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Abstract – Pressurized water reactors contain boric acid for reactivity control. As the acidic coolant 
conditions result in an increased attack of the circuit materials, LiOH is added to render the coolant 
slightly alkaline. However, LiOH can affect corrosion of the Zr alloy cladding. Thus the Li content in the 
oxide layers of irradiated fuel rods is of high interest, especially for new alloys (pathfinder rods). At the 
Paul Scherrer Institut the Li as well as the B content in the oxide layers of claddings are determined by 
Secondary Ion Mass Spectrometry. Quantification is performed by direct comparison with a Zircaloy-oxide 
layer implanted with B and Li. A new and independent method using Laser Ablation Inductively Coupled 
Plasma Mass Spectrometry was applied to cross-check the SIMS data. 

 
 

INTRODUCTION 

Pressurized water reactors contain boric acid for 
reactivity control; the concentration is reduced 
with time during a fuel cycle, usually being near 
zero at end of cycle. In western PWRs, LiOH is 
used as an alkalizing agent to balance the boric 
acid and control the pH of the primary coolant. 
The Li concentration is usually limited to 2-2.2 
ppm and is kept close to this value up to the 
point where a pH300°C of 7.2-7.4 is reached. 
Optimization of the fuel cycle with increased 
cycle length and reduction of dose rate in the 
primary circuit with constant pH over the whole 
cycle afford significantly higher Li levels up to 6 
ppm at begin of cycle. In isothermal corrosion 
tests Li was found [1] to enhance corrosion 
above a concentration of about 30 ppm in water 
associated with an uptake of Li into the oxide 
scale. Whereas the PWR bulk coolant Li 
concentration is far away from an enhancement 
of corrosion, an enrichment of the Li during 
boiling at the surface or in the oxide layer of the 
cladding would concentrate Li and could affect 
fuel cladding corrosion. Thus a reliable method 
for characterization of Li in the cladding oxide 
layer is of high interest for a responsible and 
careful extension of the operational experience to 
a more effective utilization of fuel resources and 
reduction of dose rates. 

Secondary Ion Mass Spectrometry (SIMS) is 
applied for the measurement of the Li as well as 
the B content in ZrO2 oxide layers since more 

than a decade in PSI [2, 3] but also in other 
laboratories [4, 5]. This technique has been used 
as well on autoclaved samples and on fuel rod 
cladding pieces after several service years in 
power reactors [6, 7]. Quantification is 
performed by comparison with a Zircaloy-oxide 
layer implanted with B and Li [8]. In order to 
countercheck this method and validate the results 
obtained it was decided to realize comparative 
measurements with another method. Laser 
Ablation Inductively Coupled Plasma Mass 
Spectrometry (LA-ICP-MS) was then proposed 
for this cross-check of the SIMS data. 

Both analytical methods were applied on four 
autoclaved Zircaloy-4 samples with addition of 
Li and B. The SIMS data were quantified with 
one additional autoclaved sample without 
additions of B and Li and then ion implanted to a 
well known concentration. 

 
EXPERIMENTAL 
 
Samples and Sample Preparation 

The samples have been prepared by AREVA NP 
from optimized Zircaloy-4 (low-tin) in a stress 
relieved condition. Four specimens have been 
exposed to small static autoclaves for 252 days at 
a temperature of 350°C. The autoclaving has 
been realized in de-ionized water under the 
conditions presented in Table I. 
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Prior to analyses, all autoclaved samples were 
cut in two halves, designated 1-LA and 1-SIMS 
for sample 1 and for samples 2 to 4 accordingly. 
One half was analyzed by LA-ICP-MS (sample 
1-LA to 4-LA), the other half was analyzed by 
SIMS (sample 1-SIMS to 4-SIMS). For cross-
checking, some samples were analyzed with both 
techniques. 

 
TABLE I. Samples autoclaved with the addition of 
Li and B. 

Sample 
designation 

Li / B content 
in water (ppm) 

Oxide layer 
thickness (μm) 

1 300 / 100 17 
2 300 / 100 14 
3 100 / - 9 
4 100 / - 8 

SIMS standard - / - 8 

 

For SIMS, a matrix matching standard is 
inevitable for quantification. As there are no 
such commercial standards available (like the 
NIST standard for the LA-ICP-MS), we 
produced our own standards at PSI. The SIMS 
standard was implanted at the ETH Zürich with 
the isotopes 7Li and 11B. The implantation 
parameters are listed in Table II. 
 
TABLE II. Implantation parameters for the SIMS 
standard. 

Isotope Fluence Φ Energy 
7Li 9.0 1014 cm-2 1.2 MeV 
11B 7.2 1015 cm-2 1.6 MeV 

 

The implantation profile in the oxide of the 
autoclaved sample was calculated with the SRIM 
code [9, 10]. The recorded fluence allows the 
calculation of the quantitative distribution of the 
isotope in the sample as presented in Figure 1. 
The uncertainty of the standard is estimated to 
± 5% of the effective value due to implantation 
uncertainties. The calculated maximum values 
are 54.4 ppm for 7Li and 758 ppm for 11B. For 
7Li the Full Width at Half Maximum (FWHM) is 
0.289 μm and for 11B it is 0.263 μm.  
 
SIMS 

With SIMS only isotope ratios can be directly 
measured [11]. To quantify the distribution of 
7Li and 11B across the oxide layer the signal 
intensity has to be compared with that of the 

above described SIMS standard analyzed prior to 
the autoclaved samples 1-SIMS to 4-SIMS under 
the same experimental conditions [12]. The 
measurements were performed with the fully 
shielded SIMS ATOMIKA 4000 at PSI [13]. 
Several measurements were carried out by 69Ga+ 
primary ion beam bombardment and a beam 
current of approx. 2 nA. During the 
measurements the analyze chamber vacuum was 
about 8*10-8 Pa. 

 

 
 

Fig. 1. 7Li and 11B concentrations in the 
implanted oxide layers calculated by SRIM. 

 

The 7Li and 11B results across the oxide cladding 
layers obtained were averaged and a proportional 
factor was calculated according to equation (1): 

∫
Φ

∗
=

dxxZF )(
 (1) 

where F is the proportional factor, Φ is the 
primary ion fluence on the sample in cm-2, Z is 
the SIMS count rate in cps, and x is the depth in 
cm. In other words, F is the proportional factor 
between the SIMS measured signal and the local 
concentration of the isotope of interest in the 
specimen in (atoms/cm3)/cps. 

The isotope concentration C can then be 
calculated from the SIMS-data on other samples 
with the same matrix material by multiplying the 
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acquired signal by the proportionality factor as 
defined in equation (2): 

)()( xx ZFC ∗=    (2) 

The size of the sputtered crater was normally 
20 μm, for a few measurements a 10 μm crater 
was applied.  

 
LA-ICP-MS 

The LA-ICP-MS technique offers a powerful 
tool for measuring depth profiles without further 
preparation of the sample [14-16]. This method 
offers the advantages of good spatial resolution 
with laser spot sizes down to 10 μm and very 
low detection limits. Comparable to SIMS, 
relative isotopic ratios are delivered. For 
quantification, a calibration with a suitable 
reference material is required. For this sample 
material, the influence of the matrix on the 
calibration of the isotopic composition is of 
minor importance and a non-matrix matched 
calibration standard can be used. This is 
incomparable to the SIMS standard, where the 
matrix does significantly influence the ionization 
behavior of the implanted atoms. However, for 
the calibration of the ablation depth a matrix 
matched standard would be required. 

For the analysis of the autoclaved samples LA 
was performed at the ETH Zürich using an 266 
nm Nd:YAG laser in combination with an Elan 
6100 DRC ICP-MS. Repetitive measurements on 
samples 4-LA and 4-SIMS were performed at 
PSI with a Neptune MC-ICP-MS. Craters of 
100 μm diameter were ablated with a repetition 
rate of 2 Hz. Calibration was done by using the 
certified glass NIST 610 as standard reference 
material (SRM) and 90Zr or 91Zr as internal 
standard (see Table III).  

 
TABLE III. Concentrations in NIST 610  
(all elements in natural isotopic composition). 

Element Concentration (wt ppm) 
Li 484.6 
B 356.4 
Zr 439.9 

 

For the later analysis of the SIMS standard 
material a 193 nm excimer laser in combination 
with the same ICP-MS (Elan 6100 DRC) was 
used. For the NIST-standard craters of 60 μm 
diameter were ablated with a repetition rate of 

2 Hz. For the implanted samples (SIMS-
standard) craters of 80 μm diameters were 
ablated with a repetition rate of 1 Hz. Further 
tests were performed with 5 and 10 Hz. 

The internal standardization with a Zr isotope is 
necessary to correct for variations in the ablated 
mass per time. The supposed Zr concentration in 
the samples was calculated to 731’000 ppm by 
assuming pure, stoichiometric ZrO2. 

The lithium and boron concentrations were 
calculated using equation (3): 

S
R

C sam

sam

AN
AN =      (3) 

where S is the sensitivity factor corrected with 
the internal standard: 
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where C is the concentration, R the count rate, 
AN the analyzed element (7Li and 11B), IS the 
internal standard element (90Zr), sam the sample 
and cal the calibration standard. 

The concentration was calculated for each 
measurement cycle of the following isotopes 
using the quadrupole instrument (6Li, 7Li, 10B, 
11B, 90Zr, 91Zr, 92Zr, 94Zr, 96Zr, 95Mo, 97Mo, 101Ru, 
102Ru, 117Sn, 118Sn, 120Sn and 106ZrO). Each 
isotope/molecule was measured for 20 ms during 
each cycle of 442 ms (102 ms settling time 
during each cycle) and the count rates were 
transformed to concentrations by the above 
shown method. The concentrations were finally 
plotted versus time. It must be mentioned that 
due to the nature of the applied MC-ICP-MS, Li 
and B were not measured in parallel but 
consecutive with at least one ablation crater per 
element.  

 

RESULTS 
 
SIMS 

Several SIMS measurements at different 
locations were performed on each sample. The 
results of the 7Li and the 11B distributions across 
the oxide cladding layer of the sample 1 and 4 
are presented in Figures 2 to 4. 
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Fig. 2. Measured 7Li distribution in the oxide 
layer for sample 1-SIMS. 

 

 
 

Fig. 3. Measured 11B distribution in the oxide 
layer for sample 1-SIMS. 

 

 
 

Fig. 4. Measured 7Li distribution in the oxide 
layer for sample 4-SIMS. 

 

The local 7Li and 11B content in the oxide layer 
has been calculated by averaging the measured 
values obtained in the measurement taking out 
the surface data (possibly due to contamination) 
and the final decline near the metal/oxide 

interface. A specimen 7Li and 11B content 
average was estimated by calculating the 
arithmetic average of all local measurement and 
the corresponding standard deviation (shown in 
Table IV in comparison to the LA-ICP-MS 
results). The relatively large standard deviations 
obtained reflect the heterogeneity of the samples. 
The precision of the single depth measurements 
is in the order of ± 5 wt-ppm. 
 
Laser Ablation depth profiling on Li-B-
samples 

The measured 7Li concentrations (as an average 
value of four measurements per sample) are 
plotted in Figure 5, and the 11B concentrations 
(as an average value of three measurements per 
sample) in Figure 6, respectively. 

 
 

Fig. 5. 7Li concentration profiles in the 
autoclaved samples 1-LA to 4-LA. 

 

 
 

Fig. 6. 11B concentration profiles in the 
autoclaved samples 1-LA to 2-LA. 

 

Li was always found at a higher concentration 
close to the surface. For sample 3-LA the slope 
is very steep and therefore this could be 
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attributed to a surface contamination. For the 
other three samples 1-LA, 2-LA and 4-LA the 
measurements indicate an enhanced Li content 
within the first few nm of the oxide layer. This 
was not observed for 11B (sample 1-LA) or to a 
much smaller extend (sample 2-LA). After the 
initial high level, the concentration was found 
stable for samples 2-LA and 3-LA while a 7Li-
concentration gradient was found for sample 1-
LA and especially for sample 4-LA. 

The scatter was much less pronounced than 
observed for the SIMS measurement, very 
probably due to the larger surface area measured 
(100 μm vs. 20 μm in diameter). The standard 
deviation of the measurements was estimated 
and added to the average values listed in Table 
IV together with the average SIMS data for 
comparison.  
 
TABLE IV. Results of the SIMS and LA-ICP-
MS measurements 

SIMS 
Average 

concentration 
(ppm) 

LA-ICP-MS 
Average 

concentration 
(ppm) 

Sample 
 

7Li 11B 7Li 11B 
1 258 ± 

146 
214 ± 

80 
375 ± 

60 
210 ± 

24 
2 292 ± 

152 
230 ± 
114 

400 ± 
48 

215 ± 
11 

3 104 ± 
71 

- 115 ± 
11 

- 

4 16 ± 
4 

- 140 ± 
12 

- 

 

For all samples except for sample 4 the results 
differ between the two measurements only 
within the standard deviation and do not indicate 
a difference of the two applied methods. For 
sample 4 only two measurements (SIMS), 
respectively three measurements (LA-ICP-MS) 
were performed, and the large difference in the 
concentration could be related to inhomogeneity 
of the Li loading in the oxide layer. Also the 
absolute concentration determined by LA might 
have an unknown systematic shift that is 
estimated to be within ± 25 % due to the use of a 
non-matrix matched calibration standard as well 
as the high difference in the concentration of the 
internal standard element. Therefore, the 
homogeneity of sample 4 and the validation 
range for the concentration of the LA 
measurements were further investigated. 
 

Check and Validation of the Laser Ablation 
measurements 

The goals of the additional measurements were: 
i) Check of the homogeneity of the samples with 
the largest differences, 4-SIMS and 4-LA, by 
repeated LA measurements on the same sample; 
ii) Check of the validation range for the 
calibration of the LA-ICP-MS measurements by 
using standard reference materials with different 
Li- and Zr-content; iii) Investigation of the ion 
implanted reference sample used for calibrating 
the SIMS measurements by LA-ICP-MS. 

To check for potential differences in the Li 
concentration of the autoclaved sample 4, the 
sample half “4-SIMS” was measured by LA-
ICP-MS after being investigated by SIMS. This 
investigation was done with the MC-ICP-MS. 
Five craters were shot into sample 4-SIMS while 
additional three craters were shot into sample 4-
LA. The results are shown in Figure 7. While the 
three 7Li-signals obtained from sample 4-LA 
match each other quite well, sample 4-SIMS 
shows local inhomogeneities with a 7Li content 
of roughly a tenth of the 4-LA value. This is an 
interesting finding as both samples were derived 
from cutting the autoclaved sample 4. This is 
also a valid explanation for the differences 
observed between SIMS and LA-ICP-MS 
measurements. 

 

 
 

Fig. 7.  Background corrected 7Li signals from 
measurements of samples 4-LA and 4-SIMS. 

 

As said before, a Zr isotope is used in LA-ICP-
MS for internal calibration to account for 
variations of the ablated mass. As the Zr/Li ratio 
in the used standard reference material for LA-
ICP-MS (NIST 612) was relatively low and 
orders of magnitude different to what was 
measured in the autoclaved samples, the linearity 
of the calibration curve to higher Zr/Li ratios had 
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to be proven. This was done by determining the 
91Zr/7Li ratios for lithium zirconate - zirconia 
samples that were exclusively prepared for this 
investigation. 

Figure 8 shows that the ratios of the 91Zr/7Li 
signals are linear over more than 2 orders of 
magnitude. The extrapolation of the linear fit and 
its confidence interval to an intensity ratio of 
70’000 leads to an uncertainty in isotope 
concentration ratio of ± 4% which would 
indicate an acceptable accuracy. However, 
although we have not found any indication for a 
non-linear behavior of the calibration curve 
applying the calibration line to the concentration 
ratios of the autoclaved samples still means an 
extrapolation of roughly three orders of 
magnitude, and therefore an increase of the 
uncertainty. 

 

 
 

Fig. 8.  Calibration curve of the 91Zr/7Li ratio for 
different Li concentrations, log scale. The range 
of intensity of the autoclaved samples is given as 

a grey bar at the top.  

 

Finally, to account for the very different 
concentration range of Li in Zr, the ion 
implanted reference sample used for calibrating 
the SIMS measurements was investigated by 
LA-ICP-MS. Examples of the transient signals 
of the SIMS standard sample measured by LA-
ICP-MS are plotted in Figures 9 and 10.  
The results of the determined isotope 
concentrations in wt ppm are given in Table V 
(two measurements per sample) together with the 
values calculated by SRIM. For the 7Li 
implanted sample only 25% calculated amount 
can be measured in average, and only 38% for 
the 11B implanted sample, respectively. 
 
 
 

TABLE V. Comparison of the LA-ICP-MS results 
(two measurements) of the implanted SIMS 
standard with SRIM calculations. 

Element concentration (wt ppm) Sample  
Measured by 
LA-ICP-MS 

Calculated by 
SRIM 

7Li implanted 12.2 / 14.5 54.4 
11B implanted 256 / 322 758 

 

 
 

Fig. 9.  Transient signals for the 7Li implanted 
sample. 

 

 
 

Fig. 10.  Transient signals for the 11B implanted 
sample. 

 

Additional LA-ICP-MS measurements with 
different ablation rates showed that the 91Zr/7Li 
ratio used for calibration depends on this 
ablation parameter. The main reason for these 
uncertainties is most probably the depth 
resolution of the LA-ICP-MS. Zr is continuously 
ablated, transported to the plasma by the carrier 
gas and analyzed in the MS; the constant signal 
level after an initial raise reflects this steady 
supply in ablated Zr. The situation is different 
for the implanted species, here 7Li. As the 
aerosol is diluted on its way to the plasma, the 
Gaussian peak of the concentration in the layer is 
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broadened. It is now of relevance, how the 
integral boundaries are set as this determines the 
integrated Zr intensity. Physically the problem is 
the mixing behavior of the aerosols produced 
during the ablation of the implantation peak with 
aerosols from the matrix produced before or after 
the implantation peak was ablated. 

It must be mentioned that the differences found 
between LA-ICP-MS and SRIM calculations are 
considerably larger than the differences found 
for various ablation rates (25% vs. 67%). 
However, the discrepancies found when applying 
different ablation rates are seen as an indication 
for a principle problem for internal calibration of 
LA-ICP-MS measurements on implanted layers. 

We rule out at that point the possibility that the 
implanted layers hold significantly less 
implanted ions than calculated by SRIM. On the 
one hand, the calculations are well-accepted and 
major effects like backscattering can be excluded 
for these high implantation energies. On the 
other hand, the results listed in Table IV show 
acceptable agreement for all samples except for 
sample 4. If the SIMS measurements were 
calibrated with a false standard, we would 
observe a clear shift in the results, i.e. SIMS 
would deliver double or triple the concentration 
than found by LA-ICP-MS. 

The 7Li and 11B content of the implanted zirconia 
samples can not be reliably determined by LA-
ICP-MS with laser ablation in the continuous 
mode as the concentration of the implanted 
species is highly varying with depth. In a 
campaign of single shot measurements the 
uncertainties would even increase due to two 
reasons: first, the smaller concentrations would 
result in higher uncertainties and second the used 
quadrupole MS can only perform sequential 
measurements, this means the uncertainties in a 
transient event are even larger. 
 
CONCLUSIONS AND OUTLOOK 
 
LA-ICP-MS as well as SIMS analysis are 
powerful tools to analyze the Li and B content in 
oxide layers of zirconium based metals. To 
achieve quantitative results, calibration with 
standard reference samples is necessary. Suitable 
standards for SIMS as well as for ICP-MS are 
available at PSI. 

LA-ICP-MS and SIMS measurements performed 
on two halves of the same autoclaved sample 
revealed – at least on one sample – major scatter 
due to inhomogeneities in the local 7Li and 11B 

content. The comparison of the average values 
and the scatter of several measurements 
performed on the same sample show that the 
results of SIMS and LA-ICP-MS agree 
satisfactorily, although a quantitative comparison 
is not possible. 

LA-ICP-MS offers the possibility of fast sample 
preparation (no vacuum) and fast performance 
(measurement within minutes, evaluation takes 
longer). SIMS requires an ultra high vacuum, but 
the depth and lateral resolution is much better 
than for the LA-ICP-MS.  

LA-ICP-MS could not satisfactorily resolve the 
depth for the implanted sample that was used as 
standard reference material for the SIMS 
measurements. As the implanted samples have 
peak widths of roughly 0.3 μm for the 7Li and 
the 11B content they are incomparable to the 
autoclaved samples with several tenths of μm or 
to reactor samples that often show variations in 
the range of 3-4 μm. Thus the analysis of the 
autoclaved samples is not challenged by the 
dependency on the ablation rate that was 
observed for the implanted standards.  
A quantitative comparison of SIMS and ICP-MS 
would be possible on homogeneous samples, but 
the fabrication of such samples seems to be very 
difficult. A quantitative comparison with 
heterogeneous samples as used in the present 
investigation can only be performed on a 
statistical basis: the SIMS and the LA-ICP-MS 
measurements should be performed on the same 
sample piece with a well defined sampling plan 
for at least 10 measurements per method. The 
locations of measurements should be well 
distributed and cover the same sample surface 
area for both methods. 
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