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Abstract

An analytical procedure has been proposed for the determination of precise uranium isotope ratios in a thin uranium layer on a biological
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urface by laser ablation inductively coupled plasma sector field mass spectrometry (LA-ICP-MS). A cooled laser ablation chamb
eltier element was developed in order to analyze element distribution in thin cross-sections of frozen tissues with a lateral resol
m range. In order to study the figures of merit of LA-ICP-MS with the cooled laser ablation chamber, one drop (20�L, U concentration
00 ng mL−1), each of the certified isotope reference materials NIST U350 and NIST U930, the uranium isotopic standard CCLU
lso a drop of uranium with a natural isotopic pattern was deposited and analyzed on the biological surface (flower leaf). The pre
ccuracy of isotope ratio measurements are significantly improved using cooled laser ablation chamber in comparison to non-cool
he precision of the measurements of isotope ratios in the range of 2.0–1.6% for234U/238U, 1.3–0.4% for235U/238U and 2.1–1.0% for236U/238U

n selected uranium isotopic standards reference material were determined by microlocal analysis (diameter of laser ablation crate
0�m) using LA-ICP-MS with a cooled laser ablation chamber. The accuracy of234U/238U, 235U/238U and236U/238U isotope ratio measuremen
aried in the range of 4.2–1.1%, 2.4–0.5% and 4.8–1.1%, respectively, and were dependent on the diameter of the laser beam us
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. Introduction

Accurate and precise isotope ratio measurements of long-
ived radionuclides, such as uranium or plutonium isotopes,
re required in environmental monitoring for evidence of
uclear contamination in nuclear safeguards and nuclear

orensic studies[1–4]. Uranium in natural samples with
hanged isotopic ratios for235U/238U, 234U/238U in compar-
son to the IUPAC table values (e.g.,235U/238U = 0.00725)
5,6] and/or the evidence of236U at an abundance which is
igher than observed in nature >10−10demonstrate an enrich-
ent/depletion of uranium in the investigated samples. Small

ariation of uranium isotope ratios were also found in nature
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[7]. Therefore, isotope ratio measurements are of specia
portance because they can give information on the orig
the uranium contamination or natural isotope variations.
to different applications of uranium (e.g., in nuclear rea
technology or as depleted uranium in ammunition), ca
monitoring of the environment is required in order to de
possible contaminations with radionuclides. Rapid ana
for isotope ratio measurements of surface contaminati
biological tissue or medical samples is of increasing inte
Laser ablation inductively coupled plasma mass spectr
try (LA-ICP-MS) is a powerful analytical technique for t
determination of element concentrations at the trace an
tratrace level and isotope ratio measurements of long-
radionuclides in solid samples[8], but it can also be ap
plied as a surface analytical technique. Recently, we
LA-ICP-MS for uranium isotope ratio measurements
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determination of U and Th concentration in urine. LA-ICP-
MS was applied after evaporation of urine samples to dryness
and careful homogenization in order to reduce the danger
of contamination during sample preparation[1,9]. Further-
more, we applied LA-ICP-MS to determine plutonium iso-
tope ratios in moss samples after digestion, chemical sepa-
ration of long-lived radionuclides and electrolytic deposition
on a target (used for comparing� spectrometric measure-
ments)[10]. The application of LA-ICP-MS as a microlocal
analytical technique has been described by several working
groups, especially in geological[11,12] and biological re-
search[13,14]. However, the precision and accuracy of these
measurements are usually worse in comparison to the con-
venient ICP-MS[15]. Fractionation effects, molecular ion
formation[16–19], as well as evaporation of the water from
the vicinity of the laser shot (e.g., when the biological sam-
ple is analyzed[14]), which takes place during the ablation
process cause an addition source of error in LA-ICP-MS and
therefore, leads to decreasing precision and accuracy of the
measurements.

The aim of the present work was to study a method uti-
lizing LA-ICP-MS with cooled laser ablation cell in order
to improve precision and accuracy of direct microlocal ura-
nium isotope ratio measurement at the ultratrace level on the
surface of biological samples.

2

2

mo
E from

Bioptic (Ablascop, Bioptic laser system, Berlin) was used
for the determination of uranium isotope ratios on biological
samples. The UV wavelength of a Nd-YAG laser (5th har-
monic, 213 nm at pulse duration of 5 ns, repetition frequency
of 20 Hz, laser power density of 109 W/cm2) was applied for
laser ablation. With this arrangement, it is possible to obtain a
diameter of the laser crater in the range of 5–50�m. In order
to analyze biological surfaces, a cooled PFA laser ablation
chamber was developed. The cooling system of the ablation
chamber is arranged using two Peltier elements in serial con-
nection under the target holder made of aluminum. Using this
setup at the current and voltage of 0.6 A and 16 V, respec-
tively, applied to the Peltier elements, a temperature of the
target holder of about−15◦C was observed. The schematic of
such an experimental arrangement of LA-ICP-MS is shown
in Fig. 1

2.2. Sample preparation and isotope standard reference
materials

A small volume (20�L of uranium concentration
100 ng mL−1) of the isotope standard reference materials
NIST U350, NIST U930 and CCLU-500[20,21] as well as
uranium with natural isotopic composition (uranium concen-
tration 100 ng mL−1) were dropped onto the surface of the
b n on
t dard
r -
t ing
o P-
M n this
w

ment o
. Experimental

.1. Instrumentation

A double focusing sector field ICP-MS (Element, Ther
lectron, Bremen) coupled with a laser ablation system

Fig. 1. Schematic for experimental arrange
iological sample (flower leaf). For mass bias correctio
he surface of the flower leaf, one droplet of isotopic stan
eference material NIST U020 (20�L, uranium concentra
ion 100 ng mL−1) was added. After the drying in the heat
ven (T = 75◦C, 2 h), the sample was analyzed by LA-IC
S using the cooled laser ablation chamber developed i
ork.

f LA-ICP-MS with cooled laser ablation chamber.



M.V. Zoriy et al. / International Journal of Mass Spectrometry 242 (2005) 297–302 299

Table 1
Optimized operating conditions of LA-ICP-MS with cooled laser ablation
chamber for uranium isotope ratio measurements on the surface of biological
samples

LA-ICP-MS

Laser ablation system Ablascope (BiopticTM)
Wavelength of Nd-YAG laser (nm) 213
Laser power density (W cm−2) 3.5× 109

Laser pulse duration (ns) 5
Number of laser shots 100
Repetition frequency (Hz) 20
Temperature of laser ablation cham-

ber (◦C)
Approximately−15

Inductively coupled plasma mass
spectrometer

Element (Thermo Electron)

RF power (W) 1199
Cooling gas flow rate (L min−1) 18
Auxiliary gas flow rate (L min−1) 1.25
Nebulizer gas flow rate (L min−1) 1.20
Extraction lens potential (V) 2000
Sampler cone Nickel, 1.1 mm orifice diameter
Skimmer cone Nickel, 0.9 mm orifice diameter
Mass resolution,m/�m 300
Mass window (%) 10
Runs 400
Passes 1
Scanning mode Peak hopping
Analysis time (min) 5

2.3. Optimization of experimental parameters of
LA-ICP-MS and uranium isotope ratio measurements

Optimization of the experimental parameters of LA-
ICP-MS was performed with respect to maximum238U+

ion intensity and minimum uranium hydride formation rate
238UH+/238U+ using uranium with natural isotopic compo-
sition. Optimized experimental conditions are summarized
in Table 1. Further details about the measurement procedure
used are described elsewhere[22,23]. The measured uranium
isotopic ratio was corrected to account for UH+ formation,
mass bias, and detector dead time. The mass bias factor (as
suming an exponential correction[24]) was determined using

NIST U020 standard solution added to flower leaf. The dead
time of the ion detector of the ICP-MS was determined using
a method described by Ketterer et al.[25] and was found to
be 45 ns using 0.1 ng mL−1 of NIST U020 isotopic standard
reference material.

3. Results and discussion

3.1. Isotope ratio measurements of uranium by
LA-ICP-MS varying laser spot size in the 15–50�m
range

A relatively high laser power density (3.5× 109 W cm−2)
— in order to avoid fractionation effects — in connection with
the small laser crater diameter (down to 5�m) can be obtained
with the “Ablascope” laser ablation system. InFig. 2a and b,
the dried droplet of CCLU-500 and the laser craters generated
on it under optimized ablation conditions are shown. The
laser produces well-defined craters with a diameter of 10,
15, 25 and 50�m if the laser beam is focused on the sample
surface. Variation of the laser beam diameter has a direct
influence on the amount of ablated material if the sample
surface was scanned. Since the energy density of the laser
remains constant it can be expected that the laser crater size is
d ce
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ig. 2. Dried droplet of CCLU-500 isotopic standard reference materia
ptimized conditions of LA-ICP-MS.
-

irectly related to the intensity.Fig. 3a shows the dependen
f the238U+ ion intensity signal on the different size of t

ocused laser beam, measured on the dried droplet of n
ranium solution on flower leaf surface. A good correla
etween the measured ion intensity of238U+ and the diamete
f the laser crater (i.e., the amount of ablated material) o
nalyzed sample was found with a correlation coefficienR)
f 0.9988 (Fig. 3b).

If a substantial amount of material is transported
he plasma, it may cause a change in the plasma
itions and would result in a reduction of the ioni

ion efficiency. In our experiment, the dependence of l
rater diameters does correlate linearly to the intensi
he peaks (R2 = 0.9988), and therefore, will not affect t

sited onto flower leaf and craters of different diameters produced on theaf unde
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Fig. 3. (a) Dependence of238U+ ion intensity signal on the spot size (100 laser shots, repetition frequency 20 Hz) measured by LA-ICP-MS with cooled laser
ablation chamber on the dried droplet of natural uranium standard solution (20�L, U concentration 100 ng mL−1) deposited onto the flower leaf. (b) Correlation
curve of uranium ion intensity as a function of laser crater diameter measured by LA-ICP-MS with cooled laser ablation chamber.

Table 2
Precision and accuracy of uranium isotope ratio, measured in dried droplet of NIST U350, NIST U930 and CCLU-500 uranium isotope reference materials
using cooled and non-cooled ablation chamber

Standard reference
material

Isotope ratio Measured isotope ratio RSD% Accuracy% Certified
isotope ratio

15a 25a 50a 15a 25a 50a 15a 25a 50a

Non-cooled laser ablation chamber
NIST U350 234U/238U 0.00325 0.00340 0.00350 9.4 8.2 8.1 16.1 12.3 10.0 0.00387

235U/238U 0.50714 0.50768 0.57982 6.3 6.1 5.9 7.2 7.1 −6.1 0.54648
236U/238U 0.00286 0.00284 0.00281 7.9 7.3 6.9 −10.2 −9.4 −8.0 0.00259

NIST U930 234U/238U 0.17886 0.17906 0.18207 10.7 9.2 9.0 11.0 10.9 9.4 0.20097
235U/238U 15.63 15.92 15.92 5.1 4.9 4.5 9.9 8.2 8.2 17.34
236U/238U 0.04103 0.04091 0.04069 9.9 9.8 9.0 −8.9 −8.6 −8.0 0.01112

CCLU-500 234U/238U 0.00946 0.00966 0.00971 12.7 9.7 8.3 14.9 13.1 12.7 0.01112b
235U/238U 0.89792 0.90091 0.90191 5.7 5.5 4.0 10.2 9.9 9.8 0.99991b
236U/238U 0.00313 0.00268 0.00302 5.5 5.2 5.0 −12.1 3.9 −8.2 0.00278b

Cooled laser ablation chamber
NIST U350 234U/238U 0.00372 0.00369 0.00276 2.0 1.6 1.4 4.2 4.7 3.2 0.00387

235U/238U 0.5344 0.5366 0.5524 1.3 1.2 0.9 2.2 1.8 −1.1 0.54649
236U/238U 0.00272 0.00265 0.00252 2.1 2.0 1.9 −4.8 −2.1 3.2 0.00259

NIST U930 234U/238U 0.19453 0.19494 0.19594 1.8 1.6 1.1 3.2 3.0 2.5 0.20097
235U/238U 17.07 17.19 17.21 1.0 0.8 0.4 1.6 0.9 0.8 17.34
236U/238U 0.19453 0.03715 0.03809 1.5 1.3 1.0 −2.2 1.4 −1.1 0.01112

CCLU-500 234U/238U 0.01083 0.01137 0.01124 1.5 2.0 1.6 2.6 −2.2 −1.1 0.01112b
235U/238U 0.9889 0.9909 1.0049 1.3 1.2 0.9 1.1 0.9 −0.5 0.99991b
236U/238U 0.00285 0.00284 0.00276 1.4 2.0 1.6 −2.4 −2.1 1.2 0.00278b

a Laser crater diameter in�m.
b Recommended value.
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Fig. 4. (a) Precision of234U/238U and235U/238U isotope ratios, measured by LA-ICP-MS in dried droplet of uranium with natural isotopic composition using
cooled and non-cooled laser ablation chamber. (b) Accuracy of234U/238U and235U/238U isotope ratios, measured in dried droplet of uranium with natural
isotopic composition by LA-ICP-MS using cooled and non-cooled ablation chamber.

accuracy of the measurements with varying laser beam
diameter.

3.2. Accuracy and precision of uranium isotope ratio
measurements with non-cooled laser ablation chamber

The accuracy and precision of this LA-ICP-MS proce-
dure for uranium isotope ratio measurements were studied
using NIST U350, NIST U930 and CCLU-500 uranium iso-
tope reference materials as well as uranium with natural iso-
topic composition. The results of these measurements are
presented inTable 2andFig. 4a and b.

For the experiments with the non-cooled laser ablation
chamber, the precision (relative standard deviation,n= 6)
and accuracy were in the range of 4.0–12.7% and 6.1–16.1%
for the uranium isotopic standards reference material, and
6.7–15.8% and 8.2–12.1% for natural uranium. All the mea-
sured accuracies and relative standard deviations (RSDs)
were strongly dependent on the measured isotopic ratios as
well as on laser crater diameter. Accuracy and precision were
better with the higher uranium isotopic ratio in samples and
larger laser beam focus. All data for precision and accu-

racy presented are comparable with previous measurements
[17,26,27].

3.3. Accuracy and precision of uranium isotope ratio
measurements with cooled LA chamber

An improvement of analytical results was observed when
the ablation chamber of the laser ablation system was cooled
to about−15◦C (seeTable 2). The accuracy and precision
in all measured samples were up to one order of magnitude
better than in the case of the non-cooled LA chamber. For
the measured uranium isotopic standards, for instance, preci-
sion for235U/238U isotopic ratio with 50�m spot size ranged
from 0.4 to 0.9% RSD, whereas accuracies were in the range
of 0.5–1.1%. For the uranium with natural isotopic composi-
tion (seeFig. 4a and b) the best precision and accuracy were
also achieved for235U/238U isotopic ratio with 50�m laser
crater diameter and found to be 0.9 and−0.2%, respectively.
The same behavior for precision and accuracy was observed
in 234U/238U isotopic ratios, which for cooled LA chamber
(50�m laser crater) were 3.2 and 1.8% in comparison to the
non-cooled LA chamber with 11.0 and 8.8%, respectively.
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The most probable reason for this improvement in preci-
sion and accuracy is that in the case of non-cooled analyzed
sample (in comparison to the cooled one) the water vapor pro-
duced during the laser ablation of biological sample (flower
leaf) is very difficult to control and will lead to changes in the
plasma condition and ionization efficiency. However, when
the ablated sample is cooled, these vapors have less effect
on the plasma and therefore, result in increased precision
and accuracy. In addition, the adsorption properties of the
laser energy in ice are significantly better than in water ma-
trix [28,29], which would also leads to improvements in the
precision and accuracy of the measurements.

4. Conclusions

The goal of this work was pre-investigations of LA-ICP-
MS with cooled laser ablation chamber for its application
for element mapping (element distribution) in thin section of
brain samples. We demonstrated that LA-ICP-MS is a very
powerful element and isotope analytical technique for iso-
tope ratio measurements on surfaces of biological samples.
Using the cooled laser ablation chamber developed in this
study, significant improvements (up to one order of magni-
tude) in the precision and accuracy of uranium isotopic ratios
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b

d
l pre-
c at is
w
o s are
v gnifi-
c due
t ooled
a ration
f

ass
s mber
f s in
a iso-
t

d
l rolo-
c sue
s

A

V
h

References

[1] J.S. Becker, M. Burow, S.F. Boulyga, C. Pickhardt, R. Hille, P.
Ostapczuk, At. Spectr. 23 (2002) 177.

[2] S.F. Boulyga, J.L. Matusevich, V.P. Mironov, V.P. Kudrjashov, L.
Halicz, I. Segal, J.A. McLean, A. Montaser, J.S. Becker, J. Anal.
At. Spectrom. 17 (2002) 958.

[3] S.F. Boulyga, M.V. Zoriy, M.E. Ketterer, J.S. Becker, J. Environ.
Monit. 5 (2003) 661.

[4] M.V. Zoriy, C. Pickhardt, P. Ostapczuk, R. Hille, J.S. Becker, Int. J.
Mass. Spectrom. 232 (2004) 217.

[5] S.N. Begichev, A.A. Borovoj, E.B. Burlakov, A.J. Gagarinsky, V.F.
Denim, A.A. Khrulev, I.L. Khodakovsky (Eds.), Fission Product
Transport Processes in Reactor Accident, Hemisphere, New York,
1990.

[6] G. Kirchner, C. Noack, Nucl. Saf. 29 (1988) 1.
[7] M. Hotchkis, D. Child, D. Fink, G. Jacobsen, P. Lee, N. Mino, A.

Smith, C. Tuniz, Nucl. Instrum. Methods Phys. Res. B 172 (2000)
655.

[8] J.S. Becker, H.-J. Dietze (Eds.), Encyclopaedia of Analytical Chem-
istry, John Wiley, Chichester, 2000.

[9] M. Burow, M.V. Zoriy, C. Pickhardt, P. Ostapczuk, R. Hille, J.S.
Becker, (Poster WP 24) 2004 Winter Conference on Plasma Spec-
troscopy, Fort Lauterdale, Florida, 05.01.-12.1.04.

[10] S.F. Boulyga, D. Desideri, M.A. Meli, C. Testa, J.S. Becker, Int. J.
Mass. Spectrom. 226 (2003) 329.

[11] J.B. Murphy, J. Fernandez-Suarez, T.E. Jeffries, R.A. Strachan, J.
Geol. Soc. 161 (2004) 243.

[12] K. Baba, E. Watanabe, H. Eun, M. Ishizaka, J. Anal. At. Spectrom.
8 (2003) 1485.

[ , G.

[ 002)

[
[ 03)

[ 53.
[ 78

[ 03)

[ hlen-
1979,

[ r, J.

[ 99)

[ 000)

[ At.

[ Lay-

[ hem.

[ 001)

[ ke,
001)

[ J.
n comparison to the non-cooled laser ablation chambe
e achieved.

In addition, the application of LA-ICP-MS with coole
aser ablation chamber would be of great interest for
ise determination of the ratios of different elements, th
idely used in geochronology for age dating (e.g., RbSr,
r U Pb) and where the precision of the measurement
ery crucial. In such case, beside the water vapors, si
ant elimination of fractionation effects may be possible
o more homogeneous spread of the laser energy in the c
blated sample and elimination of spontaneous evapo

rom the sample elements with the low melting point.
Furthermore, coupling of multiple collector ICP m

pectrometer and laser ablation system with cooled cha
or determination of element isotopic ratios would result
ddition improvement of the precision and accuracy of

opic ratio measurements.
In future work, the application of LA-ICP-MS with coole

aser ablation chamber would be of great interest for mic
al analysis of element distribution in thin section of tis
amples (e.g., brain, liver, etc.).

cknowledgements

The authors would like to thank H.-J. Dietze (Jülich), K.
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