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Abstract

Isotope amount ratios of krypton were measured on subsamples from one large batch of high purity krypton separated frot
the atmosphere. Synthetic mixtures of enriched krypton isotopes were used to “calibrate” the measurements with sma
uncertainties. The result is a primary isotopic gas standard (PIGS) IRMM-2030 with certified values for isotope ratios, isotopic
composition, and molar mass of krypton with small combined uncertaintjesvaluated according to the ISO/BIPM Guide
(GUM). It is commercially available from IRMM-Geel or from MESSER (Duisburg, D). The certified krypton isotope amount
ratios in the PIGS IRMM-2030 are as followsi("®Kr)/n(®*Kr)=0.006 232 5(55),n(3%Kr)/n(®¥Kr)=0.040 107(17),
n(®2Kr)/n(®4Kr) =0.203 43(12)n(®3Kr)/n(®4Kr)=0.201 79(11), and(®°Kr)/n(®4Kr) =0.303 205(59) with expanded uncertainty
U=Kku, and coverage factdt=2. The molar mass of Kr in this sample NM4Kr)=83.798 02(16) g/mol. These values are in
good agreement with published measurements of atmospheric krypton but have smaller combined uncertainties and a
“calibrated” by means of synthetic isotope mixtures. The values of the PIGS are traceable to the SI. Measurements of isotoy
amount ratios of krypton in other samples can be linked to Sl using this PIGS. (Int J Mass Spectrom 206 (2001) 129-136
© 2001 Elsevier Science B.V.
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1. Introduction measurements of krypton in air for the next decades.
Since then mass spectrometric methods have evolved
and measurements have been performed on this noble
gas applying various measurement techniques such as
sector field, quadrupole, isotope dilution, plasma
source ion trap mass spectrometry, and others [2—4].
There is a wide variety of applications in cosmochem-
istry, geochemistry and environmental sciences for
* Corresponding author. isotope amount ratio measurements of krypton.

Measurements of isotopic variations of krypton in
nature reveal knowledge about our past, present, and
future. In 1950 A.O. Nier published his work on
highly precise measurements of the isotope abun-
dance of krypton [1], to be accepted as the best
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Isotopic variations in extraterrestrial materials are gas standards (PIGS). These PIGS do not only have
caused by mass fractionation, nuclear reactions, ra-the same features as conventional isotopic reference
dioactive decay, cosmic rays and other processes [5]. materials (such as sample homogeneity, stability and
Measuring the variations of isotopic krypton compo- availability), but their certified values have been
sition in meteorites and lunar soils compared to obtained by measurements calibrated by means of
terrestrial krypton allows one to investigate the origin synthetically prepared mixtures of enriched isotopes.
of isotopic anomalies. In astrophysics isotope abun- In this way small residual systematic effects could be
dance measurements of krypton are used to underpinaccounted for, if present. A fully documented and
theories about the origin of the chemical elements. transparent uncertainty budget was established ac-
The isotopic composition of krypton trapped in grains cording to the GUM [14].
of meteorites provide a record of stellar nucleosyn- A PIGS needs to fulfill the following criteria:
thesis, the theory that the abundance of medium- (1) Certified isotopic composition in terms of
heavy and heavy nuclides is due to capture by lighter isotope amount ratios (measured in mol/mol). (2)
nuclides of free neutrons on either a slow time scale Fully documented, transparent, and reliable uncer-
(s-process) or rapid time scale (r-process) [6,7]. De- tainty budget evaluated according to the ISO/BIPM
termination of paleotemperatures derived from kryp- Guide (GUM) [14]. This budget includes homogene-
ton and other noble gases dissolved in groundwater ity and intrinsic, long-term stability of the quantity
enables the change and temperature fluctuations withcertified (i.e. the amount ratios) within the certified
time to be observed [8]. range. (3) Wide and open availability of the samples

Another important aspect is that not only radioac- in adequate amounts so that different laboratories can
tive [9] but also stable krypton isotopes are used for use them over long periods of time. (4) Sl traceability
environmental monitoring. One particular application of the values certified, i.e. independent on artifacts.
for stable noble gas monitoring is in view of nuclear (5) Small combined uncertainties on the certified
safeguard’s purposes as a method to identify repro- values.
cessing activities. By analyzing fissiogenic krypton
that is released during the reprocessing of spent
nuclear fuel conclusions on the reactor operating 2. Direct measurement of krypton using the
scenario and thus on possible clandestine Pu produc-“Avogadro |l amount comparator method”
tion can be drawn [10,11]. For this specific applica-
tion stack noble gas samples are measured for their Direct isotope amount ratio measurements (not
alteration of isotopic composition in air on a micro- using synthetic mixtures of enriched isotopes to cor-
wave plasma ion source mass spectrometer [12]. rect for possible small remaining systematic effects of

In general it can be said that for all applications unknown origin) were performed on the “IRMM
characteristic krypton isotopic signatures have to be Avogadro Il amount comparator,” an IRMM-modi-
read in comparison to atmospheric krypton despite fied Finnigan-MAT 271 mass spectrometer. The mea-
interfering background signals [13]. To accomplish surement procedure was developed for high accuracy
this task, reliable and comparable measurements of measurements of the molar mass of silicon in the
high metrological care are required. The best way to framework of the redetermination of the Avogadro
realize comparability of results from different labora- constant [15]. The measurement protocol and the
tories in space and time, is to use Sl units for reporting software enabled isotope amount ratio measurements
measurement results (and their uncertainties). This to a relative (combined) uncertainty an(Si)/n(*2Si)]
should also be applied for isotopic measurements. of 1xX10 > [16].

Measured values should be expressed in S| units The krypton ion currents were measured in sym-
which anchor in “absolute” measurement scales (mol/ metrical sequences, from/z= 78 to 86 and back.
mol). Thus, IRMM decided to certify primary isotopic ~ Subsequently the values of the krypton ion current
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Tabel 1
Theoretical vs. experimental values fon({Kr)/m(®*Kr)] ~* with combined uncertainties, (applying to the last two digits)

[m(Kr)/m(®¥Kr)] ~*

experimental

mass ratio

m('Kr)/m(®%Kr) theoretical nar synthetic mixture F1
m(7eKr} m(3Kr) 0.963 62 0.9690 (14) 09688  (23)
m(EKr) m(2Kr) 0.975 90 0.977 31 (41) 097696  (23)
m(®2Kr)/ m(34Kr) 0.988 02 0.988 74 (36) 0.988 495 8 (84)
m(®3Kr)/m(®*Kr) 0.994 03 0.994 76 (19) 0.994 495 (74)
m(®eKr)/m(®4Kr) 1.011 83 1.0140 (16) 1.01213  (92)

ratiosJ = I('Kr)/I(Kr) with their standard uncertain  with
ties calculated from the mean ion currents were
extrapolated to time zerd,=1,('Kr)/1,(Kr), the time
the valve from the expansion vessel to the ion source where i = 78, 80, 82, 83, 86 and = 84. K.,
was opened and the gas started to flow (“effuse”) into (conversion factor) converts ion current ratios into
the spectrometer. For id_eal gas be_haviour the effusion jsotope amount ratios

fractionation factorK, . {'Kr)/Kyad'Kr) is inversely From our experience with other gasigis at least
proportional to the square root of masses of the equal to unity+5x10 2. However for the certifica
measured isotopes [17]. Applying the following equa- tion of the PIGS smaller uncertainties are required.
tion the effusion fractionation factor was monitored ThereforeK, has to be determined experimentally
during the measurement and thus the actual diffusion ysing synthetic isotope mixtures of enriched Kr iso-
behaviour of the gas leaking into the ion source could topes. From the observed ion current ratios and from
be verified for its closeness to ideal gas behaviour:  the known isotope amount ratio of the prepared
mixtures, K. could be derived within small uncer

R = n('Kr)/n(Kr)

i : i ~-¢
M = kar = (m(_Kr)) tainty.
KmacpKr) I(J'Kr m(JKr)
where
3. Synthetic Kr isotope mixture
( [('Kr) )
n -
e = lo('Kr) Synthetic mixtures of krypton have been prepared
r t

in order to perform an independent confirmation that
K. is close to unity with small combined uncertainty

applying the Avogadro Il amount comparator method
for krypton isotope ratio measurements. To date this
has been confirmed for Si, Xe, and S [15,20,21]. At
the same time the synthetic Kr isotope mixtures
enabled to “calibrate” the measurements with small
dcombined uncertainty.

and ¢=¥- for ideal gas behaviour.

Experimental in('Kr)/m(Kr)]~¢ for krypton are
given in Table 1. They were found to be very close to
values for ideal gas behaviour, resulting in relative
differences for the extrapolated isotope amount ratios
on the 4<10° level only. Moreover, applying model
equations for adsorption and desorption the measure
ratios were investigated for possible fractionation
effects in the inlet system [18,19].

The extrapolated ion current ratid% were related
to the isotope amount ratiB‘-O,j by

3.1. Preparation

Synthetic mixtures of krypton have been prepared
R = Keonv J7- volumetrically [18] in co-operation with Los Alamos



132

Table 2

Isotopic composition of the starting materials (in amount fraction
x100) with combined uncertaintias. (applying to the last two
digits)

enriched®®Kr natural Kr

isotope  amount fractions< 100 amount fractions< 100
&Kr 0.000 581 (37) 0.354 315 (26)

80Ky 0.000 152 5 (97) 2.281 75 (18)

82Kr 0.000 884 (81) 11.584 77 (61)

83Kr 0.002 774 (43) 11.497 59 (40)

84Kr 0.811 361 (46) 56.988 96 (58)

85K r 99.184 25 (11) 17.292 62 (49)

National Laboratory (LANL) in New Mexico, USA.
Krypton of natural isotopic composition and 99%
enriched ®%Kr were used as starting materials for
blending (Table 2). In a volumetric procedure, the
value of a synthetically prepared amount ratio can be
achieved quite accurately using only a very small
amount of enriche8°Kr. Gravimetry [22] would have
required typically a minimum mass of akiol g of

Table 3
Blanding ratios of enriched and natural krypton in mass rakios
100 with combined uncertainties.

mixture  Blending ration u./e,
label € = [M(E"8Kr)/m("#Kr) X 100] u, (in %)
B1 0.021 04 0.00031 1.5
C1 0.025 61 0.00037 1.4
D1 0.030 57 0.00044 14
El 0.088 5 0.0013 15
F1 1.014 0.015 1.4
Table 4
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each of the isotopically enriched gaseous starting
materials to achieve the envisaged uncertainty.

A total of five krypton mixtures were prepared.
Table 3 gives a summary of the prepared blending
ratios e in [m(®""8%r)/m("®Kr) x 100] with combined
uncertaintiesl,.

3.2. Calculated isotope amount ratios,, &, for the
Kr synthetic mixtures

From the measurements of the enrichment and the
purity of the starting materials, the “prepared” isotope
amount ratios of the synthetic mixtures and their
uncertainties were calculated for the blending ratios
(Tables 2 and 3), using the isotope mixture pro-
gramme SPIRIT [23]. An example for a complete
uncertainty budget is given in Table 4, as established
for mixture E1.

3.3. Measurement of conversion factof,K,

To convert ion current ratios into isotope amount
ratios the observed values for the ion current rafios
of the synthetic mixtures are compared to the prepared
isotope amount ratio valug?. This comparison de-
termines the conversion factki,,, for small residual
systematic effects of unknown origin.

Note thatK.,,, has to be applied to the values of
the observed isotopic composition of the starting
materials (Table 2) and then to be iterated. However,
since the values oK., are very close to unity, the
iterated values do not change significantly [18].

Uncertainty budget of krypton synthetic mixture E1 with combined uncertaipty

combined uncertaintyX(10°) originating from the starting materials for the knowledge of

their

Prepared isotope amount rafio amount ratios of Chemical atomic
mixture E1 U mixt. comp. purity weighing massess
n("8Kr)/n(®Kr) 0.006 217 24 0.045 0.045 0.000 000 15 0.000 99 <0.000 008
n(®%Kr)/n(®Kr) 0.040 038 2 0.42 0.42 0.000001 1 0.000 72 <0.000 008
n(®%Kr)/n(®%Kr) 0.203 280 1.2 1.2 0.000 005 6 0.003 6 <0.000 008
n(®3Kr)/n(®Kr) 0.201 750 4 0.76 0.76 0.000 005 4 0.003 6 <0.000 008
n(®eKr)/n(®Kr) 0.303 956 2.4 1 0.0034 2.2 <0.000 008

2See [29].
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Table 5

Conversion factors accounting for small residual systematic
effects as determined by means of the volumetrically prepared
synthetic krypton isotope mixture “E1” with combined
uncertaintiesu, (applying to the last two digits)

conversion factoK,,, = prepared isotope amount
ratio/observed ion current ratio

n("8Kr)/n(®Kr) 1.001 44 (35)
n(eKr)/n(3Kr) 1.00039 (19)
n(e2Kn)/n(®*Kr) 1.000 07 (29)
n(®3Kr)/n(®Kr) 1.00001 (27)
n(eeKr)/n(3Kr) 0.999 961 (81)

meanK,,,, factor (all ratios) 1.000 37 (73)

meanK,,,, factor (for major abundance ratios) 1.000 01 (41)

All values calculated forK.,,, (from all five
mixtures) were equal to unity within measurement
uncertainty (Table 5, Fig. 1), except for the two minor
abundant isotope$Kr and ®%Kr (small ion currents).

4. Kr PIGS IRMM-2030

4.1. Homogeneity measurements
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Fig. 2. Isotopic homogeneity of the krypton subsamplés:ku,
(k=1), as measured for the ratfdkr/Kr.

were measured in a tightly controlled series. Then the
isotope amount ratios of each bottle were compared to
the mean value of the isotope amount ratios of all
bottles. An example for the rati;5/541S given in Fig.

2. On the basis of the measurements results obtained
on the major abundance ratios, the homogeneity can
be expressed ds,,=1.0000-0.0001.

4.2. Isotope amount ratio values for the
PIGS(IRMM-2030) from the direct measurement

The homogeneity measurements on the PIGS wereusing the Avogadro procedure

of the “direct type” applying Avogadro measurement
procedure on the Avogadro Il amount comparator
without using synthetic isotope mixtures. To deter-

The Avogadro Il amount comparator method is a
rather sophisticated measurement procedure, but in-

mine the homogeneity of the batch, measurements creasingly known to yield measurement results of
were performed on 24 bottles, measuring one of them high metrological quality. It converts the measured

six times and the others twice each. All PIGS bottles

mean K .,,,-factors for major abundant isotopes
1.0015

1.001

1.0005

K conv=R prep | R obs

0.9995 +

0.999 +

mixture B1 mixture C1 mixture D1 mixture E1 mixture F1

volumetric krypton isotope mixtures

Fig. 1. Mean conversion factors for the volumetrically prepared
synthetic krypton isotope mixturebl=Kku, (k=1).

ion current ratios into observed isotope amount ratios.
The directly observed ion current ratio measurements
(Table 6), which are using this procedure is a very

Table 6

Observed ion current ratios of the Primary Isotope Gas Standard
(IRMM-2030) with combined uncertainty. (applying to the last
two digits)

Observedion current ratios]) of the Primary Isotopic Gas
Standard (IRMM-2030) from the direct measurement procedure
using the “Avogadro procedure”

I("BKr )1 (BKr )
1 (B%Kr ™)1 (B*Kr™)
1(B2Kr )1 (BKr ™)
1 (B3Kr )1 (BKr ™)
1 (B8Kr ™)1 (B*Kr ™)

0.006 223 5 (17)
0.040 091 2 (34)
0.203 415 (16)
0.201 788 (14)
0.303 217 (16)
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Table 7
Certified isotope amount ratios of the Primary Isotope Gas Standard IRMM-2030 compared to the IUPAC selected best measurements;
U = ku. (k = 2) (U applies to the last two digits)

Certified amount ratios of the Amount ratios from the [UPAC
Primary Isotopic Gas Standard (IRMM-2030) selected “best measurement” of krypton
n("8Kr)/n(®Kr) 0.006 232 5 (55) 0.006 320 (47)
n(®%Kr)/n(®Kr) 0.040 107 (17) 0.039 975 (71)
n(®3Kr)/n(®Kr) 0.203 43 (12) 0.203 30 (47)
n(®3Kr)/n(®Kr) 0.201 79 (11) 0.202 25 (12)
n(®eKr)/n(®Kr) 0.303 205 (59) 0.303 72 (12)

2See [26].

good approximation for the isotope amount ratios. It cally from air. The PIGS is made available in 1 L
is based on rather simple physical principles (gas aluminum cans at a pressure of X20° Pa with a
kinetics) [18] enabling the ideal gas behaviour of the special valve (Messer 795.08312) to avoid possible
krypton during the measurement to be verified in mass fraction effects while sampling.

terms of quantitative compliance with kinetic gas Applying the IRMM Avogadro Il amount com-

theory values within stated uncertainty. parator method the krypton isotope amount ratios
were measured verifying the closeness to ideal gas
4.3. Isotope amount ratio values for the behavior of the krypton during the measurement.
PIGS(IRMM-2030) from measurements calibrated ~ The measurement procedure was verified by
by means of synthetic mixtures means of synthetic krypton mixtures yielding in
certified krypton isotope amount ratios with a
Determination of the conversion factét,,,, by relative combined uncertainty,<5x10 %, The

means of synthetic mixtures. accounts for possible yequced conversion factor for the major abun-

small residual systematic effects of unknown origin. yant krypton isotopes, comparing synthetically pre-
Keony Multiplied with the observed isotope amount pared with measured isotope amount ratios of
ratios from the direct measurement using the “Avo- krypton, was equal to unity within a combined

gadro procedure” yields, thus, in certified isotope
amount ratios (Tables 7 and 8). Since the correction
factors were not significantly different from unity the
values from the measurements using the Avogadro
procedure did not change significantly. Their uncer-
tainty however increased slightly. The observed and
the certified isotope amount ratios for the major
abundant isotopes of the Kr-PIGS IRMM-2030
agreed within the stated uncertainty ef5x10 *
relative, which is a further confirmation of the met-
rological quality of the Avogadro Il amount compar-
ator method [15,16,18].

uncertainty ofu.<8x10 °. All the measurement
uncertainties were evaluated following the
ISO/BIPM Guide on the expression of uncertain-
ty in measurements. This is a further confirmation
that the applied IRMM Avogadro II amount
comparator method for measuring isotope amount
ratios is well understood, yielding results of the
highest metrological quality. Hence measurements
of isotope ratios of krypton “calibrated” against
PIGS IRMM-2030 are traceable to the Sl. The
PIGS IRMM-2030 is a krypton standard for
calibration purposes of instrument setups where
reliable and comparable isotope amount ratio
5. Conclusion measurements of krypton are indispensable.
The PIGS (IRMM-2030) is the first isotopic refer-
A PIGS was prepared for krypton, starting from a ence material ever prepared for krypton. The certi-
homogenized batch of krypton separated cryogeni- fied isotope amount ratios obtained on PIGS
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Table 8 0203 Nier50 IUPAC'93
Measured and certified isotopic composition and molar mass
M(Kr) (numerically equal to atomic weight) of the Primary 0202
. _ _ - PIGS-IRMM-2030
Isotopic Gas Standard IRMM-203Q} = ku, (k = 2) T
m L
Amount mass fraction 3‘5’: 0.202 RMM'93
Isotope fraction X 100 X 100 uncertainty g‘x‘ +
&Kr 0.35518 0.330 26 +0.000 32 = oz Basford73
80K 2.285 60 217972 +0.000 96
82Kr 11.5930 11.3323 +0.006 2
83Kr 11499 6 11378 3 iooos 8 0-2001.2015 0.2020 0.2025 0.2030 0.2035 0.2040 0.2045
84Kr 56.987 7 57.064 9 +0.005 8 n (*Kr)in (“Kr)
85K r 17.2790 17.714 6 +0.003 2
molar mass of krypto(Kr) = (83.798 02+ 0.000 16) g mol ™ Fig. 4. Three-isotope plot fon(33Kr)/n(®*Kr) to n(®2Kr)/n(®*Kr):

published values compared to this wotk=ku, (k=2).

The krypton atomic masses used in the calculations were taken
from [29].
the high metrological potential of the IRMM Avo-
gadro Il amount comparator method.
IRMM-2030 are compared in Figs. 3-5 with previ-
ous measurement results on atmospheric krypton
[1,2,24-27]. They were found to be in good agree- Acknowledgements

ment but now have considerably smaller, yet ex-
panded uncertainties. The authors would like to acknowledge J. Banar
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Fig. 3. Three-isotope plot fon(®°Kr)/n(3*Kr) to n("Kr)/n(®*Kr): Fig. 5. Three-isotope plot fon(®%Kr)/n(®*Kr) to n(82Kr)/n(®*Kr):

published values compared to this woltk=ku, (k=2). published values as compared to this wddksku, (k=2).
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