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Significance to JAAS

This paper presents a new method for characterization of the changes in performance
of arrays of detectors, e.g., Faraday cups, in isotope ratio mass spectrometry. The method
provides a simple way to quantitatively and continuously track the change of detector
efficiency, an important factor that controls the accuracy and precision of isotope analyses. The
advantage of this method compared to the existing methods is that it can be fast and easily
performed within the laboratory’s routine isotope analyses without the need of additional,
specially designed experiments. This method is applicable to all types of detectors and multi-

collection mass spectrometers.

Abstract

Accurate and precise isotopic ratio determinations using multi-collector (MC) mass
spectrometers rely on accurate cross-calibration and long-term stability of the efficiencies of
the multiple detectors. Isotopic analyses at part per million (ppm) level of precision, which are
commonly carried out with thermal ionization mass spectrometers (TIMS) equipped with
arrays of several Faraday cups, are the most sensitive to detector efficiency variations.
Quantitative characterization of Faraday cup efficiency changes (also known as Faraday cup
deterioration) during instrument usage can assist the analyst in making decision about
replacement or cleaning of Faraday cups, and in making corrections to measured isotopic ratios,
which are both essential to sustain the high measurement accuracy and long-term
reproducibility of MC-TIMS. In this study, we present a method to quantitatively and
continuously track the deterioration degrees of individual Faraday cups on MC-TIMS. The
advantage of this method, compared to previous ones, is that it uses only the results of regular
repetitive analyses of laboratory standards, and no additional, specially designed experiments

are required. Using this method, we monitored the performance of the Triton Plus MC-TIMS
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at Research School of Earth Sciences, the Australian National University, during a 6-month Sr
isotope analytical session, and observed significant Faraday cup deterioration up to 150 ppm.
The cups that have received the most abundant Sr atom deposition during the analytical session
deteriorated the most, confirming that the accumulation of measured elements is the likely
cause of changing Faraday cup efficiencies. The response of cup efficiency to the accumulation
of Sr atoms in the cup is complex and non-linear, and differs between cups in magnitude and
direction, suggesting that Faraday cup deterioration is not a simple univariate function of the

accumulation of measured elements.

1. Introduction

Isotopic ratio determination using mass spectrometers, including thermal ionization
mass spectrometer (TIMS),% 2 inductively coupled plasma mass spectrometer (ICPMS),%7 and
secondary ionization mass spectrometer (SIMS),® has seen a great precision improvement in
the recent three decades owing to the application of the multi-collection (MC) technique.®
Equipped with an array of multiple detectors (most commonly Faraday cups connected to
electrometer amplifiers) in the detector chamber, MC mass spectrometers can simultaneously
collect and detect ion beams with different mass/charge ratios separated by the analyser.
Compared to the single collector mass spectrometers which employ a peak-jumping scan mode
during isotopic ratio measurements, MC mass spectrometers operated in the static mode have
three major advantages. First, the simultaneous measurements of multiple ion beam intensities
completely remove the inaccuracy originated from signal instabilities related to the ion source.
Correction for the signals’ temporal drifting is therefore not needed, while the rapid and
accidental fluctuations of signals do not influence the measured isotopic ratios. Second,

simultaneous integration of multiple isotopes substantially reduces the duration of isotope
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analyses compared to sequentially scanning all relevant masses. It also saves the time needed
to change the magnetic field and to settle down the residual signals in amplifiers between
integration steps, which are both essential in the peak-jumping mode. Third, the static
measurement enables the ionized samples to be used more efficiently by detecting all generated
ions, which allows analysis of smaller samples with the same targeted precision, or increasing
precision for a given sample size due to better counting statistics. These virtues eventually
enable isotopic ratios to be analysed with exceptionally high precision using MC mass
spectrometers.10-21

Multi-collection mass spectrometers, however, have problems associated with
variations of detector efficiencies that are inconsequential for single collector peak-jumping
measurements. Two main components of detector efficiency in the commonly used ion beam
registration channels made of Faraday cups connected to electrometer amplifiers are Faraday
cup efficiency (FCE) and amplifier gain. Faraday cup efficiency is the ratio of the current
flowing through the high-ohmage feedback resistor connected to the Faraday cup to the ion
current injected into the Faraday cup. Amplifier gain is the conversion factor from the input
electric current signal from the Faraday cup to the output voltage signal of the voltmeter. In
multicollector systems used in isotopic ratio measurement, the efficiencies of the multiple
detectors can slightly differ, and can independently vary over time. Amplifier gain varies
depending on the accurate resistance of the high-ohmage feedback resistor, which in turn
depends on the temperature in the amplifier housing and the current passing through the resistor.
The value of FCE deviates from unity due to a series of complex factors, including the material,
geometry, and surface properties of the cup, the incept angle, momentum, and intensity of the
incoming ion beams, as well as the already analysed elements deposited on the surfaces of the
cup.b: 2 10.22.23 Ag sych, accurate isotopic ratio measurements using MC mass spectrometers

require accurate knowledge and cross-calibration of detector efficiencies. The ultimate long-
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term measurement precision using MC mass spectrometers depends on the stability of detector
efficiencies.? 2

Among all types of MC mass spectrometers, MC-TIMS is the most sensitive to such
detector efficiency issue because of its high measurement precision and relatively low
analytical dependence on reference standards.?® 2> 26 During MC-TIMS analyses, amplifier
gains can be measured and cross-calibrated by connecting the inputs of the amplifiers
sequentially to a stable reference current and measuring the responses of the amplifiers. The
uncertainty of amplifier gain calibration in mass spectrometers manufactured by Thermo
Scientific can be further reduced by using the virtual amplifier utility® that switches connections
between Faraday cups and amplifiers. However, eliminating the effect of FCE, the other
component of detector efficiency, is not easy.

In principle, FCEs can be determined, and corrected for, using a procedure similar to
amplifier gain calibration.> 2”30 This approach would require a source of constant and
exceptionally stable ion beam that could be directed sequentially into all Faraday cups. Such
source, however, is physically difficult to produce. The complete cancellation of FCEs during
MC-TIMS analyses can also be achieved by standard—sample comparison, given that FCEs
can be regarded constant between analyses. However, the temporal drift of FCEs along with
instrument usage, also known as Faraday cup deterioration, in time scales from weeks to years
have been reported.t 10-12.25.31-37 Reference standards thus have to be analysed more frequently
to accurately capture the rapid changes of FCEs, resulting in reduced analytical efficiency and
sample throughput of MC-TIMS. An alternative way to cancelling FCEs is to use a dynamic
multi-collection (or “multidynamic”) method in isotopic ratio measurements. 1% 3! With cup
positions fixed but the magnetic field settings dynamically switched within a measurement
cycle, the isotopic ratio of interest and the isotopic ratio used to monitor mass fractionation can

be sequentially measured using the same combination of Faraday cups, and hence FCEs can be
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mathematically cancelled during fractionation correction.'® However, even the isotopic ratios
measured using multidynamic methods have been shown to be affected by Faraday cup
deterioration.t? 22 25 With ongoing instrument usage, not only isotopic ratios drift due to the
changes of FCEs, but also measurement precision deteriorates,'® 32 35 presumably due to the
uneven distribution of deposition in the cups and the increasing sensitivity of secondary
charged particle yield to the exact point of ion incidence.l 22 Multidynamic methods can
effectively minimize the systematic errors (inaccuracy effect) caused by cup deterioration and
improve the long-term measurement precision, but the enhanced random errors (imprecision
effect) caused by cup deterioration is difficult to eliminate,’ 2% unless the Faraday cups are
replaced or mechanically cleaned.

Quantitative characterization of Faraday cup deterioration during isotopic analyses can
assist the analyst in making decision about replacement or cleaning of Faraday cups, and in
making corrections to measured isotopic ratios. Continuous monitoring the long-term drift
trends of FCEs can also help us to better understand the physical mechanism behind cup
deterioration. The systematic drifts of repetitively measured static isotopic ratios of reference
standards have been documented in many studies and been proposed as an indicator of Faraday
cup deterioration.® 10 32.35.37 However, as shown by Garcon et al.'? and also in the section 2 of
this paper, a fractionation-corrected static isotopic ratio measured by MC-TIMS generally
involves three FCE components. It is difficult to precisely determine, from the temporal drifts
of the static isotopic ratios, which cups are deteriorating, ,by what degrees they are deteriorating,
and whether the efficiency of each cup is increasing or decreasing.'® 3 In our MC-TIMS
laboratory, over a 6-month Sr isotope analytical session, we observed clear temporal drifts of
statically measured 84Sr/Sr and 87Sr/86Sr ratios of the standard NIST SRM 987, indicating that
the Faraday cups used have significantly deteriorated during the analytical session. The purpose

of this study, therefore, is to explore a method to quantitatively evaluate the deterioration
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degrees of the individual Faraday cups using the available isotopic data of the standard acquired
during the session. We demonstrate the simplicity and effectiveness of this method using our
Sr isotope study case, and investigate the evolutionary trends of FCEs during our analytical
session. We also discuss the potential applicability of this method to the analyses of other

isotope systems.

2. Experimental

Over a 6-month session from April to October 2019, high-precision Sr isotope (87Sr/8Sr
and 24Sr/%Sr) analyses of a large number of natural samples (mainly terrestrial and extra-
terrestrial rocks) and reference materials were performed at the MC-TIMS lab of Research
School of Earth Sciences, the Australian National University, using the method described
below. The Sr isotope standard NIST SRM 987 were repetitively and regularly analysed in the
session for 43 times, and those analyses were almost evenly distributed over time and
interspersed with the analyses of rocks and minerals.

Purified and evaporated samples containing 0.5-1 pg Sr were mixed with TaFs
activator® and were loaded onto single Re filaments. The mixture solutions were dried by
supplying slowly increasing current up to ca. 2.3 A. Strontium isotopes were analysed using a
Thermo Scientific Triton Plus multicollector thermal ionization mass spectrometer. A 3-line
multidynamic cup configuration used for the analyses is shown in Table 1. Before each
measurement, amplifier gains were calibrated during filament heating. Measurements started
immediately when small Sr signals appeared, and were initially operated with increasing
filament temperature until the 8Sr ion beam reached a steady intensity of ca. 2 x 102° A. The
following measurement was operated with the default inter-block heating/cooling function of
Triton to maintain the ion beam intensity stable. The measurement was stopped when the

sample was completely exhausted. One measurement typically consisted of 50—70 blocks of
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10 cycles (i.e., 500-700 cycles). For all measurements, the amplifier matrix was rotated, the
baseline was measured for 30 s before each block, and the peak centre and lens focus tuning
were automatically repeated before each 5 blocks. The isobaric interference of 8Rb on &Sr
was monitored using &Rb, and was subtracted on-line assuming 8’Rb/®Rb = 0.386.

For each cycle, static 8Sr/8Sr and 8'Sr/8Sr ratios from the 3 magnetic settings (lines)
were calculated by correcting mass fractionation to 88Sr/%6Sr = 8.375209 using the exponential

law3! following the equations:

8.375209
(84sr/86sr)c,static linei = (845r/863r)m,1inei ) [(Sssr/86sr)m,line i]B84 (1a)

8.375209
(87sr/86sr)c,staticlinei = (87sr/865r)m,linei ’ [ ]887 (1b)

(Sssr/sﬁsr)m,line i

‘G 2

where and “m” denotes “corrected” and “measured” respectively; i = 1, 2, or 3; Bss = —
1.02325 and Ps7 = 0.50359, which were calculated using the relative atomic masses of isotopes
from the International Union of Pure and Applied Chemistry (IUPAC).% In the static isotopic
ratio calculations above, three Faraday cup efficiency components are involved in each
fractionation-corrected isotopic ratio. For example, considering that Faraday cup efficiency (C)
is defined as the measured/true ion beam current (Imeasured/lrue), €quation (1a) for line 1 can be

rewritten as:

cm) 8.375209 JBas

1885
(Ise r)truellnel (CH3)

(84sr/8 Sr)c staticline1 — ( )true line 1 (C
86Sr H1

_ uy 8.375209
)true line 1 [

- —1+
Issg, JPee - Cpy - CHEM Cyy Pos

Lsss
r (1865 )true line 1

-1
= (84sr/86sr)unblasedlme 1 CL1 C 884 C +BB4 (1C)
where the “unbiased” 84Sr/8Sr ratio refers to the fractionation-corrected static 84Sr/86Sr ratio
when all Faraday cup efficiencies are unity. Since fss = —1.02325, equation (1c) indicates that

100%, 102%, and —202% of the relative efficiency changes of cup L1, H3, and H1 can be

8
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propagated into the calculated 84Sr/8¢Sr ratio respectively. The equations for other lines can be
rewritten with Faraday cup efficiencies similarly. Because amplifier gains were calibrated
before each measurement, and the “amplifier rotation” function of Triton was activated to
average the gain differences between amplifiers, the differences in amplifier gain are
considered negligible here.

The #Sr/%Sr and &7Sr/®Sr ratios from each cycle were also calculated using the
multidynamic (MD) method. The 84Sr/8Sr ratio measured at line 1 and the 88Sr/%¢Sr ratio
measured at line 3, which were sequentially measured using Faraday cups H1 + L1, were used
in the multidynamic #Sr/8éSr calculation:

8.375209

(88Sr/86sr) m,line 3

]884 (2a)

(84sr/868r)c,MD = (84sr/86sr)m,line 10

where PBss = —1.02325. Equation (2a) can be rewritten with Faraday cup efficiencies:

Isag Crq 8.375209
(3*Sr/%°Sr)emp = —ruetine 1 () * [ ]Pes
ls6s; Ch1 ( SBSF) . (ﬂ
18651‘ true,line 3 CL1
Is4g 8.375209 o
= ([ Dtruetiner " [ Pos- () Per (2D)
86gy 885r Cm1

(@) true,line 3

Since 1 + Psa = —0.02325, only ca. 2.3% of the relative cup efficiency CL1/Cw1 is propagated
into the multidynamic 84Sr/%Sr ratio, and the remaining 97.7% is mathematically cancelled.
Two multidynamic 87Sr/8Sr ratios can be calculated in our 3-line method using combined lines
1+ 2 and lines 2 + 3. The first multidynamic ratio, (87Sr/8Sr)cmp-a, was calculated by taking
the geometric mean of the measured 8Sr/®%Sr ratios of line 1 and line 2, followed by mass

fractionation correction using the measured Sr/%Sr ratio of line 2:

(87sr/868r)c,MD—A = \/(87sr/86sr)m,line 1’ (87sr/86sr)m,1ine 2

8.375209

(SSSr/sﬁsr)m,line 2

]687 (3a)
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where Bs7 = 0.50359. Considering Faraday cup efficiencies, equation (3a) can be rewritten as:

1875 CHZ 1875 CHl
(87sr/865r)C,MD—A = ( r)true line 1 ( ) ' ( r)true line 2 ( )
186Sr H1 186Sr CAX
8.375209
i ]587
885
(Isssr)true line 2 (CHZ)

Isesr 865y (ISSSr)
186 true,line 2

1875 I 7S 8 375209
= \/( r)true line 1 (I 1ﬂ)true,linez [ ]ﬁ87

C
(P (3b)
Ax

Therefore, ca. 99.6% of the relative cup efficiency CH2/Cax is mathematically cancelled. The
second multidynamic 8’Sr/®Sr ratio, (87Sr/%Sr)cmp-B, was calculated using the measured

87Sr/86Sr ratios of line 2 and line 3, and the measured 8Sr/86Sr ratio of line 3:

(87SF/868r)c,MD—B = \/(87sr/86sr)m,line 2" (87sr/86sr)m,line 3

8.375209

(88sr/ 86sr) m,line 3

]687 (30)

where Bg7 = 0.50359. The final multidynamic &Sr/%¢Sr ratio was calculated by taking the

geometric mean3! of (87Sr/%Sr)cmp-a and (87Sr/88Sr)c mp-B:

(7Sr/55S0) i = J (97S1/25S0) e wipn * (P7S1/25S0) o ps ()

The fractionation-corrected static (separately for each line) or multidynamic 84Sr/8Sr
and 87Sr/%8Sr ratios from all cycles were averaged to derive the final measurement results of
each analysed sample. The 2 standard error (2SE) values were used as the uncertainty of the
averaged isotopic ratios. The overall external measurement precision of SRM 987 in the 6-
month session, expressed as the 2 relative standard deviation (2RSD) value of the 43 repetitive

analyses, is 36 ppm and 4.8 ppm for multidynamic 84Sr/%Sr and &7Sr/8éSr respectively.

10
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3. Results

The 84Sr/8Sr and 87Sr/88Sr results of the 43 repetitive analyses of SRM 987 are plotted
against the time of measurement (day since the beginning of the analytical session) in Fig. 1 to
show their temporal variations. The static line 1 and line 2 8"Sr/%5Sr ratios exhibit near-parallel
decreasing trends from 0.710293 to 0.710260, and from 0.710259 to 0.710226, respectively,
while the line 3 87Sr/8Sr increases from 0.710231 to 0.710264. These long-term increasing or
decreasing trends are accompanied by short-period (ca. 10 days) fluctuations. The line 1
84Sr/86Sr increases in the first 60 days of the session from 0.056486 to 0.056496, and then
remains constant throughout the rest of the session. The line 2 and line 3 8Sr/8¢Sr ratios exhibit
slow and slightly decreasing trends from 0.056497 to 0.056489 and 0.056494 to 0.056489,
respectively, and also show some fluctuations with a ca. 50-day period. All these temporal
drifts or fluctuations of static isotopic ratios are well outside the 2SE uncertainties of individual
measurements. In contrast, temporal drifting is absent in the multidynamic measurement results
(Fig. 1). The observed systematic changes of static Sr isotopic ratios that are not accompanied
by changes in multidynamic values, thus, must reflect the changes of FCEs during the analyses

of standards and unknown samples.

4. Calculation of Faraday cup deterioration degree

Our calculation method of Faraday cup deterioration degree makes use of the
measurement results of SRM 987, and is based on the assumption that the observed temporal
shifts in static isotopic ratios (Fig. 1) are solely caused by the changes of FCEs during the
analytical session. For each multidynamic measurement of SRM 987, six static Sr isotopic
ratios are obtained. They can be expressed with consideration of FCEs as (see also equation

1c):

11
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(¥7St/%S 0 1ine 1 = (V7ST/%ST)unbiasedline 1~ Chiz iy " Cis”  (4a)
(¥7St/%Sm)1ine 2 = (¥7ST/*5S)unbiasedline 2 * Caiz *Cax * * Cib®  (4b)
(¥7St/2°S0)ine 3 = (¥7St/®6St)unbiasedine 3 * Cax Cry % Ch®  (4c)
(*4Sr/%S 0 1ine 1 = (V7ST/%5ST)unbiasedtine 1 Cua * Crrp 7%+ Cb®  (4d)
(*4Sr/%S 0 ine 2 = (V7ST/%ST) unbiasedline 2 Cuz * Cax ot * Cip®  (4e)
(*4Sr/%S 0 ine 3 = (V7ST/%ST) unbiasedline 3 Cua " Crp 02t Cb®®  (4f)
where C represents Faraday cup efficiency, (87Sr/%8Sr)unbiased and (8*Sr/8Sr)unbiased are
hypothesized static isotopic ratios after fractionation correction when all FCEs are unity. Note
that the “unbiased” static isotopic ratios from different lines are not necessarily equal (cf.
Miyazaki et al.*® and Makishima and Nakamura®?) due to imperfect instrumental features other
than FCE, e.g., peak shape!! and amplifier response,*® and we thus avoid referring to these
values as the “true” or “absolute” isotopic ratios. For simplicity, the equations (4a—f) are

linearized by taking natural logarithms for both sides of the equations:

In(*”Sr/%°Sr)jine 1 = In(*’Sr/®°Sr)unbiasedtine 1 + INCyz + (=1 + Bg7) - InCyy + (—Bg7) - InCyz  (5a)
In(®’Sr/%°SM)jine 2 = In(*’Sr/®°Sr)unbiased tine 2 + INChyy + (=1 + Bg7) - InCyy + (—Bg7) - InCy,  (5b)
In(%’Sr/%°SM)ine 3 = In(*’Sr/®°Sr) unbiased tine 3 + INCax + (=1 + Bg7) - InCpy + (—Pg7) - InCyy  (5¢)
In(®*Sr/%°Sr)jine 1 = In(®*Sr/®°Sr)unbiasedtine 1 + 10Cpy + (=1 + Bg4) - InCyyy + (—PBga) - InCyz  (5d)
In(®*Sr/%°S)jine 2 = IN(**Sr/®°St)unbiased tine 2 + INCrz + (=1 + Bgs) - InCpy + (—PBga) - InCyy,  (5e)
In(®*Sr/%°SM)iine 3 = IN(**Sr/®°Sr)unbiasedtine 3 + INCpz + (=1 + Bg4) - InCpy + (—Bgs) - InCyyy  (51)

If all FCEs are invariant during a measurement and can be regarded unrelated to the intensities
and angles of the incoming ion beams,* 23 the simultaneous equation system (5a—f) establishes
the relations between the measured static isotopic ratios and the unknown FCEs, similar to the
FCE measurement methods of Miyazaki et al.®® and Makishima and Nakamura.3? The
difference between our and their methods is that our static measurement results are obtained as
by-products of multidynamic measurements, while they performed separated static

measurements using each cup configuration. Nonetheless, this equation system cannot be

12
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solved for the individual FCE values, because the number of equations (i.e., the number of cup

configurations or isotopes) is not enough; to solve thirteen unknowns (six “unbiased” isotopic

ratios + seven FCES), at least thirteen independent equations are needed.

The “unbiased” static isotopic ratios measured using the same instrument and the same

method are usually constant over a long period of time, as evidenced by the invariant

multidynamic isotopic ratios and the recovery of static isotopic ratios to their initial values

when Faraday cups are renewed.! 10 25 3537 Therefore, we can alternatively investigate the

changes of FCEs between two measurements by taking differentials for equations (5a—f),

assuming that the “unbiased” static isotopic ratios are constant [i.e., dIn(®”Sr/8Sr)unbiased line 1,2,3

=0 and dIn(®4Sr/8Sr)unbiased tine 1,2,3 = 0]:
dIn(®’Sr/#°Sr)jine 1 = dInCyp + (=1 + Bg7) - dInCyy + (—Bg7) - dInCy;
dIn(®”Sr/®°Sr)jine 2 = dInCyy + (—1 + Bg7) - dInCpy + (—Bs7) - dInCyy
din(®’Sr/®°S)jine 3 = dInCpy + (—1 + Bg7) - dInCyy + (—Bs7) - dInCyy
dIn(®*Sr/®°St)jine 1 = dInCpy + (—1 4 Bga) - dInCyy + (—Pga) - dInCys
dIn(®*Sr/®°Sr)jine 2 = dInCpz + (—1 + Bga) - dInCpy + (—PBga) - dInCy

dIn(®*Sr/®°Sr)jine 3 = dInCyz + (=1 + Bg4) - dInCyy + (—Pga) - dInCyy

(6a)
(6b)
(6¢)
(64)
(6e)
6f)

Replacing Faraday cup efficiencies with relative Faraday cup efficiencies (RFCE, the ratio of

an FCE to the efficiency of the Axial cup, C* & C/C,,), equations (6a—f) are converted to:

dInCjy, + (=1 + Bg7) - dInCfyy + (—Bs7) - dInCizz = dIn(®’Sr/®°S)ine 1

(7a)

dInCij; + (=14 Bg7) - 0+ (=Bg7) - dInCiy, = dIn(®’Sr/®*Styine,  (7D)

0+ (=1 + Bg7) - dInCi; + (—PBg7) - dInCjy; = dIn(®’Sr/86Sr)jnes  (7¢)

dInCi,; + (=1 + Bgy) - dInCfy; + (—Bgs) * dInCiys = dIn(®*Sr/36Sr)jine 1

(7d)

dInCi, + (=14 Bga) - 0 + (—PBg4) - dInCjy, = dIn(®*Sr/2°Sr)jine» (7€)

dInCjz; + (=1 + Bgy) - dInCi; + (—Bgs) - dInCfy; = dIn(®*Sr/36Sr)jine 3

(7f)

Since dlnx = ‘i—x, equations (7a—f) actually describe the relations of the relative differences in

static isotopic ratios and the relative differences in RFCEs between two SRM 987

13
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measurements in the analytical session. This 6-equation-6-unknown linear equation system

(7a—f) can be simplified as a matrix equation Ax = B:

0 0 0 -1+ By, 1 _687__d|n C*LS_ _dln(87Sr/868r)“na_
00 0 1 —Bs; 0 |dInCl,| |dIn(®Sr/*sr),,.,
0 0 -1+4By By 0 0 |dihC, _ dIn(*’Sr/*S1);in (8)
0 0 1 —14+Bg; 0 —PBg [dINCL, | | dIn(**Sr/®Sr), ..
0 1 0 0 —Bea 0 din CT—!Z din( 84Sr/868r)“ne2
11 0 -1+, —Bes 0 0 __d In CLs_ _d In( 84sr/868r)““e3—

Equation (8) has a theoretical unique solution x = A™'B if and only if the coefficient matrix’s
determinant |A| = Bgs — 2Bga - Bg7 + Bsa - B37 + B3, # 0. However, when fBss and Ps7 are
replaced with the exponential law fractionation exponents fss = —1.02325 and Bs7 = 0.50359,
the coefficient matrix A becomes ill-conditioned with a near-zero determinant |A| = 0.00145
and a huge condition number of 9.8 x 102 (condition number is calculated as ||A|«:||A2, Where
|| - |l represents the oco-norm of a matrix).** A square matrix’s condition number theoretically
represents the maximum ratio of the relative error in the solution vector x (measured using
matrix norm) to the relative error in the constant vector B. This high condition number of the
matrix A reflects the high sensitivity of the solution x of equation (8) to the small perturbations
in the constant vector B, so that any error in B will result in a much larger relative error
(magnified by a factor up to 9.8 x 10%) in x. This significant error magnification is a property
of the ill-conditioned equation system but is not related to measurement or calculation errors.
Attempts to solve equation (8) with consideration of the measurement uncertainties in B
(typically 10-6-10-°) using a Monte Carlo method yielded typical uncertainties of 10~ to 102
for x, making the relative changes in RFCE smaller than 1000 ppm difficult to resolve. Per mil-
level deviations of RFCEs were observed in older-generation mass spectrometers,?’-30 32 put
this effect seems much reduced (e.g., to 10-100 ppm level) in modern TIMS instruments®® 42

probably owing to better designed Faraday cups and ion optics.t % % Therefore, though
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mathematically correct, the equations (7a—f) cannot provide precise constraints on small-
degree Faraday cup deteriorations.

The almost singular coefficient matrix A reflects that some equation(s) in (7a—f) is not
completely independent. We noticed that the left hand side of equation (7d) is approximately a
linear combination of the left hand sides of equations (7a—c). Therefore, we removed (7d) from
the equation system to achieve better equation independence and solving precision. To solve
the remaining 5-equation-6-unknown system, another independent constraint of the relative
differences of RFCEs is needed. Below we show that an independent constraint can be
established by taking the advantage of the unique characteristic of the isotope system of Sr.

The efficiency of a Faraday cup reflects its ability to prevent the generation and
escape/entry of secondary charged particles when the ion beam hits the cup. Though the
physical mechanism of Faraday cup inefficiency is not completely understood, it is believed to
be a synthetic effect related to the geometry and physical properties of the cup, the amount,
chemistry, topography, and distribution of coating materials in the cup liner, as well as the
intensity and incidence angle of the incoming ion beam.% 2% 23 2 Nonetheless, a primary
parameter controlling the Faraday cup efficiency is likely the amount of accumulated measured
elements inside the cup and the associated changes of surface properties, e.g., secondary
particle yield.! During the 6-month analytical session, our Triton Plus TIMS was exclusively
used for Sr isotope analyses of various natural samples and reference materials, using either
the multidynamic method described in this paper or a static method equivalent to its line 1
(without idle time, and zoom optics set at zero). The sample (Sr) amounts of the static runs
were generally 5-10 times smaller than those of the multidynamic runs. Rubidium and
molecular interferences were negligible in all the measurements. Given this simple instrument
usage scheme, the number of Sr atoms deposited in the cups during this session should strictly

correspond to the cup configurations used for the measurements, and thus can be quantitatively
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estimated using the measured intensity data. Particularly, we noticed that in the multidynamic
method shown in Table 1, the cups L2 and L3 have a “symmetric” status; they are equally used
to collect only 84Sr ions in the line 2 or line 3 of the multidynamic runs respectively, while
other cups are used to collect different combinations of Sr isotopes from both static and
multidynamic runs (84Sr + 8Sr for L1, 8Sr + 8/Sr for Ax, 8Sr + 87Sr + 8Sr for H1,8’Sr + 8Sr
for H2, and #Sr for H3). Therefore, in a multidynamic measurement cycle, if the ion beam
intensities are relatively stable, and no significant truncation loss of ions occurs at the cup
entrances, the cups L2 and L3 should always collect equal (and relatively small) amounts of
83r ions. Actually, when the ion beam intensities are increasing during the heating stage at the
beginning of measurements, the time-integrated amount of 8Sr ions deposited in L3 may be
slightly more than that in L2. However, this stage is relatively short compared to the entire
measurement, and the intensities are relatively low, so this effect can be compensated to some
extent at later stages when the ion beam intensities are decreasing (e.g., at the end of the
measurement). lon beam truncation may occur due to imperfect peak alignment or optic
aberration, but this can be recognized by anomalous peak and/or baseline shapes,® 3 43 which
were never seen throughout our measurements. In the static measurements, no ions are
introduced into the cups L2 and L3. Therefore, after each complete standard or sample
measurement (no matter static or multidynamic), the cups L2 and L3 should always have
received approximately equal amounts of 8Sr deposition, and thus should have deteriorated by
equal degrees, under the assumption that the accumulation of Sr atoms in the cup is the sole
cause of cup deterioration. This inference brings in a new independent constraint on the relative
differences of RFCEs between two SRM 987 measurements in our session: dInC;; = dInCp,.

Applying the assumption dInC; ; = dInC;,, the matrix equation (8) is reduced to:
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0 0 —1+Bs; 1 _B87__d In Ciz_ d In( 87sr/86sr)““ﬂ_
0 0 1 —Per 0 din C*Ll din( 87sr/868r)”“92
0 148y By O 0 |dinC, |=|dIn(Sr/*sn, .| (9
1 0 0 —Pes 0 Jldin CT—IZ din( 84sr/868r)'i“92
11 —14Bs  —Pg 0 0 JdinC, | |dIn(*Sr/®Sr); ]

The coefficient matrix of equation (9) has a smaller condition number of 117, suggesting that

it may be possible to resolve Faraday cup deterioration at 10-100 ppm level. Replace Bs4 and

Bs7 with —1.02325 and 0.50359, the solution to equation (9) is:

[dinC, | 0 598712  7.93367 294655  —1.94655 | dIn(*'Sr/®Sr), ., |
din C, 0 1.9747  1.94655  0.971845 —0.971845 | din(*'Sr/*Sr), ..,
dinC}, 0 ~1.94655 -3.90454 -0.957989 0.957989 | dIn(*"Sr/*Sr), (10)
din Cy, 0 ~5.85109 -7.75341 -1.90232  1.90232 | dIn(*Sr/*®Sr),,.,
|dinC;,, | [-1.98574 -9.69995 -11.5474 -2.83319  2.83319 | dIn(*Sr/*Sr);

Using equation (10), one can calculate the relative differences of RFCEs between two
multidynamic SRM 987 measurements from the observed relative differences of their static Sr
isotopic ratios. The uncertainties of the calculated relative differences of RFCESs can be easily
evaluated using the general error propagation method, such as that described by Makishima

and Nakamura.32

5. Discussion
5.1 Faraday cup deterioration during this study

Within our analytical session, if one SRM 987 measurement is selected as the reference
point and all other SRM 987 measurements are used to calculate RFCE differences relative to
this common reference, the continuous changes of RFCEs (i.e., Faraday cup deterioration) can
be tracked. Here, the first SRM 987 measurement performed at the beginning of our session is
selected as the reference (i.e., initial status), and thus the cup deterioration degrees at this initial
status relative to themselves are zeroes by definition. Following the method described in

section 4, we calculated the relative changes of RFCEs of the 6 Faraday cups (Table 1, except
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the Axial cup which is used as the reference cup in the definition of RFCE) relative to their
initial status using all the 43 multidynamic SRM 987 measurements performed in the session,
and show the calculation results in Fig. 2b—f. In these figures, bin-average smoothing curves
of the data points and their standard deviation ranges, computed using a bootstrapping method
(described in the caption to Fig. 2) with the uncertainties of individual data points considered,
are also plotted to quantitatively show the variation trends of the cup deterioration degrees.
During our analytical session, the low-mass cups L1, L2, and L3 do not exhibit resolvable
deterioration (Fig. 2b, c). In contrast, the RFCEs of the high-mass cups have significantly
changed relative to their initial status (Fig. 2d—f). Most of these efficiency changes occurred in
the first 60 days of the session; the RFCE of cup H1 decreased by ca. 80 ppm, while the RFCEs
of H3 and H2 experienced increases (by 150 ppm and 50 ppm respectively) followed by
decreases (by 150 ppm and 100 ppm respectively). The RFCEs of the three high-mass cups
then became stable in the rest of the session, with a slight downward kink at days 160-170.
The observed temporal variation trends of the deterioration degrees of the high-mass cups
described above are tested to be significant time-series signals different from noises (of which
the mean values do not change over time) associated with random scattering of data points.
Two methods that have been used to quantitatively resolve these signals from random noises,
“uniformity of multiple time scales” and “autocorrelation function”, are described in the
Electronic Supplementary Information in detail. The occurrences of the RFCE changes also
temporally coincide the drifts of the static Sr isotopic ratios shown in Fig. 1.

As has been discussed above, a primary parameter controlling FCE change is likely the
amount of accumulated measured elements inside the cup and the associated changes of surface
properties.k 2> The simple single-element usage scheme of our instrument during the analytical
session suggests that we can quantify the accumulation of Sr atoms in the Faraday cups, and

examine its relation with the observed Faraday cup deterioration trends. We compiled all the
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static and multidynamic Sr isotope analyses performed during this session, and calculated the
amounts of Sr atoms deposited in the Faraday cups during each measurement by integrating
the measured ion beam intensities. Because the data collection in almost all the measurements
started immediately when small signals appeared and stopped after the samples were
completely exhausted, the integrated Sr atom numbers using the acquired data are to the utmost
extents close to the true amounts of Sr ions delivered into the Faraday cups. Fig. 2a shows the
accumulated amounts of Sr atoms in the cups along with time since the beginning of the session.
The accumulated amounts of Sr atoms in all the cups increased linearly in an approximately
proportional manner. At the end of the analytical session, the cups H1, H2, and H3 have
accumulated 5-142 times more Sr atoms than other cups. This can be easily explained by the
cup configuration shown in Table 1; the cups H1, H2, and H3 were used to collect 8Sr, the
most abundant isotope of Sr. In contrast, the cups L2 and L3 were only used to collect the least
abundant isotope #Sr, and as a result, the accumulation of Sr atoms in these two cups is small
compared to other cups.

The substantial deposition of Sr atoms in the cups H1, H2, H3 during the analytical
session is broadly consistent with only these three cups showing resolvable efficiency changes
(Fig. 2d—f). This confirms that the massive accumulation of measured elements in the cups can
effectively alter Faraday cup efficiencies. However, the exact response function of cup
efficiency to the accumulation of Sr atoms in the cups, as seen in Fig. 3, is far from monotonic
or linear. Though the accumulated amounts of Sr atoms in the three high-mass cups define
monotonic, near-linear increasing trends during the session (Fig. 2a), these cups exhibit
complex efficiency change patterns with both increasing and decreasing periods as the Sr atom
number in the cups increases (Figs. 2d—f and 3). Furthermore, the responses of different cups
to the same amount of deposition of Sr atoms can differ in magnitude and sometimes direction

(Fig. 3). This suggests that Faraday cup deterioration is not a simple univariate function of the
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accumulation of measured elements. Other factors, such as the deterioration history of
individual cups and the change of surface roughness caused by different coating elements,??
may also play important roles in the direction and degree of cup efficiency change. Since the
installation in 2010, our Triton Plus has been mainly used for isotopic analyses of Sr, Nd, and
Pb in static multi-collection mode. The Faraday cups were never refreshed in the 9-year usage
history. Different ion exposure history and stage of life of the cups may explain the observed
divergence of the static 8’Sr/25Sr and 84Sr/®Sr ratios at the beginning of the session (Fig. 1) as
well as the different responses of cup efficiency to the deposition of Sr atoms (Fig. 3). This
indication appears contradictory to our assumption introduced in section 4 that the cups L2 and
L3 have equal deterioration degrees (i.e., dInC;; = dInC;,) as the consequence of their equal
increments of Sr accumulation between measurements. Assuming that L2 and L3 have different
deterioration responses to the increase of Sr atoms in the cups: dInC;; = F; 3 - dSry 3 and
dInC;, = F;, - dSr;, where F is a variable responding factor, when dSr;; = dSr;, = dSr, we
have: dInC;; —dInC;, = (F;3 — Fi,) -dSr. Valid application of this assumption (i.e.,
dInC;; — dInC;, = 0) thus requires either F;; = F;, or dSr = 0. During our analytical
session, only the least abundant isotope of Sr, 8Sr, was directed into the cups L2 and L3. The
atomic abundance of #Sr is only 0.56%,° which is 12-147 times lower than other isotopes of
Sr (87Sr, 8Sr, 8Sr). Therefore, the increase of Sr atoms in the cups L2 and L3 can be regarded
negligible relative to that in other cups (i.e., dSr = 0 can be regarded reasonable), and F;; =
F;, is not required in our calculation. As also shown in section 5.3 quantitatively, we argue
that this conclusion does not invalidate our FCE deterioration degree calculation method
described in section 4.
5.2 Comparison with existing FCE measurement methods

A number of methods have been previously developed to quantitatively measure FCEs

(or RFCEs) on MC-TIMS and MC—-ICPMS. The most straightforward way to measure RFCEs

20



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

is the single isotope cup jumping method, in which an ion beam is sequentially measured using
the Faraday cup of interest and a reference cup (usually the Axial cup) by changing magnetic
field, and then RFCE is calculated as their intensity ratio. Though fractionation need not be
considered, this method obviously requires an ion beam with exceptional short-term and long-
term stability, and accurate modelling and interpolation of small long-term variations (same as
in isotope ratio measurements by single collector peak-jumping).t 2830 This can be difficult to
achieve in either TIMS or ICPMS ion sources. The bilinear interpolation method described by
Wendt and Haase?® can largely reduce the uncertainties associated with the temporal drift of
ion beam intensity, but the measurement precision of RFCE is still limited by the intensity and
stability of ion currents. Another method, first developed by Makishima and Nakamura®? and
modified by Kimura et al.* and Miyazaki et al.,® uses the exponential law- (or power law-)
corrected static isotopic ratios measured using different Faraday cup combinations to calculate
RFCEs. With this method, it is possible to simultaneously solve N — 1 (N > 4) RFCEs plus one
true isotopic ratio (assumed to be constant) using the static measurement results from at least
N different cup configurations. The drawback of this method is that it requires a series of static
multi-collection measurements using different cup configurations with mandatory physical
movements of Faraday cups. Based on similar principles, Albaréde et al.> formulated matrix
equations for multidynamic MC-ICPMS measurements to simultaneously solve RFCEs,
fractionation degrees, and true isotopic ratios. However, their equation systems (54) and (55)
are apparently underdetermined because the coefficient matrices are rank-deficient. Therefore,
their solutions to RFCEs may not be unique. A simpler and more efficient method was recently
developed by Davis*? to measure multiple RFCEs using only two measurement sequences with
one reconfiguration of Faraday cups and magnetic field in between. However, the applicability
and efficiency of this method vary with the number of isotopes of the chosen isotopic system

(e.g., three RFCEs can be simultaneously determined using Nd each time, while only one
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RFCE can be obtained using Sr). Besides, not all Faraday cups installed in the instrument can
be characterized by this method; the two outermost cups are always beyond reach because they
are used to monitor mass fractionation.

Most of the RFCE measurement methods summarized above require additional,
specially designed experiments which cannot be easily and frequently performed within the
routine isotopic analyses of standards and unknown samples in the laboratory. The only
exception, the single isotope cup jumping method, however, is severely limited by the
requirement of exceptionally good ion beam stability. Unlike these existing methods, our new
method enables continuous and quantitative tracking of individual cup deterioration trends
using only routinely analysed laboratory standards without separate, sophisticated experiments.
The analyses of reference standards and screening of cup efficiency deterioration can be
achieved simultaneously. It should be noted, however, that only the relative changes of RFCEs
between measurements, not the absolute RFCE values, are obtained using the calculation
method described here. This new method is by no means a substitution to the direct methods
for RFCE determination and calibration,?8 323542 byt is a simpler approach to quantitatively
monitor the degree and direction of Faraday cup deterioration within an analytical session.
5.3 Reliability and applicability of our method

Our calculation method of cup deterioration degrees is based on four assumptions: (1)
RFCEs are constant during a measurement, i.e., they are not dependent on the incidence
location, angle and intensity of the incoming ion beams; (2) instrumental mass fractionation
can be accurately described using the exponential law, and the B values used are correct; (3)
“unbiased” static isotopic ratios of the standard are invariant between measurements; and (4)
the relative changes of RFCEs of cups L3 and L2 are equal between measurements. The first
three assumptions are the same as in the previous methods developed by Makishima and

Nakamura®? and Miyazaki et al,® and also form the basis of any multidynamic isotope analyses.
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The last assumption is critical to make the equation system (9) solvable without adding more
cup configurations, and its reliability needs to be assessed. This assumption is rigorously valid
at the most ideal situation when the change of RFCE is a linear function of the accumulated
amount of Sr atoms in the cup, and the cups L3 and L2 always receive equal amounts of Sr
deposition in each measurement. We have no a priori knowledge about the response function
of RFCE to the deposition of analysed elements, and furthermore, the observed responses (Fig.
3) do not support a linear relation. However, we can evaluate the effect when dInC;; # dInC;,
by assigning an uncertainty to dinC;; — dInCy,, and propagating this uncertainty into the final
solution of equation (9). In our previous calculations, the value of dInC;; — dInC;, was
assumed to be zero without any uncertainty. Our repetitive calculations show that even if an

extreme uncertainty of +5x107° (the observed maximal variation range of dInC;; and dInC;,

during the session is ca. 1x10) is assigned to dInC;; — dInC;,, the drifting trends in dInCj;3
and dInCyy; shown in Fig. 2 are still resolvable. Therefore, our calculations of Faraday cup
deterioration degrees are reliable as long as the differences between dInC;; and dInCy,
between measurements do not exceed 100 ppm.

The equation (7d) was excluded in our previous calculation of relative differences of
RFCEs. Therefore, it provides an independent way to check the reliability of our calculation
results. Using the solved relative differences of RFCEs between measurements by equation
(20), if the calculated residue between the left and right hand sides of the equation (7d) equals
zero within error, our calculation results can be regarded self-consistent. As shown in Fig. 4,
using the solved relative differences of RFCEs of cups L1, H1, and H3 and the measured
relative differences of (34Sr/2Sr)iine 1 between each SRM 987 measurement and the first SRM
987 measurement in the analytical session, the residues of equation (7d) of almost all our SRM
987 measurements are indistinguishable from zero, supporting that our estimations of the

relative changes of RFCEs (Fig. 2) are reliable.
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Our quantitative calculation method of Faraday cup deterioration degrees can
potentially be applied to other isotopic analyses and other types of MC mass spectrometers. A
generalized procedure for such calculation is as follows (a flow chart is provided in the
Electronic Supplementary Information): (1) in a specific analytical session, perform regular
multidynamic isotope analyses for reference standards together with the analyses of unknown
samples; (2) for the analyses of the standard, write the equations for all possible static isotopic
ratios (similar to our equations 4a—f). Linearize and differentiate both sides of the equations.
Select the linearly independent equations out of them and derive a nxn matrix equation similar
to our equation (8); (3) solve the matrix equation using the standard data with uncertainties
propagated; (4) if the matrix equation does not have a unique solution, or the uncertainty of the
solution is significantly magnified (like in this study), introduce additional independent
constraints about the cup deterioration degrees. These constraints can be established based on
the characteristics of the analysed isotopic system (such as dInC;; = dInC;, in this study). For
the elements that, like Sr, contain at least one low-abundance isotope (e.g., Ca, Ba, W, Pb, Cr),
assumptions similar to ours may be directly applicable. In the cases where none of the isotopes
of the analysed element can be readily regarded negligible (such as Nd), the effect of
responding factor (F) discussed in section 5.1 may be important. If F is highly different
between cups, the relation between the deterioration degrees of the cups cannot be easily
inferred from the amounts of atom deposition. In such a situation, the magnitude of the
difference in F, and whether it has a significant effect on cup deterioration, require careful
evaluation; (5) if no additional independent constraint is available or achievable, more cup
configurations have to be added3> % to establish new independent constraints about cup
deterioration degrees. Cup efficiency characterization is more straightforward if other elements

are not introduced into the cups during the analytical session. In this case, the complex
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superposition and interaction of deterioration effects caused by different elements can be
avoided.
5.4 Potential application to MC-SIMS and MC-ICPMS

The effect of FCE (and detector efficiency in general), though theoretically a common
issue for all MC mass spectrometers, has been rarely discussed in literature for mass
spectrometer types other than TIMS, e.g., ICPMS and SIMS. This, in our opinion, can be
attributed to two reasons: (1) the effect is seen as generally insignificant compared to the
measurement uncertainty; and (2) in MC-ICPMS and MC-SIMS measurements, reference
standards are frequently analysed between unknown samples to monitor the instrument
stability, or the sample—standard bracketing method is used to correct instrument mass biases,
so that any detector efficiency differences are cancelled out immediately during analyses.
However, many MC-ICPMS measurements also use other methods for mass bias correction,
such as internal normalization, element doping, and double spike.* Detector efficiencies cannot
be eliminated by these methods. MC—-ICPMS analyses are now achieving ppm-level precision
similar to MC-TIMS. It is also foreseeable that the measurement precision of MC-SIMS will
reach the similar level in the near future owing to the rapid technical improvements. As a
consequence, the previously insignificant detector efficiency issues in MC—ICPMS and MC—

SIMS are likely to become a substantial component of total measurement uncertainty.

6. Conclusion

We have presented a method based on solving linear equation system to calculate the
changes of relative Faraday cup efficiencies (RFCEs) between multidynamic analyses of
reference standards using the measured relative changes of their static isotopic ratios. This
method can be used to quantitatively and continuously track Faraday cup deterioration during

routine isotope analyses without specially designed experiments. Using this method, significant
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Faraday cup deteriorations (up to 150 ppm) were observed during a 6-month Sr isotope
analytical session. The most heavily deteriorated cups were the same ones which have received
the most abundant Sr atom deposition, confirming that the accumulation of measured elements
can effectively alter Faraday cup efficiencies. The observed response function of cup efficiency
to the accumulation of Sr atoms in the cup is complex and non-linear, and differs between cups
in magnitude and direction, suggesting that Faraday cup deterioration is not a simple univariate
function of the accumulation of measured elements. Other factors, such as the exposure history
to the ion beams of other elements, may also play important roles in the direction and degree

of cup efficiency change.
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Tables

Table 1 Cup configuration of the multidynamic TIMS method used in this study.

Cup L3 L2 L1 | Ax | H1 | H2 | H3 Zoom optics
Integration time (s) | Idle time (s)
Amplifier (Q)? 10% | 10* | 10% | 10t | 10%! | 10%t | 10%™ Focus (V) Dispersion (V)
Line 1 84Gr | ®Rb | 86gr | 87gr | 8gr -2 8 8.389 3.000
Line 2 8Sr | ®Rb | 86Sr | &Sr | 8gr 0 0 8.389 3.000
Line 3 8Sr | ®Rb | #gr | 87gr | 88gr 2 -8 8.389 3.000

2 Amplifier rotation: “left”
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621  Figure 1. 8Sr/%6Sr and 8Sr/8Sr measurement results of the standard SRM 987, plotted against
622  the time of measurement (day since the beginning of the analytical session). (a): Static and

623  multidynamic 8Sr/8éSr ratios; (b): static and multidynamic 84Sr/%Sr ratios.
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Figure 2. (a): Accumulated amounts of Sr atoms in the Faraday cups since the beginning of
the analytical session, calculated using all the static and multidynamic Sr isotope analyses
performed during the session. (b)—(f): Relative changes of relative Faraday cup efficiencies
(RFCEs) compared to their initial status at the beginning of the analytical session (i.e., dInC*
values in equation 8), calculated using the 43 SRM 987 measurements performed in the

analytical session. Black error bars represent standard errors of the relative changes of RFCEs
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measurements (i.e., dInC;; = dInCj,; see section 4 for details). In (d)—(f), the red error bars
represent standard errors of the relative changes of RFCEs when the difference between dInCj 5

and dInCj, has an uncertainty of 5x107° (i.e., dInC;; — dInC;, = 0 + 5 x 107°). Red curves

and bands in (b)—(f) are bin-average smoothing curves of the data points and their standard
deviation ranges, computed using a bootstrapping resampling method. In each resampling, a
series of new data points are randomly generated in situ from the normal distribution of each
real data point, with the corresponding standard error as standard deviation. The randomly
generated data points are averaged within a number of manually-separated bins. The mean and

standard deviation of each bin average value are calculated by 1000 times of random

resampling.
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Figure 3. Responses of RFCEs to the increase of Sr atom in Faraday cups. Relative changes
of RFCEs of the cups H1, H2, H3, same as in Fig. 2d-f, are plotted against the accumulated
amount of Sr atoms in those cups from Fig. 2a. Bin-average smoothing curves of the data points

and their standard deviation ranges are plotted using the same approach as in Fig. 2.
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Figure 4. Residues of equation (7d) of the SRM 987 measurements in our analytical session
plotted against the time when the measurement was made (day since the beginning of the
analytical session). Residues are calculated as the left hand side of equation (7d) minus the

right hand side. Uncertainties are 2SE.
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