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Abstract

The total evaporation technique of thermal ionization mass spectrometry was applied to the isotopic analysis of chromium. High measuremer
reproducibility of the chromium isotope ratios was verified (2 S.E. <0.0%%rf>Cr)), while a clear mass fractionation effect was observed
by using conventional measurement technique. The chromium isotope ratios analyzed by the total evaporation method were not affected by tt
sample amount on the rhenium filament (50-500 ng Cr). The isotopic analysis under the coexistence of zinc was also performed, and its effect
the chromium isotope ratios was confirmed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and radium[4]. Since the mass fractionation effect is more
significant in the light elements, its application to the lighter

Thermal ionization mass spectrometry (TIMS) is well known elements should be most effective.

in the analysis of precise and accurate isotope ratios. The ion Chromium has four stable isotop&%Cr,52Cr,>3Cr, ancdP*Cr.

source of TIMS is equipped with a filament which evaporatesThere are no stable isotopes of any other element with masses

and ionizes the sample on it. Since the lighter isotope tends t62 and 53. Sinc&®Ti, 50V, and >*Fe are isobars of°Cr and

evaporate at a lower temperature, the isotopes are fractionatéCr, chromium samples must not be contaminated with tita-

onthe filament during the analysis. The mass fractionation effeatium, vanadium, and iron. Oxide ions of other elements (alkali

results in a bias which is specific to the analytical condition. and alkaline earth) do not yield mass 50-54. The large isotopic
The total evaporation method is effective at cutting off thedispersion from 50 to 54 and the smaller isotopic interferences

mass fractionation effect. The sample is evaporated from thenable us to demonstrate the effectiveness of the total evapora-

filament completely, and the total ion beam of each isotopéion method for chromium as a light element.

is integrated. Since a mass spectrometer equipped with the The chromium isotope ratios of an isotopic reference stan-

multi-collector system can integrate ion beams simultaneouslyard (SRM979) were analyzed by TIMS with the total evapora-

it enables us to obtain accurate data by the total evaporatidion technique. The precision and accuracy of measured isotope

method. In the nuclear science discipline, the total evaporatioratios were discussed by comparing to the data obtained by the

method is accepted in the isotopic analysis of uranj@f@].  conventional method. The fluctuation of the isotope ratios under

Though the total evaporation technique is the fractionation freéhe coexistence of other elements was also studied.

method, its application appeared to be limited for uranium and

plutonium. Recently, the total evaporation technique has beet Experimental

adopted for obtaining the precise isotope ratios of rher@jm
2.1. Isotopic analysis by the total evaporation method

* Corresponding author. Tel.: +81 724 51 2469; fax: +81 724 51 2634. The isotopic reference standard SRM979 was obtained from
E-mail address: tosiyuki@HL.rri.kyoto-u.ac.jp (T. Fuijii). the US National Institute of Standard and Technology. The
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hydrated chromium nitrate, [Cr(Ngs-9H>0], was dissolved Anhydrous Cr(4 was a product of Anderson Physics Lab-
in nitric acid to create a chromium solution containing 100 ppmoratory Engineered Materials (APL) (99.99% in purity). Zinc
Crin 1 mol dn3 (M) HNO3. To avoid the isotopic interference nitrate is a product of Wako Chemicals Co., Inc. By using
of °0Ti, 0V, and®*Fe on®°°Cr and®Cr, nitric acid purchased anhydrous CrGl, chromium solution containing 200 ppm Cr
from Tama Chemicals Co., Ltd was used, in which the conin 1M HNOs was prepared (which is similarly denoted in
centration of each metallic impurity was certified to be underthe following section in detail). A 200 ppm Cr solution con-
0.01 ppb. taining 40 ppm Zinc in 1M HNQ@ was also prepared. These

Each 2uL aliquot was placed on a sample filament, in whichwere supplied to the isotopic analysis, and the filaments with
the filament used was rhenium ribbon prepared via zone meltin@00 ng Cr and 200 ng Cr+40ng Zn were prepared. Nine sam-
The total amount of Cr loaded on the filament was 200 ng. Theles for each sample were analyzed by the total evaporation
filaments with 50 ng Cr and 500 ng Cr were also prepared imethod.
the same manner. The isotopic analysis was performed using
a mass spectrometer with a multi-collector system (Finnigan?.4. Pyrometallurgical bi-phase extraction
MAT262).

A rhenium double filament was loaded into the mass spec- In order to verify the accuracy of isotopic analysis with
trometer. Because the natural abundancé?6f (83.79%) is  the total evaporation technique, a pyrometallurgical bi-phase
greatest, its ion beam was monitored &M@r/°°Cr was mea- extraction, which has been studied as a reprocessing technique
sured (the superscript means mass number 50, 52, or 53).for the spent nuclear fuel], was performed, and the iso-
lon beam intensity at mass number 51 was monitored to chediope fractionation of chromium in this system was similarly
the background. The measurement protocol was as follows. Thetudied.
ionization filament was heated to 4 A in 10min. The sample Anhydrous Cr(4 and LiCI-KCI eutectic mixture (mole ratio
(evaporation) filament was heated to attain B0~ 13 Aion cur-  of lithium to potassium=59/41) were products of Anderson
rent of%2Cr, and then peak centering and focusing were quicklyPhysics Laboratory Engineered Materials (99.99% in purity).
completed. The measurement was performed with the increaggnc metal (over 99.9% purity) was a product of Kanto
of the sample filament current by 20 mA/scan, in which theChemicals Co., Inc. Anhydrous Cr{lvas dissolved in the
integration time of 1 scan was 4 s. The upper limit of #8€ér  LiCI-KCI eutectic to create a solution, 0.2 M CeClat 873K
ion current was set at 7610 11 A. The data acquisition was in a quartz tube. This was contacted with the liquid zinc at
terminated when th&Cr ion current fell below % 10-12A. 873K for 20h (6h is time enough to achieve an equilib-
Thirteen to 20 samples for each sample amount wereium [5]). The volumes of two phases at 873K were 4 mL

analyzed. (molten salt phase) and 1 mL (liquid Zn). Trivalent chromium
in the molten salt phase was reduced and extracted by metal-
2.2. Isotopic analysis by the conventional method lic zinc. After achieving the extraction equilibrium, the molten

salt phase was drawn into a quartz tube for analysis. The

Ten filaments for each sample amount of Cr (50 ng, 200 ngextraction experiment was carried out in a glove box sys-
and 500 ng) were prepared in the same manner as the total evagem filled with dry Ar continuously purified to remove oxy-
ration method, and arhenium double filamentwas loaded into thgen and humidity. The content of impurities @nd HO in
mass spectrometer. The ionization filament was heated to 4 A ithe inside atmosphere was continuously maintained less than
10 min. The sample filament was gradually heated to 1.2—1.5 A ppm.
in 10 min to attain the steady state of an ion beam with an ade- The concentration of chromium in the drawn salt sample
quate ion current of?Cr. The peak centering and focusing were was analyzed by an ICP spectrophotometer (Shimadzu, ICP-
done within this heat up procedure. The ion current§?6fr  1000TR). The ratio of [Cr] in the equilibrated molten salt phase
were about 4. 102 A (50 ng Cr) and 3.0 10 1A (200ng  to that of the initial condition was [C&}uiiibrated[Cr]init = 0.063.

Cr or 500 ng Cr). Forty ratios (in two blocks of 20 ratios each)Most of Cr(Ill) in the molten salt phase was reduced t8 &rd
were measured in 8 min. extracted into the liquid zinc phase. This means that the elec-
After the measurement, the sample filament was slightlyrically equivalent amount of Zhwas oxidized to Zn(ll) and

heated up to recover the same ion beam current before the meadissolved into the molten salt phase.
surement. Then the isotope ratios were measured again. This The drawn salt sample was dissolved in a \Nsblution,
procedure was repeated again. Totally, isotopic analysis was pexhose Eh was controlled by adding hydrazine monohydrochlo-

formed three times for each sample. ride, and Cr(lll) was recovered as Cr(QH.ithium and potas-
sium were completely removed by this precipitation procedure,

2.3. Effect of coexisting zinc in the isotopic analysis of but the separation factor of chromium and zinc was not high:

chromium with the total evaporation technique mole ratio of zinc to chromium in the recovered Cr(Qias

1/5. The recovered Cr(OHRl)containing zinc was dissolved in
The performance of the total evaporation method under thaitric acid to create a chromium solution of 1 M HNGand by
coexistence of other elements isimportant. The isotopic analysissing this, the filament with 200 ng Cr was prepared for isotopic
of chromium with the total evaporation technique was performeanalysis. Ten samples were analyzed by the total evaporation
under the coexistence of zinc. method.
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Fig. 1. Chromium isotope ratio°Cr/°2Cr, measured by the conventional
method. The sample amount is 200 ng. The errors are 2 S.D.

3. Results and discussion
3.1. Mass fractionation effect of the conventional method

Fig. 1 shows the raw data of ttROCr/°?Cr values obtained
by the conventional method (200ng Cr). The sample number
x—y meansyth measurement of sampteThe bold line and the
dotted lines are the certified value and its uncertainties (2 S.D.),
respectively[6]. It is clear that, from the 1st to the 3rd mea-
surement, the°Cr/>2Cr decreased due to the mass fractionation
effect. All isotope ratios are summarized fiig. 2. Each data
is the averaged value of the 10 samples and the errors are the
experimental error of 2 S.E. The number typed in the abscissa
meangth measurement. The clear mass fractionation effect can
be seen in each isotope ratio. For the sample amount, 50 ng Cr
is small to attain and maintain the adequate ion beam current.
This would result in the large errors. The 1st measurement with
200 ng Cr shows the isotope ratio close to the certified value, but
the measured isotope ratio deviates from the certified value over
time. This means that the data acquisition in measurement (ggg. 2. Chromium isotope ratios measured by the conventional method: (a)
. . L . . Cr/°2Cr, (b) 33Cr/2Cr, and (c)**Cr/°2Cr. The errors are 2 S.E. of 10 sam-
isotope ratios of 200 ng Cr should be initiated immediately afterple&
the ion beam is stabilized. On the other hand, the 1st measure-
ment with 500 ng Cr is considered to be slightly premature. The
isotope ratios obtained by the 2nd measurements are more aceis obtained in the conventional method. Hence, we evaluated the
rate. From the 1st to the 3rd measurement, the isotope ratigeproducibility as an experimental error. Measurement results
are identical with the certified values within the experimentalwith 2 S.E. are shown ifiable 1. The certified valu¢g] of NIST-
errors. As shown irFig. 2, however, the mass fractionation SRM979 by conventional method are shown together with 2 S.D.
effect occurs clearly through these measurements. This effeciur previous daté7] (500 ng Cr, total evaporation method) are
limits gathering precise and accurate data. The suppression afso shown.

the mass fractionation effect is necessary for attaining better High reproducibility of the present isotopic analysis can be

reproducibility. seeninTable 1. For three type samples (50 ng, 200 ng, and 500 ng
Cr), each isotope rati#'Cr/?2Cr, shows the same value within

3.2. Precision and accuracy of the isotopic analysis of experimental error of 1 S.E. The amount of sample on the fila-

chromium with the total evaporation technique ment is one of factors to enhance the mass fractionation effect

in the conventional method. However, with the total evapora-
Fig. 3 shows the raw data of the chromium isotope ratiostion technique, the chromium isotope ratio is not affected by the
obtained by the total evaporation method. Since the ion currerthange in the sample amount. This high reproducibility indi-
was integrated for each isotope in the total evaporation meazates that in point of the internal error (reproducibility) during a
surement, one measurement gives no analytical error such alort experimental period, the standard error can be minimized
standard error of more than two measured isotope ratios (rund)y measuring more samples.



Table 1
Measurement results of NIST-SRM979
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S0crp2cr

53crpacr

S4crp2cr

Certified valug6]

This study (50 ng Cr) (& 17)
This study (200 ng Cr) (& 13)
This study (500 ng Cr) (& 20)
Previous study7] (n=28)

0.05185%+0.000100
0.051716+ 0.000024
0.051703+0.000036
0.05171G+ 0.000047
0.05164A-0.000105

0.113386+ 0.000145
0.113621+ 0.000023
0.113622+ 0.000037
0.113613+ 0.000049
0.11368+ 0.00011

0.028222+0.000059
0.028292+ 0.000012
0.028294+0.000019
0.028289+ 0.000024
0.02832H-0.000058

n: number of measurements. The errors are 2 S.D. (certified value) and 2 S.E. (our data).

The present results show good agreement with our previous
result[7] within the experimental errors of 1-2 S.E. This proves
the small external error of the isotopic analysis of chromium
with the total evaporation technique.

Our results are identical with the certified values within the
experimental errors of 2—3 S.D. Though there is a good confor-
mation, the absolute values of our data are slightly shifted from
the certified values which suggests an enrichment of heavy iso-
topes. Since the total evaporation method is the fractionation
bias-free measurement, the difference would not be due to the
mass fractionation effect. The origin of this bias could not be
clarified in this study. This may become clear by measuring
isotope ratios of a mixture of chromium monoisotopes, whose
isotopic composition is certified by weight, with the total evap-
oration technique.

For chromium, it is difficult to describe that the total evapora-
tion method is the absolute measurement of the isotope ratio. As
well as the conventional method, the total evaporation method
requires an external correction by the reference material. How-
ever, once the bias is set, an extremely small internal error will
be obtained. Furthermore, the reliable results can be obtained
without the experienced technique required for the conventional
method.

3.3. Effect of the coexisting elements to the isotopic
analysis of chromium

As shown in Table 2, the isotope ratios without Zn,
([ Cr/>?Cr])init, show agreement with those with Zn”r]/
[52Cr])init+zn, Within the experimental errors of 2 S.E. (but dis-
agreementwithin 1 S.E.) AEr)/[>2Cr))init/ (" Cr)[>2Cr])init+zn
was shown inFig. 4. Fig. 4 shows an isotope fractionation,
whose magnitude is larger than 1 S.E. This isotope fractiona-
tion suggests a mass-dependent isotope effect. Adding a certain

Fig. 3. Chromium isotope ratios measured by the total evaporation method: (@mount of zinc on the filament results in an enrichment of the

50cr/2cr, (b)23Cr/P2Cr, and (c)P“CrP2Cr.

Table 2

Measurement results of chromium isotopes (APL)

lightisotopes of chromium. Even if the coexisting zinc enhances
the mass fractionation effect of chromium and/or changes the

S0crp2cy

S3crp2cr S4crp2cr

200ng Cr
200ng Cr+40ng Zn

0.05179H-0.000028
0.051828t+ 0.000030

0.113558+0.000033
0.113529+0.000030

0.028266+ 0.000016
0.028250+ 0.000017

The errors are 2 S.E.
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Fig. 4. Effect of the coexistent zinc on the isotopic analysis of chromium.Fig.5. Isotope fractionation of chromiumin a pyrometallurgical bi-phase extrac-
Chromium isotope ratios were measured by the total evaporation methodion. Chromium isotope ratios were measured by the total evaporation method.

Smlmm’ = (m —52)/52m. The errors are 1 S.E. (S&able 2). The errors are 1 S.E. (s@ables 2 and 3).
Table 3 A . . . . .
Measurement results of chromium isotopes (bi-phase extraction) shown inFig. 5, the isotope fractionation in the reacti(h

is negligibly small. This means that the isotopic change in the

+ . o N .
200ng Cr+ca. 40ng 2n equilibrium constant was very small to observe by the single

Socrp2Cr 0.051823+ 0.000029 . .
53crA2Cr 0113514 0.000030  Stage experiment. If the(Cr]/[>2Cr])eqWas not compared with
S4Crf2Cr 0.028244+0.000015  (["Cr}/[®2Cr])init+zn but with the (["Cr]/[>2Cr])init, the isotopic

difference may have been attributed to the isotope fractionation
of the reactior(1). In order to use the total evaporation method

ionization efficiency of chromium, these effects should be canfor the accurate isotopic analysis of chromium, the purification
celed out by the total evaporation technique. Zinc should b&f chromium is essential.

evaporated from the filament earlier than chromium. Assuming

zinc changes the ionization efficiency and the mass fractiongt: Conclusions

tion effect of chromium by the end of its evaporation, this may

result in the isotope fractionation. Further investigations for the ~The total evaporation technique is the strong tool for the iso-
effects of coexisting elements are required for understandinfPPic analysis of chromium. High measurement reproducibility
the isotope fractionation in the isotopic analysis with the total'S obtained, and the measurement is not affected by the sample

The errors are 2 S.E.

evaporation method. amount on the filament. However, the coexisting zinc results in
the isotope fractionation of chromium in the total evaporation
3.4. Application of the total evaporation method to the method.

study of isotope fractionation of chromium
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