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Abstract

The principles and operating modes of secondary ion mass spectrometry (SIMS) are first described after which the different methods of
quantification are summarised. Some current applications of SIMS in nuclear fuel and cladding research are then reviewed after briefly considering
the modifications that are needed to allow a SIMS instrument to be used for the analysis of highly radioactive materials. Amongst the applications
reported are the investigation of the behaviour of fission gas xenon and the volatile fission products tellurium, iodine and caesium in UO, nuclear
fuel, measurement of the radial distribution of Pu isotopes in mixed oxide (MOX) fuel and of the radial distribution of Gd isotopes in (U,Gd)O,
fuel, and determination of the distribution of Li and B in the external oxide layer on Zircaloy cladding. It is evident from the large amount of new
information gained that SIMS is a powerful complementary technique to electron probe microanalysis (EPMA) in these fields of study.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

For the nuclear industry, the use of secondary ion mass spec-
trometry (SIMS) presents advantages of major importance for
the analysis of irradiated nuclear materials: fast element imag-
ing, high sensitivity for trace element (fission product) detection,
accurate isotopic measurements and excellent depth resolution.
Double-focusing sector field instruments are able to reach a
mass resolution of up to 25,000 under favourable conditions.
This ensures clear, accurate analyses by removing most isobaric
interferences between the atomic ions of the analyte and, e.g.,
atomic and molecular ions at the same nominal mass. Depth
resolution in the nanometre range and lateral resolution better
than 0.2 wm in the microprobe mode permit the measurement
of the radial distribution of fission products and actinide iso-
topes in high burn-up fuels. Additionally, a low detection limit
of the order of 1ppb makes the detection of minor isotopes
possible.

Microbeam analysis of irradiated nuclear materials is carried
out in many areas of nuclear technology, e.g., behaviour of fis-
sion products and decay products under normal and off-normal
irradiation conditions (a reactor power transient), partitioning
and transmutation, aqueous leaching of spent fuel and Zircaloy
cladding corrosion. Today, in these different fields, electron
probe microanalysis (EPMA) is the analytical technique com-
monly used [1]. EPMA, however, can no longer provide all the
analytical data demanded by modern fuel performance research
programmes. For example, EPMA cannot detect the fission gas
Kr in nuclear fuel, nor can it detect the fission gas present in
bubbles in the fuel larger than about 0.1 pwm [2,3]. Moreover,
the detection limit for the fission products is relatively high,
varying between 200 and 500 ppm depending on the activity
of the fuel sample and the analytical conditions, i.e., primary
beam current and acquisition time. In addition, the elements
H and Li cannot be analysed by EPMA, whereas Be, B, C, N
and O may be analysed in favourable circumstances, but the
accurate determination of their concentrations is difficult. Thus,
EPMA is not suitable for the investigation of B and Li pick-up
by the oxide layer on the outer surface of Zircaloy fuel cladding,
the measurement of hydrogen penetration in Zircaloy cladding,
or the measurement of the radial oxygen distribution in oxide
fuel.

In contrast, using secondary ion mass spectrometry, the fis-
sion gas Kr can be detected as can the fission gas contained in
gas bubbles and pores in the fuel matrix. Moreover, the qual-

Table 1

Technical characteristics of SIMS and EPMA

Parameter SIMS EPMA
Depth resolution (um) 0.003 0.1
Lateral resolution (pum) 0.1-0.2 0.5
Analysed volume (wm?) 10-2-10° 1.0
Elements range All zZ>3
Limit of detection (ppm) 0.001 200
Quantification Difficult +3%
Destructive Yes No

2 The analysis of the fission gas Kr is not possible.

itative analysis of all the elements with Z<9 can routinely be
carried out. For convenience, the main characteristics of SIMS
and EPMA are compared in Table 1.

In the first part of the paper, the principles and operating
modes of SIMS are described after which the different methods
of quantification are considered. Some current applications of
SIMS in nuclear fuel and cladding research are then reviewed
after considering the modifications that are needed to allow a
SIMS instrument to be used for the analysis of highly radioactive
materials.

2. Technical aspects of SIMS
2.1. General principles

In SIMS, a secondary ion beam formed when an energetic
beam of primary ions bombards the surface of a sample is
analysed. The sputtered matter is mainly composed of neutral
particles, but only ions are detected and analysed by the mass
spectrometer. This process provides a mass spectrum of a sur-
face from which its isotopic composition can be determined.
SIMS analysis can be classified as static or dynamic according
to the primary ion beam dose. Static SIMS uses a low primary
ion flux density, typically <10~'3 cm=2. In this type of analysis,
it is necessary to maximise the information collected per unit
of surface sputtered, which is characteristic of the chemistry of
the surface layer, because statistically no point on the surface is
impacted more than once by the primary ion beam. The main
drawback is the very small number of secondary ions emitted
which necessitates the use of a mass analyser with a high sensi-
tivity. Dynamic SIMS exploits the destructive capability of the
primary beam to analyse the chemical composition of materi-
als as a function of depth. A high sensitivity for the element of
interest and rapid erosion rates are major requirements, hence
a high primary ion flux density is necessary. Depth profiles are
obtained by recording the secondary ion current as a function of
time; the time scale being then converted into a depth scale by
calibration.

As pointed out by Betti [4], despite its qualities, SIMS has
many deficiencies compared with others surface analysis tech-
niques like EPMA and photoelectron spectrometry. The most
important of these are:

e matrix effects, i.e., the sputtering yield of the studied species
is influenced by its chemical environment;

e dependence on the mass spectrometer parameters, i.€., energy
band-pass and transmission;

e dependence of detector efficiency on the element analysed;

e the existence of isobaric interferences.

2.2. Types of mass analysers

SIMS instruments fall into three categories defined by the
type of mass analyser employed. The quadrupole analyser was
first used in static SIMS. The device uses a combination of
direct current and a radio-frequency electric field to separate
ions according to their mass to charge ratio. It is, however, a low
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transmission device (1%). Moreover, mass detection is sequen-
tial since it is a scanning instrument; all other masses being
discarded. The Paul Scherrer Institute (PSI) in Switzerland was
the first to carry out SIMS analysis of irradiated nuclear fuel.
Their first shielded instrument installed in the late seventies was
an ATOMIKA a-DIDA quadrupole SIMS [5]. This instrument
had some major deficiencies, particularly in terms of isotope
mapping and lateral resolution and in 1995 it was replaced by
an ATOMIKA S4000, which is also a quadrupole mass analyser.
The instrument is able to carry out static and dynamic SIMS anal-
yses and has produced results in the form of depth profiles, line
scans and ion maps (see, e.g., refs. [6,7]). Traditionally, double-
focusing instruments have been used for dynamic SIMS because
of their high transmission (10-50%) and high mass resolution
(up to 25,000 under favourable conditions). In double-focusing
SIMS, an electric field is used to extract the sputtered ions which
are then energy and mass filtered by an electrostatic analyser
and a magnet before going to the mass spectrometer for iso-
topic analysis. Double-focusing instruments can operate as an
ion microscope or ion microprobe. In the ion microscope mode,
a defocused static beam of primary ions is used so that each
point on the sample surface is a source of secondary ions. All
the secondary ions are received simultaneously by the detector.
To select an isotope with a given mass the secondary ion signal is
mass filtered. This mode is used for ion mapping. In the micro-
probe mode, the primary ion beam is focused to a spot 1-10 pm
in diameter and raster scanned over the sample surface to pro-
duce a crater. This mode is used for acquiring mass spectra and
depth profiles. A shielded version of a CAMECA IMS 6f double-
focusing SIMS for the analysis of irradiated material has been
in operation at the LECA laboratory of the CEA, Cadarache,
France, since 1999 [8,9] and at the Institute for Transuranium
Elements, since 2003 [10]. Relatively recently, time-of-flight
(ToF) SIMS instruments have been introduced. Because of their
very high transmission and the fact that they are equipped with
a multi-detector that collects all the ions generated, they are
used in the static mode. Up to now, the use of ToF SIMS has
focused on the analysis of organic materials. This is because
ToF SIMS employs a pulsed primary ion beam and offers a
high negative ion yield and a mass resolution in the region of
5000-10,000 over a mass range of the order of 10,000 amu. The
performances of the three types of mass analyser are compared in
Table 2.

2.3. Modes of operation

The primary beam may consist of oxygen ions (1°0,* or
180,+,160~ or '807), caesium ions ('33Cs*) argon ions (**Art)
or gallium ions ("°Ga*). The ions are focused on the sample by
a series of electrostatic lenses and diaphragms. The ion beam
properties (e.g., beam size, beam intensity, sample area excited)
depend on the analysis mode, the studied species and the matrix.
The secondary ion beam, consisting of ions sputtered from the
surface of the sample, is analysed by an energy filter and a mass
spectrometer.

At least five modes of operation can be distinguished on the
basis of the instrument set up and the data treatment; namely,

Table 2
The performance of different types of mass analysers

Parameter Mass analyser

Quadrupole Double-focusing Time-of-flight
Ion detection mode Sequential Sequential Parallel
Mass resolution <400 300-2500 5000-10,000
Mass range® (amu) <1000 460° Unlimited®
Transmission (%) <1 <50 80 max.4
Relative sensitivity® 1 10-30 <0.1

% The limit of m/z over which a mass spectrometer can detect ions.
b At 5kV; max. 2000 amu (optional).

¢ In practice: 500 amu bulk; 10,000 amu monolayer.

d <40% for atomic ions; <80% for molecular ions.

¢ Sensitivity relative to that of the quadrupole analyser.

spectrum acquisition, depth profiling, line scanning, element
mapping and isotope ratio measurement. In depth profiling the
sample surface is sputtered in depth and a concentration profile
of the analysed isotopes is obtained with a resolution of several
nanometres, but the depth analysed is limited to a few microme-
ters. Line scanning gives similar information to depth profiling,
but the distance traversed can be much greater (i.e., millimetres).
In this mode, the spatial resolution is defined by the performance
characteristics of the sample stage. Element mapping is used to
reveal the distribution of a specific element or isotope in a given
area of the sample.

The analytical conditions employed by different workers are
listed in Table 3 according to the mode of operation employed.
The analytical conditions used depend on the objective of the
analysis, the performance of the instrument and the tuning
achieved. Attention is drawn to the fact that most of the analyses
have been carried out using an oxygen or caesium ion source.
Hocking et al. [11], however, used an argon ion source for the
analysis of 85Rb*, 133Cs* and 84Kr*, presumably, to avoid the
contamination of the sample with Cs. Moreover, Gebhardt et al.
[6,12] used a gallium primary ion source for ion mapping of
7Li*, "B* and S2Cr* in the external oxide layer on Zircaloy.
As seen from Table 3, a beam diameter of less than 100 nm
can be achieved with a gallium ion source and consequently ele-
ments maps produced with this type of source have a high spatial
resolution.

2.4. Mass resolution

The mass spectrometric separation of isobaric interferences
of atomic ions of the analyte with, e.g., atomic or molecular ions
at the same nominal mass is possible if the mass resolution is
sufficient. The required mass resolution, (MR);;, is given by the
following equation:

m;

(MR);; = (1)

lmi —mj|
where m; is the mass of the analyte ions and m; is the mass of
the interfering ions.

The mass resolution of the secondary ion optical system of a
SIMS instrument, MR, under the specific analytical conditions
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Conditions employed for the analysis of fission products, actinide elements, Zircaloy constituents and light water coolant additives (Li and B) classified according
to the mode of analysis

Ton Matrix Mass analyser Primary beam Beam current (nA) Beam size (pum) Raster size (p.m) Ref.
Depth profiling
129%et U0, Double-focusing (1°0),* 1000 30 200 [20]
132Xe* U0, Double-focusing (160),* 20 30 None [21]
1271- U0, Double-focusing 133t 30-100 200 250 [27]
85Rb* U0, Double-focusing OAr+ 300 - 2000 [11]
133t U0, Double-focusing 40Ar* 300 - 2000 [11]
84Kyt U0, Double-focusing OAr+ 300 - 2000 [11
TH- Zr+Nb Double-focusing 133Cst 800-2000 60 250 [49]
D~ Zr+Nb Double-focusing 133t 800-2000 60 250 [49]
TLi~ Zr+Nb Double-focusing 133cst 800-2000 60 250 [49]
19— Zr+Nb Double-focusing 133t 800-2000 60 250 [49]
N7y Zr+Nb Double-focusing 133Cgt 800-2000 60 250 [49]
10670~ Zr+Nb Double-focusing 133t 800-2000 60 250 [49]
TLi* Zircaloy Quadrupole (80),* 20-100 2-8 30 [7.35]
g+ Zircaloy Quadrupole (B0),* 20-100 2-8 30 [7,35]
106 7,0 Zircaloy Quadrupole (80),* 20-100 2-8 30 [7.35]
160~ ucC Double-focusing 133t 50 - 250 [50]
Ion mapping
Li* Zircaloy Quadrupole 0Ga* 0.1 0.05 20 [6]
g+ Zircaloy Quadrupole 0Ga* 0.1 0.05 20 [6]
1067,0* Zircaloy Quadrupole 0Ga* 0.1 0.05 20 [6]
2cr+ Zircaloy Quadrupole 0Ga* 0.1 <0.1 10 [12]
S6Fe* Zircaloy Quadrupole Ga* 0.1 <0.1 10 [12]
TLi™ Zircaloy Double-focusing (1°0),* - - - [8]
2¢cr+ Zircaloy Double-focusing °0),* - - - [8]
S6pe* Zircaloy Double-focusing (160),* - - - [8]
07+ Zircaloy Double-focusing (1°0),* - - - [8]
1291~ U0, Double-focusing (1°0),* - - - [24]
130e— U0, Double-focusing (160),* - - - [24]
137 gt U0, Double-focusing (1°0),* - - - [24]
28yo* U0, Double-focusing (100),* - - - [24]
Rzt U0, Double-focusing (1°0),* - - - [23]
39La0* U0, Double-focusing (1°0),* - - - [23]
TLi* Boron carbide Quadrupole 133cgt 120 - 50 [35]
log+ Boron carbide Quadrupole 133 ¢cg* 120 - 50 [35]
g+ Boron carbide Quadrupole 133t 120 - 50 [35]
Line scanning
242py2 U0, Quadrupole (160),* 200 50 - [30]
241py2 U0, Quadrupole (1°0),* 200 50 - [30]
240py2 U0, Quadrupole (100),* 200 50 - [30]
29py2 U0, Quadrupole (1°0),* 200 50 - [30]
148N g2 S[0) Quadrupole (1°0),* 200 50 - [30]
143N g2 U0, Quadrupole (1°0),* 200 50 - [30]
l41pga U0, Quadrupole (1°0),* 200 50 - [30]
140Cen U0, Quadrupole (100),* 200 50 - [30]
1397 a8 U0, Quadrupole (1°0),* 200 50 - [30]
1388 U0, Quadrupole (1°0),* 200 50 - [30]
137¢s2 U0, Quadrupole (100),* 200 50 - [30]
133cg2 U0, Quadrupole (1°0),* 200 50 - [30]
88gpa U0, Quadrupole (160),* 200 50 - [30]
85Rb* U0, Quadrupole (1°0),* 200 50 - [30]
134Gg* U0, Quadrupole (1°0),* 50 10 - [28]
135Ga+ U0, Quadrupole (160),* 50 10 - [28]
156Gg+ U0, Quadrupole (1°0),* 50 10 - [28]
157Gg+ U0, Quadrupole (1°0),* 50 10 - [28]
138G+ U0, Quadrupole (100),* 50 10 - [28]
1291 U0, Double-focusing (1°0),* - - - [24]
130~ U0, Double-focusing (100),* - - - [24]
H- Zircaloy Quadrupole (80),* - 0.3 - [51]
160- Zircaloy Quadrupole (80),* - 0.3 - [51]
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Table 3 (Continued )

Ton Matrix Mass analyser Primary beam Beam current (nA) Beam size (um) Raster size (pum) Ref.

Isotope ratio
24yuP8u U0, Double-focusing (100),* 100-200 0.5-2 - [47]
BSY,RBU U0, Double-focusing (1°0),* 100200 0.5-2 - [47]
21pa/235y U0, Double-focusing (1%0),* 100-200 0.5-2 - [47]
247/30Th U0, Double-focusing (1°0),* 100-200 0.5-2 - [47]
240py/239py PuO, Double-focusing (190),* 1-2 0.5-2 250 [47]
28py 234y PuO, Double-focusing (160),* 1-2 ~5 250 [44]
BIpy2Hy PuO, Double-focusing (1°0),* 1-2 ~5 250 [44]
240py/236y PuO, Double-focusing (190),* 1-2 ~5 250 [44]
180/150 U0, Double-focusing 133¢g+ 5-10 - - [48]

? The species used is not reported.

employed is given by:
m;
Ami

MR =

(@)

where Am,; is the width of the peak of analyte mass at 10% of
the maximum intensity value. Burdo and Morrison [13] have
compiled a list of the mass resolution necessary to analyse sev-
eral hundred species, including simple ions, complex ions and
clusters.

Table 4 lists some major isobaric interferences for the fis-
sion products and actinide isotopes encountered in irradiated
nuclear fuel and the theoretical mass resolution needed for sep-
aration obtained from Eq. (1). It can be seen that for separation
of all the interferences listed, a mass resolution that is much
higher than that provided by a quadrupole mass analyser is
required (see Table 2). Indeed, in a number of cases, the the-
oretical mass resolution needed is substantially higher than that
of a double-focusing analyser, e.g., 154gm*/154Gd+, 1.5 x 10°;
24Py 2P Am*, 1.1 x 107,

2.5. Quantification methods

The main challenge for laboratories using SIMS in the post
irradiation examination of nuclear fuel is to convert the intensity
of the mass peaks characteristic of the fission products and minor
actinides (Np, Am and Cm) to concentration. Quantification
methods are applied mainly in dynamic SIMS. In principle, the
mass intensities measured during depth profiling can be quanti-
fied using one of three methods: comparison with a standard, use
of relative sensitivity factors or by the use of the relative useful
yield. Whatever the method employed, it should be kept in mind
that quantification by SIMS is fundamentally empirical and that
there is not yet a first principle formulation to predict sputtering
yields of elements in a matrix of arbitrary composition.

2.5.1. Comparison with a standard

The main drawback of this method is the difficulty of prepar-
ing appropriate standards, especially for the analysis of fission
products in irradiated nuclear fuel. The problem arises because
the host matrix of the standard and sample should be simi-
lar, both in terms of chemical composition and microstructure.
These requirements are difficult to meet for samples of irradi-
ated nuclear fuel, which contain a large number of elements and

exhibit substantial variations in microstructure [14]. Moreover,
measurements on the standard have to be performed for each set
of analytical conditions employed. Nevertheless, if a suitable
standard is available accurate quantification can be performed.

2.5.2. Application of relative sensitivity factors

This method permits the concentration of an isotope to be
calculated without systematic measurements on standards. The
relative sensitivity factor, RSF, is defined [15] as:

I
RSF = T“‘ i 3)
i

where I, is the matrix isotope secondary ion intensity in c/s, I;
the impurity isotope secondary ion intensity in c/s and p; is the
impurity atom density in atoms cm~3. RSFs can be determined
experimentally [16,17] using the expression:

FiClnt

RSF= —— ™
dS I; — dI,C

“
where F; is the ion-implanted fluence of element i in atoms
cm™2, C the number of measurement cycles, d the crater depth,
>"I; the sum of the impurity isotope secondary ion counts over
the depth profile, I, the background ion intensity of /; in counts
per measurement cycle and ¢ is the analysis time for the studied
species.

For a specific isotope, the RSF can be calculated by using
an implanted standard with a known fluence. This RSF is then
used to calculate concentration of the isotope in samples with a
similar matrix.

2.5.3. Application of relative useful yield

Phinney [18] has developed a simple method to quantify trace
isotopes measured by SIMS analysis which involves comparing
the ion signal coming from a trace element with the signal from
a major element of known concentration. The useful yield,z;, of
species, 7, can be defined as:

T= &)

where D; is the number of ions of species i detected and S; is
the number of atoms of species i sputtered. S; can be determined
experimentally by measuring the depth of the crater (formed with
a constant primary current intensity) in a standard implanted
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Table 4
Some fission product and actinide isotope isobaric interferences and the theo-
retical mass resolution required for separation

Ton Mass Interference Mass m/Am
Fission products
85Kt 84.9125 85Rp* 84.91202 176,901
08+ 89.9077 07+ 89.9043 26,443
89YH* 89.9135 15,501
%67+ 95.9093 9Ru* 95.9087 159,849
SMoH* 95.9123 31,970
9oMo* 95.905 22,304
947rH,+ 95.9220 7,552
TMo* 96.9062 9MoH™* 96.9128 14,683
9%7rH 96.9171 8,890
BMo* 97.906 9"MoH™* 97.9140 12,238
967rH,+ 97.9249 5,180
100\ * 99.9065 100Ry+ 99.905 66,604
104Ru 103.9042 104pg+ 103.9033 115,449
885rO* 103.901 32,470
105pg+ 104.9048 8yor 104.9006 2,497
124xe+ 123.9061 124G+ 123.9052 137,673
126+ 125.9045 126G+ 125.9077 39,345
10pgo* 125.8994 24,687
10cdot 125.8982 19,985
1271~ 126.9047 Icdo- 126.8992 23,074
128 e+ 127.9035 12cqo* 127.898 23,255
1291~ 128.905 113¢cdo- 128.8994 23,019
9"Mo00,~ 128.896 14,323
B4cgt 133.9067 134Xt 133.0954 103,005
134Ba* 133.9042 53,563
102Ry0,* 133.8935 10,144
136+ 135.9071 1365+ 135.9044 48,538
137 g+ 136.9071 137Ba* 136.9056 91,271
1384+ 137.9049 137BaH* 137.9134 16,224
1397 o+ 138.906 138BaH* 138.9127 20,732
140Cet 139.9053 139 aH* 139.9139 16,268
108pg40,* 139.8933 11,659
l4lppt 140.9075 140CeH* 140.9131 25,162
142Cet 141.9093 142Ng* 141.9075 78,838
110pg0,* 141.8943 9,461
110cdo,+ 141.8931 8,760
1BNg* 142.9096 142NdH* 142.9153 25,072
142CeH* 1429171 19,055
144NgH 143.9098 143NdH* 143.9174 18,936
145Nd 1449121 144NdH 144.9176 26,348
146N g+ 145.9127 145NdH* 145.9199 20,266
147gm+ 146.9145 146N dH+ 146.9205 24,486
148N g+ 147.9165 148gm* 147.9144 70,436
116Cdo,+ 147.8948 6,816
150N g+ 149.9208 150gm* 149.9169 38,441
154gm* 153.9219 134Gg+ 153.9209 153,922
134py+ 153.923 139,929
138BaO* 153.8998 6,965
160G g+ 159.9271 160y + 159.9239 49,977
144Ndo+ 159.9048 7,172
128Te0,* 159.8535 2,173

Table 4 (Continued )
Ton Mass Interference Mass m/Am
Actinides
Bay+ 234.0403 BIYH* 234.0474 32,963
B5y+ 235.0428 24Ul 235.0481 44,348
B3UH,* 235.0552 18,955
2o+ 236.0456 BSUH* 236.0506 47,209
BAUHL* 236.0559 22,917
2INp* 237.0482 2oyH* 237.0534 43,898
B8y 238.0486 BOUH,* 238.0612 18,893
B8py+ 238.0496 240,000
2TNpH* 238.0561 31,740
B9py* 239.0522 BIUH 239.0564 56,917
240py+ 240.0538 B8UH,* 240.0642 23,082
29pyH* 240.0600 38,720
241py* 241.0569 241 Am* 241.0568 10,907,550
240pyH+ 241.0616 50,695
242py+ 242.0587 241 AmH* 242.0646 41,027
41pyH+ 242.0646 41,027
23 Am* 243.0614 242pyH+ 243.0665 47,659
241 AmH,* 243.0724 22,096
241pyH,* 243.0724 22,096
24Cmt 244.0743 23 AmH* 244.0692 37,548
M2pyH,* 244.0743 21,040

with the species i. The main weakness of the useful yield is
its dependence on the extrinsic properties of the SIMS instru-
ment [18], such as aperture diameters and slit width. To remove
this difficulty, Phinney proposed to use the relative useful yield
(RUY). This is defined as:

[RUY];; = ki (6)
Ti
where [RUY];; is the relative useful yield of species i with respect
to species j and 7; is the useful yield of species i and 7; the useful
yield of species j.

For a material with aknown RUY, the unknown concentration
of species i, C;, can be obtained from:

Ci:& x [RUY];; x C; @)
D;j
where D; is the number of ions detected of species j and C; is
the concentration of the major species j (atoms j/atoms matrix).
In most cases, C; can be obtained by EPMA.

There are two ways to measure the RUY by SIMS. By using
a standard with a homogeneous distribution of the trace element
species (bulk standard) or by using a standard implanted with the
trace element species (implanted standard). For bulk-standards,
ion signals from species i and species j are constant and the RUY
is defined as:

> Djni
> Dinj

where n; and n; are the atom densities of species i and j, respec-
tively. For implanted standards, the ion signal of j is constant,

[RUY]; = @®)
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Fig. 1. General diagram of the shielded CAMECA IMS-6f SIMS showing the steel glove box housing the sample introduction port and the arrangement of the iron

and lead shielding (courtesy of CAMECA, France).

whereas that of i varies. In this case, the sum of D; has to be cal-
culated by numerical integration over the implantation Gaussian.
The RUY is then given by:

d
>aDj F;
i Di njdy — do)’

[RUY];; = )]

3. The shielded SIMS

A SIMS instrument dedicated to the analysis of irradiated
nuclear materials needs several modifications to protect labo-
ratory personnel and electronic components from the gamma
and beta radiation, emitted by the sample, and from radioac-
tive contamination. The specimen chamber and introduction
airlock has to be enclosed in a glove-box to restrict the spread of
alpha and beta contamination during sample transfer and load-
ing. Moreover, since SIMS is a destructive technique, over time
the immersion lens of the instrument accumulates alpha and
beta contaminated. General maintenance of the instrument and
removal for cleaning or disposal of contaminated parts is carried

out via the glove-box. Heavy metal shielding has to be installed
around the instrument and the slits and diaphragms of both the
primary column and secondary optics axis need to be motorised
to avoid manual intervention while a radioactive sample is in the
instrument. The modifications made to the first ATOMIKA a-
DIDA instrument installed at PSI and the shielded Cameca IMS
6f instrument installed at the CEA Cadarache and ITU Karl-
sruhe for SIMS analysis of irradiated nuclear fuel are described
in refs. [5,8,10]. Fig. 1 shows a diagram of a shielded CAMECA
IMS 6F instrument similar to the one installed at the Institute
for Transuranium Elements. This installation permits the analy-
sis of nuclear fuel samples with a gamma activity up to 75 GBq
(2Ci).

4. Current applications
4.1. Analysis of the fission gas xenon

Ray et al. [19] report that the ionisation of rare gases is too
low to be measured when using a caesium primary ion beam,
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but that (CsR)* complex ion creation, where R is a rare gas ion,
was sufficient to obtain good results. They also demonstrate that
(CsR)* complexes are formed by surface ionisation processes,
while R* ions are formed by inelastic collisions involving rare
gas atoms released from the sample with thermal velocities. R*
ions can be measured using an oxygen beam and an oxygen leak
to increase their production.

The inert gas xenon is the most abundant fission product pro-
duced during irradiation. Xenon retained in bubbles in the fuel
has an important impact on the fuel behaviour in terms of heat
conductivity and in-pile swelling. More precise data on the parti-
tioning of retained xenon between gas bubbles, grain boundaries
and the fuel matrix is one of the main objectives of the application
of SIMS to irradiated nuclear fuel.

Desgranges and Pasquet [20] have shown that xenon in a UO»
matrix can be detected by SIMS as Xe* by using a O>* primary
ion beam, an oxygen leak and a positive offset voltage to increase
the secondary ion current. These analyses were performed on
a UO, single crystal implanted with xenon (5 x 10'3 at/cm?,
540keV) exhibiting a maximum concentration at a calculated
depth of 100 nm and polycrystalline UO, implanted with xenon
(5 x 10" at/cm?, 800keV) with a maximum concentration at
126 nm. In the same article, Desgranges and Pasquet also show
that xenon sputtered from UO> is not ionised at the sample sur-
face as is commonly the case in SIMS, but in the vacuum above
the sample surface, as is the case for the rare gases argon and
krypton in semiconductors [19]. The ionisation mechanism is
independent of the origins of the xenon (i.e., independent of
whether it results from the UO; matrix or from gas bubbles) and
exhibits an aJ? + bJ dependence, where J is the current density
and a and b are coefficients depending on physical constants,
sample characteristics (e.g., xenon concentration) and oxygen
flooding. The authors state that the coefficients a and b vary lin-
early with xenon concentration, and conclude that this allows
quantification, although no detailed explanation is given.

Furthermore, Desgranges and co-workers [21,22] have
shown that it is possible to distinguish between xenon coming
from the matrix and from gas bubbles during depth profiling.
Fig. 2 shows the variation of the intensity of the '32Xe* mass
peak as a function of sputtering time (erosion rate) for a section
of irradiated UO; fuel from a PWR fuel rod with a burn-up of
about 60 MWd/kgHM. It can be seen that the profile obtained
from a region in the fuel where gas bubbles were visible in
the scanning electron microscope (Fig. 2a) exhibited numerous
intensity peaks that denote the location of bubbles, whereas the
profile obtained from a region where gas bubbles were absent
(Fig. 2b) is flat and exhibits minor variations in intensity only.
The same group have also devised a method to quantify the
xenon ion intensities emitted from the gas bubbles in irradiated
UO» [21]. This involves calibrating the xenon ion signal using
the concentration of gas in the UO, matrix measured by EPMA.

As can be seen from Fig. 3 a dependence of the sputter-
ing yield on the crystallographic orientation of the grain was
observed by Desgranges and Pasquet [23]. This has important
implications for quantification procedures involving a standard.
Accurate quantification cannot be guaranteed unless both the
sample and standard are single crystals with the same orienta-
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Fig. 2. Variation in the intensity of the '*2Xe* mass peak from an irradiated
UO; fuel with a burn-up of 61 MWd/kgHM as a function of the sputtering time
(erosion depth). (a) In a zone where gas bubbles have formed; (b) in a zone
where the fission gas was uniformly distributed in the fuel matrix (after Noirot
et al. [22]).

Fig. 3. SIMS ion map (**¥U'°0*) showing the size and morphology of the UO,
grains at the mid-radius in a PWR fuel. The different grain contrast is due to
differences in crystallographic orientation (after Desgranges and Pasquet [23]).
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Fig. 4. Ion maps showing the distributions of I, Cs and Te at the pellet edge, mid-radius and pellet centre in a UO, fuel ramp-tested to 520 W/cm at a burn-up of

39 MWd/kgHM (after Desgranges et al. [24]).

tion or unless the standard and sample are polycrystals with a
similar texture. In the latter case, the analysed area must contain
sufficient grains to be representative.

4.2. Behaviour of volatile fission products during a reactor
power excursion

Iodine, caesium and tellurium are volatile fission products,
which can migrate and leave the fuel during a reactor power
ramp. Consequently, to have a better understanding of the fuel
behaviour and its evolution during a power ramp, data on the
radial distribution of these species after a power ramp are needed.
The behaviour of iodine, caesium and tellurium during a power
ramp is also one of the main topics in studies of fuel-cladding
interaction. Analyses (by SIMS, EPMA and SEM) on UO; irra-
diated samples were performed by Desgranges et al. [24] to
understand the behaviour and release mechanisms of these fis-
sion products during a power ramp. Samples were prepared from
a rodlet that had undergone a ramp test in the OSIRIS reactor.
The rodlet was refabricated from an UO5 rod that had been irradi-
ated in a power reactor to an average burn-up of 35 MWd/kgHM.
SIMS ion mapping was performed at five positions along the pel-
let radius (from the edge to the centre) and the location of the
studied species in each of the different fuel zones was identi-

fied (see Fig. 4). They found [24] that except at the edge of the
sample, iodine forms precipitates during a power ramp, asso-
ciated with intra- and intergranular fission gas bubbles. They
also found that iodine is probably released together with the
fission gases because they behave very similarly. This is con-
sistent with the literature [25]. The behaviour of caesium was
found to be very different from iodine in that caesium uniformly
coats the grain boundaries near the surface of the fuel. More-
over, in this region caesium migration was observed although no
gas bubbles had formed. Consequently, Desgranges et al. [24]
postulate that in the outer region of the fuel caesium was not
present in the gaseous state, but probably as a constituent of
a caesium-rich second phase. In this region, the release mecha-
nism is probably solid-state diffusion along the grain boundaries
to free surfaces. At higher temperature, nearer to the pellet cen-
tre, caesium behaves similarly to the fission gases and is probably
released together with them. The behaviour of tellurium appears
to be intermediate between that of iodine and caesium, but fur-
ther investigation is needed to confirm this.

4.3. Mechanism of iodine migration in nuclear fuel

Hocking et al. [26,27] have used SIMS depth profiling to
study the migration behaviour of iodine. The work was per-
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formed on polished non-irradiated polycrystalline UO; (sintered
to 97% theoretical density). Samples were annealed under dry
conditions (Ar-4%He, 1500 °C) to remove mechanical damage
created by polishing before being implanted with various fis-
sion products including Rb, Kr, Cs, Xe, Eu, Er and I to simulate
irradiated fuel. The implantation energy varied from 300 keV
to 1 MeV to obtain near-Gaussian distributions at mean pro-
jected ranges of 75 or 150 nm. Implanted-ion doses varied from
1.0 x 10" t0 1.0 x 10'6 at/cm?. The samples were then annealed
at temperatures between 1200 and 1650 °C for periods ranging
from 10 min to 24 h to cause the ion-implanted fission product
layer to broaden by thermal diffusion. Fission fragment damage,
which is the second cause of spreading of the iodine distribution,
was simulated by 72 MeV iodine-ion bombardment.

Depth profiling on both thermally treated and as-implanted
samples were performed using a Cameca IMS-6f. A 10keV,
30 um diameter and 30-100nA Cs* primary ion beam was
used, scanning an area of 250 x 250 wm. Secondary ions were
efficiently extracted from a smaller region (60-100 wm) at the
centre of the sputtered area to minimise crater effects. Depth
profiles were produced on a thermally treated sample and its
as-implanted twin under identical operating conditions in order
to obtain information on the spreading of the iodine distribution
caused by thermal annealing and ion implantation damage.

The concentration scale for the as-implanted sample was
assessed and a relative sensitivity factor (RSF) was then deter-
mined for 27T~ (normalised to the matrix species) under the
conditions used. The application of this RSF to the iodine pro-
files in the thermally treated samples allowed their concentration
scale to be calibrated. Hocking et al. [27] found that at high
temperature iodine diffused towards great depths in the tail of
the profile as shown in Fig. 5. For iodine concentrations above
1 x 10" at/cm>, however, trapping occurs at quasi-immobile
defect sites which inhibits diffusive spreading into the bulk
matrix [26]. They also report that radiation enhanced diffusion
associated with lattice vacancies created during the implantation
process caused the implanted iodine ions to migrate towards the
sample surface during thermal treatment.

The study reveals the important role of radiation damage on
the re-distribution of fission products in the UO; fuel. The radi-
ation enhanced diffusion coefficients and the thermal diffusion
coefficients obtained in the investigation (at 1400 °C and lower
temperatures) were in reasonable agreement with those reported
in the literature.

4.4. Radial distribution of Gd in (U,Gd)O; fuel rods

The inclusion of (U,Gd)O, fuel rods in water reactor fuel
assemblies is an integral part of modern reload core manage-
ment strategy. The Gd isotopes '>Gd and !%’Gd have thermal
neutron absorption cross-sections of 61,000 and 254,000 barn,
respectively, and when added to UO; in the form of a few percent
of Gd;03 can be used to prolong the fuel cycle and maximise
the average fuel burn-up.

During the early stages of irradiation the 1 Gd and >’ Gd are
transmuted to '3°Gd and ’8Gd with neutron absorption cross-
sections of 2.0 and 2.3 barn, respectively. Consequently, when
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Fig. 5. SIMS depth profiles for '>’I~ in polycrystalline UO,, as-implanted and
after annealing. During annealing at 1650 °C iodine diffuses to greater depths
increasing the concentration in the tail of the profile (after Hocking et al. [27]).

the 'Gd and '37Gd isotopes have been burnt residual neutron
poisoning is negligible. Because of the very high absorption
cross-sections the burn-out of 13 Gd and 7 Gd begins at the fuel
pellet surface and progresses into the fuel as irradiation proceeds.
The self-shielding effect of UO, leads to an abrupt interface
between the fuel regions containing burnt and unburnt gadolin-
ium which gradually moves towards the fuel centre with time.

Zwicky et al. [28] used SIMS to study the behaviour of
Gd; 03 “burnable poison” in PWR fuel irradiated to low burn-up
(2-6 MWd/kgHM). They measured the radial distribution of
the isotopic abundances of 154Gd, 155G, 156Gd, 157Gd and
158Gd isotopes in the fuel. In addition to the depletion of >3Gd
and 137Gd in the outer region of the fuel between the pellet
surface and about r/r, =0.75 (see Fig. 6) they also detected a
slight decrease in their concentration in the central region of
the fuel compared with their original natural abundances. They
attributed this to resonance reactions with fast neutrons in the
flux spectrum.

4.5. Radial distribution of plutonium and radial burn-up
profile in MOX fuel

Plutonium from the reprocessing of spent LWR fuel can be
recycled by mixing a few percent with UO; to produce a mixed
oxide (MOX) fuel which is then burnt in a light water reactor.
In the frame of the PRIMO Programme, Zwicky et al. [30] used
SIMS to determine the radial distribution of plutonium and the
radial burn-up profile in MOX fuel pellets that had been irra-
diated in a PWR to a burn-up between 16 and 55 MWd/kgHM
(see Fig. 7).
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Fig. 6. Distribution of the gadolinium isotopic abundances in a UO, fuel doped
with up to 7wt.% Gd,O3 as a neutron poison and irradiated to a burn-up of
2MWd/kgHM (after Bart et al. [29]).

For plutonium, they measured the radial distributions of
239Pu, 240Pu, 241py and 242py. They concluded that the mea-
sured profiles were the result of four nuclear reactions; namely,
fission of 239Pu and 2*!Pu, the formation of 23°Pu by neutron
capture by 238U, the formation of 2*°Pu, >*! Pu and #>Pu by ther-
mal neutron capture by 23°Pu, 240Pu and 24! Pu, respectively, and
the decay of 2*!Pu (half-life, 14.4 years).

The radial burn-up profile was assessed from the radial dis-
tribution of a number of rare-earth fission product isotopes
including '*8Nd, 40Ce and '*La. It is evident from the SIMS
profiles for these fission products [30], that the radial burn-up
distribution in the fuel sample presented in the paper (burn-up,
35 MWd/kgHM) was highly asymmetrical.

4.6. Studies relating to Zircaloy cladding corrosion

Zircaloy cladding corrosion in a PWR depends on the water
chemistry [31,32]. Lithium and boron, from the coolant (con-
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Fig. 7. Radial distribution of plutonium isotopes across the diameter of a MOX
fuel (after Bart et al. [29]).

taining up to 3 pg/g LiOH and 150 pg/g H3BO3 in most cases)
are incorporated in the Zircaloy external oxide layer during
irradiation and have an important influence on cladding corro-
sion rate [33,34]. Gebhardt and co-workers [6,7,29,35,36] have
published the results of several SIMS investigations of the dis-
tribution of Li and B in the oxide layer on Zircaloy cladding and
Zircaloy control rod guide tubes. These studies were performed
on autoclaved and irradiated samples. Ion-implanted samples
were used as standards for quantitative analysis. They found
that within 1-3 wm of the oxide/metal interface the concentra-
tions of Li and B in the oxide layer on Zircaloy cladding fell
sharply to almost zero. The highest concentrations of Li and B
were found in the outer (waterside) third of the oxide layer and
it was noted that peaks in the B signal generally corresponded
to the locations of intensity minima in the Li signal. The Li and
B concentrations in the oxide layer on irradiated cladding were
reported to range from 8 to 23 and 60 to 190 ppm, respectively.

Autoclave experiments [37] under isothermal conditions
revealed that a Li concentration higher than 70 pg/g increases
the Zircaloy corrosion rate, but the mechanism is still not well
understood. In the oxide layer of irradiated samples cut from the
middle and bottom of a PWR fuel rod, it was found [6] that peak
concentrations of Li were below the 70 wg/g threshold for both
thin (~10 pm) and thick (~50 wm) oxide layers. Consequently,
for the investigated samples, Li incorporation in the oxide layer
could not have bee responsible for enhanced corrosion.

Gebhardt et al. [12] and later Rasser et al. [8] also used SIMS
to investigate the behaviour of Fe and Cr (minor alloying ele-
ments in Zircaloy) in the oxide layer on Zircaloy cladding. They
both report that Cr occurs in the form of precipitates both in
the oxide layer and the Zircaloy, whereas Fe is uniformly dis-
tributed in the oxide layer, but is present as precipitates in the
Zircaloy (see Fig. 8). Recently, similar results have been reported
by Brémier et al. [10].

4.7. Isotope ratio measurements

In the frame of safeguards analysis [4,38—41] at the Insti-
tute for Transuranium Elements, isotope ratio measurements
are being used to determine the 233U* enrichment of UO, dust
collected at fuel fabrication plants around the globe. The aim
is to detect undeclared nuclear activities. As a general rule, a
235U/238U ratio greater than about 0.25 (20% enrichment) is
taken as an indication of fabrication of weapons grade uranium.
Table 5 shows SIMS results for the 233U/233U isotopic ratio of
three certified UO, particles with nominal 23U concentrations

Table 5
SIMS results for the 233 U/2*8U isotopic ratio of three uranium particle standards
of known enrichment

Nominal 2>>U Specified ratio Measured ratio Relative

conc. (wt.%) difference (%)
2 0.0207 0.0208 £ 0.0004 0.6

10 0.114 0.114 £ 0.002 <0.1

50 1.000 1.009 £ 0.004 0.9

The difference between the measured and specified ratios is less than 1% relative.
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Fig. 8. Ton maps for 2°Zr*, 7Li*, 32Cr* and °Fe* in the external oxide layer of Zircaloy cladding material (after Rasser et al. [8]). Iron precipitates in Zircaloy

partially dissolve in the oxide.

of 2, 10 and 50 wt.% reported by Brémier et al. [10]. The analy-
ses were performed in the microprobe mode using a O,* primary
beam at a current of 2 nA. It can be seen that for all three samples
the difference between the measured and specified 2> U/>8U
ratios is less than 1% relative.

Erdmann et al. [42] have used SIMS to verify the isotopic
composition of monodisperse UO, particles. In particular, they
assessed the contribution of the 2>UH* signal to the 230U* sig-
nal by using the ratio of the 233U+ to 238 UH* signals (>*°Pu* was
absent from the sample). Using this correction, they obtained
excellent agreement with certified values of the 23°U* isotope
concentration and good reproducibility. This work was based
on the techniques developed at the Institute for Transuranium
Elements by Betti and Tamborini [43—47]. They studied the fea-
sibility of performing SIMS analysis on UO, microparticles,
containing uranium and plutonium isotopes, and methods of
accurately determining the isotopic composition. These stud-
ies led to the use of several parent/daughter isotope ratios, e.g.,
238py 234y, 239py235y, 240py 230y to determine age of reac-

tor produced plutonium [44,47] and the use of the 23! Pa/>3>U
or 23*U/* Th isotope ratio to determine the production date of
highly enriched uranium [46]. The analytical conditions used
for measurement of actinide isotope ratios at the Institute for
Transuranium Elements are given in Table 3.

Tamborini et al. [48] has also studied the 30/'°0 ratio in
several UO; samples. They demonstrated that this ratio varies
as a function of the distance of the production plant from the
oceans and with latitude and so could be used as a discriminator
in nuclear forensic investigations.

5. Summary and conclusions

The Paul-Scherrer Institute (PSI) at Wiirenlingen, Switzer-
land, pioneered the application of SIMS to irradiated nuclear
fuel. Bart and colleagues installed the shielded SIMS, which
was an ATOMIKA a-DIDA quadrupole mass analyser, there
in the late 1970s. Most of the work carried out on this instru-
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ment was performed for international fuel and cladding research
programmes and under contract to commercial partners and con-
sequently, only a small number of the many SIMS investigations
performed are reported in the open literature. Nevertheless, it
is apparent from the published articles that the measurements
made were restricted mainly to depth profiling and line scan-
ning. Presumably, this was because the low mass resolution and
low sensitivity of the quadrupole mass analyser did not permit
the production of distribution images of the isotopes of interest,
which were usually present in concentrations below 1 wt.%. It is
also evident from the literature that over the years the shielded
SIMS at PSI was used in a wide range of applications. For exam-
ple, it was used to measure the radial distributions of Pu isotopes
and fission product isotopes in MOX fuel, to study the burn-
out of gadolinium neutron poison in PWR fuel, to determine
the local burn-up in light water reactor fuel, and to investigate
Zircaloy cladding corrosion. Gebhardt’s innovative results for
the distribution of Li and B in the external oxide layer on irra-
diated Zircaloy cladding demonstrate that isotopes of low mass
elements can be located, measured and quantified by SIMS.

With the introduction in 1999 of a shielded CAMECA IMS-6f
double-focusing SIMS in the Laboratoire d’Etudes des Com-
bustibles of the CEA Cadarache, France, SIMS became a mature
research tool in the study of the in-pile behaviour of nuclear fuel.
The device was now no longer restricted to the provision of ana-
lytical data on the behaviour of specific isotopes, but began to be
used to study the mechanisms controlling such basic phenom-
ena as fission product release and fuel swelling. This change of
role can be traced to the fact that with a double-focusing SIMS
high resolution, high definition distribution images of isotopes
present in trace concentrations can routinely be produced. In
the study of the in-pile behaviour of nuclear fuel, SIMS is evi-
dently a powerful complementary technique to EPMA. Its great
potential is demonstrated by the fact that in the short period that
the SIMS has been in operation at the CEA Cadarache, it has
supplied important data on the behaviour of the volatile fission
products Te, I and Cs during a reactor power ramp. For exam-
ple, it has confirmed that I behaves similar to the fission gas Xe
during a reactor power excursion.

In 2003, the Institute for Transuranium Elements also
acquired a shielded CAMECA IMS-6f double-focusing SIMS.
It is foreseen that this instrument will be used to determine the
distribution of fission product and actinide isotopes in UO; high
burn-up fuel and in the Pu-spots and matrix of MOX fuel irra-
diated under steady-state and transient conditions. In addition,
it will be used to investigate the transmutation efficiency in fuel
targets containing the minor actinides Np, Am and Cm and to
determine the fission product and actinide concentration pro-
files at the surface of spent nuclear fuel after leaching. The main
challenge in the near future is to develop quantification proce-
dures that can be used to convert the measured ion signal to mass
concentration. This will require the preparation of bulk and ion-
implanted standards imitating the chemical composition of the
material to be analysed, the compilation of a database of rela-
tive sensitivity factors, and where appropriate correlation with
element analysis carried out by EPMA on the same area of the
sample.
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