above ion generation is the major source of ion fractionation. In a
gas source fractionaion occurs during € ectron impact and extraction of theionsfrom the
ionization space. In the Nier source there is fractionaion during the ionization proaess
because the momentum and energy balance is mass dependent and during ion extraction
the ionsmug leave a magndic field that may fractionae theions A number of factors
will effect this fractionaion: impacting electron energy and current, confining magnetic
field, anountof sample gas and contaminating gases and the geometry of the source.

For solid sources, volatilization of the sample from the filament is the major
source of fractionation. This will be affected by temperature, filament material, loading
matrix, sample form and loading technique.

For both sources there may be small differences in ionization potential between
isotopes tha have odd netron nunbers versusthose with even.

Theion lensmay introducee fractionaion dthough heeffects are prokably small.

The Andyzer
Themgor effect here is the interactionswith residud air in the spectrometer (the

same ones tha effect abundance sengtivity). The changes in isotoperatios are probably
very small. The extent of theeffect dgpends on vacuum and ion mass.



The Collector

The major effects here are mass dependencies in ion collection and electron
convasion.

For Faraday Cupsthe important effect is the mass dependency of cup effi ciency,
the effect is probdly very small.

For electron multipliers, Daly Detectors and similar devices the convasion of
ions into electrons can produ@ a large mass dependent effect. The parameters tha
determine the extent of the effect are ion mass, ion energy, first dynodematerial and
geometry and thetypes of ions(monatomic versus polyatomic).

Some General Propeties of Fractionation

Mog of this discussion will beamed at thermal ionization bu many of the
conaepts presented here are gpplicable to electron impact sources.

Although hereis some general theory to guide usabout how fractionaion
behaves, the complexity of fractionaion in TIMS meanstha only general atements can
be made aboutits behavior. Aswe will see bdow, in fact the correctionsfor fractionation
are empirical in naure.

For fractiondion effects that are kinetic (i.e., vdodty dependent) then uncer
congant energy condtionsthe fractionaion f will follow the following propotiondity:
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To afirst approxmation fractionaion in mass spectrometers follows thisbut in
detail there are variations These variations are probaly dueto norrkinetic effects. In
thermal ionization the fractionaion aorrection is complicated bythe fact that the sample
is notan infinite reservoir, therefore theisotoperatios of the materia remaining onthe
filament will vary with time.

However, there are some general comments we can make:

1) Fractionaion dereases as the temperature of volatilization gaes up

2) Fractiondion dereases with increasing nmess, 0 for example S will show
greater fractionaion than Nd which will be graer than Po.

3) Fractiondion for any ore dement will depend on he mass differences
between the isotopes. So for example, #8Sr/°Sr will be fractionated morethan
87Sr/868r

4) Thesgn of fractionaion will depend on tow the isotopes are ratioed, 3Sr/2°sr
fractionation will be opposte in Sgnto that of 2Sr/%°sr

5) For thesame m fractionaion will depend on the absolute mass, 2Sr/°Sr will
fractionate dightly differently (ignoring sgn) from®sr/%°sr

Correcting for Fractionation
There are basically two methodsfor correcting for fractionation.




Externd Correction:

For dements with only two isotopes or with isotoperatiosthat are nat fixed in
naure (e.g., Rb or B), we cannotdoareal time fractionaion rrection (e internal
correction beow). The usud method hereisto andyze a dandad of the d ement whose
isotopic ratios are known. By compaing the measured value with gandard vdue we can
calculate afractiondion crrectionthat can beapplied to samples.

Because it is diffi cult to control al of the factorstha determine fractionation, the
standad measurements will prokebly vary over some range This addsan error to ou
correction. Also, ssmples may behave differently than gandardsin the mass
spectrometer. Slandards are typically pure and do notgo through ay chemically
processing. Samples are usudly putthrough extensve chemical proessing and may
contain aher dements even dter purification.

In spite of these prodems, thisis the only way to correct for fractionationin some
elements. In Some cases there are ways to get around t, such as doubk siking.

Internd Correction:

For dements with oneisotope ratio fixed in naurewe can use thisratio to correct
for fractionation. Bymeasuring this ratio at the same time we measure other ratiosin the
sample, we can make areal time correction for fractionation. This technique provides
better results than the external correction because we can monitor the changesin
fractionationin real time. It suffers from the problem tha na many elements can beused
thisway, S and Nd are thetwo mog obviousexamples.

How to make the correction

Once we have measured our sandad raio (interndly or externally) how do we
correct the other ratios? As mentioned above, there are empirical modds for doing tis
correction. Which model is used dependson howprecisely we are measuring isotope
ratios The differences beiween the modds are small at low fractionaionsbutare
significant at large fractionaions

There are three general modds commonly used: Linear, Power Law and
Exponential (afourth model, Rayleigh,is notcommonly used as far as | can tell).

In thefollowing dscussion we will look at genera equationswhere A, B, C and
D are isotopes of an dement, two of the isotopes can bethe same (for example, B and D
could be®®sr), the subcript Sindicates the unfractionaed raio in the sample, subcript
M indicates measured vaues, m,, my, €tc. are the masses of the respective isotopes and o
isthefractiondaion pe amu.

A few words about masses

In al of these equaionswe should use the exact isotopic masses nottheintegrd
masses. These masses may change as theisotopic masses are recalibrated or
measurements become better. Also we shoud use the mass of the species tha is beng
measured in the mass spectrometer. For S which is aways measured as amonaomic
species, the masses are those of theisotopes, butNd, which is often run & NdO, the mass
of the oxides should beused. This can lead to complicationsbecause of the numerous
ovelapstha nead to becorrected for. The overlaps have dightly different masses and
therefore different fractionations (fortunately the effects are very small).




A further complication is that we canObe absolutely certain that the masses we
use redlly represent the masses of the species volatilizing fromthe filament. The species
coming off of the filament may change to another form in the complex chemical
environment jug abowe thefilament.

Linear Model

This modd assumes tha fractionaion vaies linearly with mass. Although
obvioudy notthecorrect model, for dements where external correctionsmug bemade or
where isotoperatios cannotbemeasured precisely, this correction may be adequate.

The correction has the following form
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This modd corrects for fractiongion by asuming amass dependent power
function. It gives a bdter fit to ob®rved fractionation and is useful in making
multicollector dyremic measurements (see the discussion of that topic). The correction
has the following fom:
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Exponential model
This modd is smilar to the power law but assumes the power fundion deoends

on the natural logarithm of the masses. This modd seems to fit the fractionation of most
elements quite well. It has the following form:
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Where my is themass of areference isotope.

Some general comments on these equations

At low fractionationsdl three modds give smilar results but diverge
significantly a highe fractionaions Where internal fractionaion arrectionscan be
made (such as for & or Nd) theexponential modd seemsto gve the best results.

Thelinear and pover law models are overall only dependent on mess differences
not the absolute mass. The exporential modd is absolute mass dependent.

Findly, dthough hese are empirical models they have some basis in physcal
theory. For example, bot the power law and exponential law can be derived fromause
of the Boltzman equdion.

Some Examples

We will look & a smple example of fractionaion in . For the general equations
above A =%'Sr, B =%%Sr, C =%Sr and D= #Sr. For the masses (in amu) we will use the
following:

My, = 87.90562
m,, = 86.9088¢

Mg = 85.90927
For dl of themodds;

E# _ 86Sr
D", ®Sr

the accepted vdue for thisratio.

f =0.1194
s

So:

m, —m, _my —m, _86.90889-85.90927 _ . .0

m.—-mp mg—mg 85.90927—-87.90562

and:
In(my; )—In(m, ) =-0.5035952
ln(m86 )_ ln(m88 )

If the measured vdues are:

87Sr

%—rf = 0.712394

86 88

St 019615 N =8360156
Sr"M SrnM

For thelinear modd:



0.1194
0.119615
o =0.000900/amu

0.712394-(1+( —1)-—0.5007238]= 0.713035

For the Power Modd:

0.1194

0.712394 [ =7
(0.119615

—0.5007238
) =0.713036 o =0.000902 amu

For the Exponential Modd:

0.1194

0.712394 - ——
0.119615

05035952
) =0.713040 o =0.000912/amu

Note tha in this example, where the fractionaion is small, the differences beween the
modds are small, bu when we go 1 a more extreme fractionaion example:

87
%_Sr} =0.709879
Sr M
86 88
88$r =0.120458 %Sr =8.30164¢
Sr M Sr M
we gd:
Linear:
87
87Srf¢ =0.713001 $ =0.004400amu
Sreg
Power:
87
= St 20713022 $ =0.004429/amu
r n
S
Exponential:
87
= :rj =0.713040 & =0.004470/amu
T
S

Note: in boh exponential examples, the o valueis calculated usng i of 85.90927he
mass of %°Sr.

In this example with more extreme fractionaion, the differences between the
modds are more sgnificant. So fractionaion modd chaiceis morecritical in this case.



