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ABSTRACT 

In approximately 20% of all fissions at least one of the fission products is gaseous. These are 
mainly xenon and krypton isotopes contributing up to 90% by the xenon isotopes. Upon reaching a 
burn-up of 60 - 75 GWd/tHM a so called High Burnup Structure (HBS) is formed in the cooler rim of 
the fuel. In this region a depletion of the noble fission gases (FG) in the matrix and an enrichment of 
FG in µm-sized pores can be observed. Recent calculations show that in these pores the pressure at 
room temperature can be as large as 30 MPa. The knowledge of the FG pressure in pores is 
important to understand the high burn-up fuel behavior under accident conditions (i.e. RIA or LOCA).  

With analytical methods routinely used for the characterization of solid samples, i.e. Electron 
Probe Micro Analysis (EPMA), Secondary Ion Mass Spectrometry (SIMS), the quantification of 
gaseous inclusions is very difficult to almost impossible.  

The combination of a laser ablation system (LA) with an inductively coupled plasma mass 
spectrometer (ICP-MS) offers a powerful tool for quantification of the gaseous pore inventory. This 
method offers the advantages of high spatial resolution with laser spot sizes down to 10 μm and low 
detection limits. By coupling with scanning electron microscopy (SEM) for the pore size distribution, 
EPMA for the FG inventory in the fuel matrix and optical microscopy for the LA-crater sizes, the 
pressures in the pores and porosity was calculated. 

As a first application of this calibration technique for gases, measurements were performed on 
pressurized water reactor (PWR) fuel with a rod average of 105 GWd/tHM to determine the local FG 
pressure distribution. 

1 INTRODUCTION 

The fission products (FP) of one fission have normally unequal masses. The most probable 
masses are ~139 for the heavy and ~95 for the light FP, respectively [1]. Detectable amounts of 
fission product yields are in the mass range of 72-166. In Figure 1 the yields of some fissile educts are 
shown. These figures indicate that the yields for the noble fission gases are in the upper regions of the 
fission yield "humps". 
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Figure 1: Mass distributions of the FP from the fission of 233U, 235U and 239Pu [1]. Mass distribution of 
233U and 239Pu by thermal neutron fission (left) and of 235U by thermal and fast (14 MeV) neutron 

fission (right). The shaded areas show the mass ranges of the formed noble gas fission products Kr 
and Xe, with their relatively high formation probability [2]. 

Noble fission gases require special attention as they do not combine with other species. They 
have low solubility in a UO2 matrix and remain in gaseous phase. In Table 1 the fission yields for the 
Kr- and Xe-isotopes from the fission of 235U and 239Pu with thermal neutrons are listed [1].  

 

Table 1: Fission yields (in %) of the noble gases from the fission of 233U, 235U and 239Pu with thermal 
neutrons [1] [2]. For the total yields of all Kr and Xe isotopes, only the stable isotopes and 85Kr with a 

considerable half life were considered.  

Fission product 233U 235U 239Pu Fission product 233U 235U 239Pu
stable 83Kr 1.17 0.544 0.29 stable 131Xe 3.39 2.93 3.78
stable 84Kr 1.95 1.00 0.47 stable 132Xe 4.64 4.38 5.26

t1/2 (10.6 y) 85Kr 0.58 0.293 0.127 t1/2 (5.27 d) 133Xe - 6.62 6.91
stable 86Kr 3.27 2.02 0.76 stable 134Xe 5.95 8.06 7.47

  t1/2 (9.2 h) 135Xe - 6.30 -
  stable 136Xe 6.63 6.46 6.63

Total Kr 6.97 3.86 1.65 Total Xe 20.61 21.83 23.14
 
In nuclear fuel, made of uranium oxide or MOX, roughly 25% of the FP are gaseous, i.e. Kr and 

Xe isotopes. The total noble gas fission yield leads to 3.3% for Kr, and 22.2% for Xe (compared to the 
total amount of Kr, Xe in Table 1) [1] [3] [4].  

 
1.1   Nuclear fuel 

Nuclear fuel pellets in commercial light water reactors (LWR) are produced with an isotopic ratio 
of 235U / 238U that has to be enriched from the natural composition (0.72%) to 3-5%5 to compensate 
the loss of neutrons due to the high absorption cross section of the neutrons with the hydrogen in the 
cooling water [5]. 
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- The UO2 powder is pressed and sintered to pellets. 
- The porosity of the fuel during fabrication is around 4-5%. 
- The grain size is ~10 µm due to the pressing and sintering process [6]. 
The pellets are filled into a cladding tube, applying a certain pressure of He and the tubes are 

leak tight closed by welding. 
During irradiation fission gases (FG) are formed. The FG atoms can be dissolved in the fuel 

matrix or precipitated in nm-sized intra-granular bubbles within the grain, in micro-m-sized 
intergranular bubbles at the grain boundaries and edges, and in micro-m-sized as-fabricated pores. A 
fraction of the FG can be released into the plenum or the fuel-cladding gap of the nuclear fuel rod [6]. 

 
1.2   High Burn-up Structure (HBS) 

With increasing burn-up (i.e. energy output or number of fissions), the ceramic UO2 pellets 
experience a transformation of its structure starting from the rim of the fuel [6] [7] where the 
temperature is relatively low (<1100-1200°C). In this region FG diffusion and release to the plenum is 
hindered and the FG remains in the matrix. If the Xe-cumulation in the matrix exceeds a certain value, 
the high burn-up structure (HBS) is formed characterized by the following processes: 

- A subdivision of the original fuel grain into 10’000 new small grains with a diameter in the sub-
 micro-m range (0:1 - 0:3 µm). 

- The creation of large faceted pores with diameters of ~1 µm and larger. 
- An increase of porosity. 
- Depletion of the FG in the matrix and in the intra-granular bubbles, i. e. the gas that was 

 cumulated in the grain during irradiation is either released or removed to the micro-m-sized 
 pores. 

This transformation of the fuel structure occurs when 80% of the initial 235U atoms have been 
fissioned. In the outer region the local burn-up is up to 3 times higher than in the pellet center. This 
transformation is also temperature dependent and above 1100-1200°C prevented by increased 
mobility of FG and lattice vacancies [6]. To illustrate the differences, scanning electron microscope 
micrographs of fuel regions in the center of the pellet and in the HBS were taken and are shown in 
Figure 2. 

  

Figure 2: Scanning electron microscopy (SEM) pictures taken from spent nuclear fuel [2] [8]. The left 
picture shows unrestructured fuel with large grains with grain boundaries decorated with FG bubbles. 
At the right picture the HBS is shown and on top the fuel cladding border. The large HBS pores are 

spherical shaped. 
In model calculations it has been shown that the pressure in the HBS pores can be as high as 

30 MPa at room temperature [9] [10] [11] [12]. 
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1.3   Motivation 

As already described in the introduction, FG play an important role for nuclear fuel behavior. 
Therefore, the knowledge of the produced amount and the local distribution in the fuel is of major 
interest. Various models exist to determine FG behavior [3] [13] [14] [15]. Two prominent models exist 
which describes the formation of the HBS with the accumation of FG in the pores. 

-The model of [9] [10] [11] describes the formation by firstly an overpressurization of FG in nm-
 bubbles, followed by pore formation and then finally polygonization takes place due to the 
 stress by these  pores. One of the major drawbacks of this model is the fact of an insufficient 
 estimation of pore pressures (~30 MPa) causing stress (>100 MPa are necessary) within the 
 material [16]. 

- The model of [17] [18] [19] [20] predicts the start of bubble formation at grain boundaries, 
 which is well confirmed. Although this model implicates that Xe depletion can only be found in 
 fuel areas with subdivided grains. There are also some questions which cannot be explained 
 with this model, e.g. the Xe depletion can be found only in fuel areas with subdivided grains 
 and not in other areas, which has however experimentally observed [16] [21] [22]. 

However, these models contain significant uncertainties, which can only be reduced by 
experimental validation of FG concentrations. 

Despite the existence of differing models of µm-sized bubble and -pore formations containing 
pressurized fission gases, their presence has to be considered for fuel performances at increasing 
burn-ups. Especially for possible accidents, like loss of coolant accident (LOCA) or reactivity initiated 
accident (RIA) [23] [24] [25] the behaviour of the gases has to be considered. The knowledge of the 
distribution and location of the FG Xe and Kr in irradiated nuclear fuel is therefore of major interest. 
Important mechanisms of the FG in the fuel during reactor operation are: 

- The gas swelling behavior under steady-state and transient conditions. 
- The Fission Gas Release (FGR) under steady-state and transient conditions. 
There is a high demand on the knowledge on the FG inventory in the fuel, especially in the µm-

sized inter-granular bubbles and in the pores of the HBS. Thus, a quantitative analysis of FG in 
nuclear fuel is required and prerequisite for fuel behaviour prediction under accident conditions. 

2 EXPERIMENTAL 

 The approach in this study was to combine suitable and already established analytical 
techniques for the quantification of the FG in nuclear fuel. These techniques are presented briefly. 
 
2.1   LA-ICP-MS 

 A laser ablation system is coupled to an ICP-MS instrument, where the laser-sample 
interaction leads to an ablation and the formation of aerosols [26]. The nowadays used laser 
wavelengths are usually in the UV-range. The ablation is carried out with repetition rates of 1-10 Hz 
with pulse lengths of ns to fs. The aerosol is transported with a carrier gas (usually He or Ar) into the 
ICP where it is atomized and ionized. The plasma is formed via high frequency electromagnetic 
induction of argon gas. The formed ions are then transferred into the MS. The MS can be a 
quadrupole (Q), sector-field (SF), or a time-of-flight (TOF) MS [27] [28] [29]. The two types of most 
commonly applied lasers are excimers and solid state lasers. 
 However, until now the major application of ICP-MS is the analysis of solutions (Solution 
Nebulization (SN) ICP-MS), which is widely applied in all fields of research and industry [27] [29] [30]. 
This method has been applied for the analysis of nuclear fuel by dissolving and diluting using a 
mixture of HF and HNO3. Unfortunately this wet chemical analysis method is not applicable for the 
analysis of gaseous inclusions in solid materials. 
 
2.1.1   Experimental Setup 

 For the ablation of radioactive samples a shielded system was constructed in the hot 
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laboratory of the Paul Scherrer Institut (PSI). The system consists of a LSX-3700 instrument (Nukeuss 
CETAC, Omaha, USA) with a high power 266 nm Nd:YAG laser providing pulse energies of up to 60 
mJ [31]. The laser ablation sampling system is coupled to a NEPTUNE Multicollector (MC) ICP-MS 
(Thermo Fisher Scientific, Bremen, Germany). Images and impressions of this setup are shown in the 
Figures 3 & 4. 

 

Figure 3: Shielded LA-MC-ICP-MS at PSI Hotlab. The sample is placed in the shielded LA box on the 
right, and the glove box of the sample introduction system of the Neptune MC-ICP-MS on the left. The 

sample handling in the LA box is carried out with a rod manipulator and the manipulations can be 
controlled via lead shielded window above the manipulator [2]. 

 

 
Figure 4: Glove box (right) with the SN and HPLC instrumentation inside, connected to the Neptune 

MC-ICP-MS (left) [2]. 

 Typical operating conditions of the instruments are listed in [2] [32]. To quantify the Xe amount 
in the fuel, a calibration method has been developed by injecting defined Xe amounts into the carrier 
gas system of the LA-ICP-MS [2] [32] be fore and after laser ablation on the fuel. In Figure 5, a 
schematic sketch is shown where the calibration has been introduced into the carrier gas system of 
the LA-ICP-MS. Furthermore an aerosol filtering was necessary to avoid isobaric interferences with 
solid FP (i.e. Cs- and Ba-isotopes). 
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Figure 5: Schematic sketch of the experimental setup used for the fuel measurements [2] [32]. 

2.2   EPMA/SEM 

2.2.1   SEM 

 The scanning electron microscope (SEM) combined with an electron probe microanalysis 
(EPMA, see following Chapter) is also a powerful instrument to analyze heterogenous organic and 
inorganic materials and surfaces on such local scale, down to submicron structures. A small 
preselected area on the surface is being bombarded with electrons. This causes an emission of 
backscattered primary electrons, low energy photoelectrons and Auger electrons and characteristic X-
ray emission. For SEM the backscattered and the secondary electrons are of interest [33] [34]. 
 
2.2.2   EPMA 

 A small area on the surface of a solid specimen is bombarded with electrons, like with the 
SEM. For the EPMA and the resulting X-ray emission is detected and used for major and minor 
element analysis [33] [34]. 
 The EPMA can be explained as an "upgraded" scanning electron microscope (SEM). The 
upgrade comes from the knowledge of the defined energy of the primary electron beam which the 
sample is being bombarded with. This causes an interaction with the electrons of the inner shells (Kα, 
Kβ, Lα, ...) of the elements in the sample. These electrons are excited and get to a higher energy level. 
Then, these excited electrons relax back to the ground level and emit this energy via a photon in the 
X-ray energy range depending on the electron position in the shell and the type of the atom. These 
specific X-ray emissions will be detected by crystal spectrometers and can provide elemental 
information of the small area/thin volume (in the order of a few micro-m of depth) which was 
bombarded with the focused electron beam. 
 
2.2.3   Performed experiments on nuclear Fuel 

 Experimental analyzes on nuclear fuel have extensively performed by using EPMA/SEM [4] 
[11] [21] [35] [36] [37] [38]. Results were obtained on elemental distributions, porosity and pore size 
distributions, Xe-quantities in the fuel matrix and in intra-granular bubbles, and the changes of grain 
sizes and shapes over the entire fuel diameter. Only elemental information from the sample surface is 
achievable with this technique, which is the major drawback of this application. 
 In combination with other techniques as reported in [18] [22] [39] [40], it did provide important 
information about burn-up, grain size, porosity and Xe-content in the matrix. 
 
2.3   Optical Microscopy 

 Optical microscopy (OM) was performed as well to determine crater sizes and depths. The 
microscopes used for the determination of ablation rates and crater sizes was a customized Leica 
Telatom 4 with shielded optical parts to examine spent nuclear fuel samples [2]. The depth resolution 
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is ~0.2 µm. An example of a crater examination on fuel is shown in Figure 6.  
 

 

Figure 6: Picture of created ablation craters in nuclear fuel [2]. 

 The OM could be also used for metallographic analyzes, i.e. etching of the surface to 
determine grain sizes and shapes of the fuel. 

3 RESULTS 

3.1   Sample 

The fuel analyzed in this study comes from a PWR where it was irradiated to high burn-up for scientific 
studies. Please note that these experiments were scientifically driven and do not represent commonly 
conditions applied in power plants. A slice was cut out from the fuel rod and embedded in a steel 
sample holder, see Figure 7. 

 

Figure 7: Fuel sample embedded into a 17 mm steel sample holder, ground and polished. It is held 
with a manipulator in the hot cell [2]. 

3.2   EPMA/SEM 

 A collated SEM overview of 2/3 of the fuel sample is shown in Figure 8 and detailed images 
were taken at the positions in the center and mainly at the fuel rim.  



Proceedings of the International Youth Nuclear Congress 2008 
 
 
 
 

347 
 
 
 
 

 

Figure 8: Collated SEM Picture of the high burn-up fuel surface. On the upper edge is the fuel cladding 
and rim (P1) and it ends in the lower third of the fuel diameter (P7). The mid part of the fuel is in P5 [2] 

[8]. 
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 Unopened Xe inclusions below the surface were observed at various positions, especially in 
the HBS region and at the rim of the fuel, the so called "ultra"-high burn-up structure (UHBS), See 
Figure 9(e). As already visible in the SEM micrograph (Figure 9(a)), a fission product phase binds the 
fuel to the cladding. 

   

(a)     (b)    (c) 

   

(d)    (e) 

Figure 9: Detailed imaging on the rim of the fuel [2] [8]: SEM image (a) ,Pu (b), Cs (c), Ru (d) and the 
Xe distribution (e). 

 A strong "finger-like" catenation between Zircalloy and the fuel was observed in Figure 9(b). 
This finger-like structure of the inner cladding oxide layer (ZrO2) penetrates some microns into the fuel 
and disturbed the measurements at the pellet edge (e.g. at the edges of the line scan in Figure 10). 
Ru can be found almost exclusively in the pores. In these figures, the yellow-red spots represent high 
concentrations of Cs in opened pores and wash-outs (Figure 9(c)), Ru in opened pores (Figure 9(d)), 
and Xe in unopened pores down to approximately 2 µm below the sample surface (Figure 9(e)). 
Figure 10 contains a distribution of selected elements measured in the sample in line scan mode over 
the whole fuel diameter. The distributions of the fissile element (Pu), some selected fission products 
(Cs, Xe, Nd, Zr) and the cladding material (Zr) are summarized.  
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Figure 10: Elemental composition over the fuel sample in direction of the collated SEM image, see 
Figure 8 [2] [8]. Shown are the fissile elements (Pu), the fission products (Cs, Xe, Nd, Zr) and the 

cladding element (Zr). 

 Based on the spatially resolved Pu concentration (formed during n-capture) it was possible to 
provide a detailed information about classical HBS and the newly formed "ultra"-HBS (UHBS), which is 
characterized by significantly enlarged pore sizes when compared to the classical HBS. The local 
burn-up can also be estimated from the Nd concentration using equation [41]. 
 

1[wt%(Nd)] ~ 100 GWd / tHMi 
 
 This line scan analysis shows (Fig. 10) that the Pu concentration increases at the rim of the 
fuel, where the local burn-up reaches up to 300 GWd/tHMi. The U concentration decreases due to the 
almost completely burned 235U and the breeded Pu (mainly 239Pu, 240Pu and 241Pu) from 238U. The Xe 
concentration from EPMA measurements gave first information on elemental distribution. It gave a first 
indication about the Xe concentration in the matrix and in the nm-sized intra-granular bubbles. 
However, the Xe spots in the Fig. 9(e) can only provide qualitative information about the larger 
amounts of Xe in the unopened bubbles. 
 
3.3   LA-ICP-MS 

 The measurement was carried out on the first developed shielded glove box LA-ICP-MS 
system, which was recently installed in the Hotlab at PSI [31]. 
 The measurements were performed using a particle filter to avoid isobaric interferences. The 
Xe calibration gas injection was carried out before and after fuel analysis to correct for instrumental 
drifts [2] [32]. The Xe analyzes were performed using single hole drilling and are described in the 
following sections in detail. 
 LA-ICP-MS requires no smooth surfaces and is less sensitive to these parameters than EPMA 
and other analytic techniques (i.e. SIMS). However, the samples need to be polished to avoid some 
influences of Xe contamination within rough surfaces. Therefore, only one sample preparation 
procedure was necessary prior to all analyzes. 
 The overall signals of a constant batch of LA pulses have been integrated. Three different 
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masses were analyzed using a crater size of: 25 µm and 20 shots, 25 µm and 100 shots and 50 µm 
and 100 shots. Figure 11 shows the ablation craters placed across the entire fuel. 
 The resulting crater dimensions were determined using optical microscopy and the ablated 
volume was calculated by using a rotational trapezoid approximation for the ablation crater [2]. 

 

Figure 11: Images of the ablation craters on the nuclear fuel sample. The large black spots are the 50 
µm ablations, and the small spots are the 25 µm drills. The diameter of the fuel pellet is ~1 mm [2]. 

 For the drilled position the porosity was taken from measurements performed on the same 
sample in [42]. Then, porosity pressures of the ablated masses were determined using the ideal gas 
law. The Xe contained in the matrix was also corrected. This matrix-Xe was derived from the EPMA 
data, see Ch. 3.1. 
 The three amounts of Xe concentrations were corrected by the local porosity, determined by 
SEM, and by the ablated volumes, determined by OM. To get better statistics and overcome with 
strong local variations, which were observed, pressure "classes" and fuel regions were defined based 
on the performed EPMA measurements and on earlier reported studies [11] [38] [41].  These fuel 
regions are illustrated in Figure 12. 

 

Figure 12: Fuel regions in dependence on local burn-up and porosity. Various regions from the fuel 
cladding towards the center (UHBS, HBS, Transit. zone (TZ) and the unrestructured zone (URZ)) are 

shown [2]. 

 The average pressure values of each region are listed in Table 2: 
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Table 2: Average pressures for each fuel region, including average position, region range, No. of data 
sampling points per region, average pressure and the standard deviations  [2]. 

Fuel region 
 

av. R/R0 
 

±region range
 

No. of data points
 

av. Pressure 
 

stdev. 
 

stdev. 
√n 

      (n) (MPa) (±MPa) (±MPa) 
UHBS 0.987 0.006 8 33.3 27.6 9.8 
HBS 0.898 0.057 57 20.6 30.4 4.0 
TZ 0.681 0.063 24 15.1 14.9 3.1 

URZ 0.342 0.125 42 28.3 21.7 3.4 
 
 To gain more insights, pressure classes were determined using a lower (<10 MPa) and an 
upper limit (>70 MPa) and a channel width of 10 MPa [2]. Figure 13 illustrates the average pressure 
distribution per fuel region. 

 

Figure 13: Statistical interpretation of the pressure distribution within the fuel region based on 
frequency. The sum of all pressure classes was normalized to 100% [2]. 

 
 The Xe isotope ratios were also analyzed. Figure 14 shows the Xe isotope in dependence on 
the radial distribution across the fuel radius. A decrease of 131Xe and an increase of 132Xe were 
observed while the 134Xe and 136Xe remained constant [2]. 
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Figure 14: Isotopic ratio over the fuel radius of the 50 µm ablations [2]. 

 
 The uncertainties were performed using the Kragten method [43]. The uncertainty of the 
pressures using the smallest ablated volume (25 µm/20 shots) was determined to be ±15%, for 25 
µm/100 shots and for the largest ablation volume ±8% [2]. 

4 DISCUSSION AND CONCLUSIONS 

 The combination of a fixed number of LA shots, volume estimation using optical microscopy 
images of the craters, porosity determinations from Optical and SEM images and the correction of the 
Xe in fuel matrix (EPMA data) provide pressures and Xe concentrations, which were in the same 
range as recently reported model calculations [12] [15] [44] [45]. 
 The scatter of the Xe concentrations and -pressures are caused by the local heterogeneity of 
the sample and to a much lower degree by measurement uncertainties. The Xe concentrations differ 
due to local variations. It was proven, by using different ablation parameters, that the rotational 
trapezoid approximation for the ablated volume is a suitable approach. The analysis of the isotope 
ratios of Xe across the fuel were assessed for the first time over the whole fuel radius. The slight 
decrease of 131Xe and the increase of 132Xe towards the fuel rim can be explained by the increasing 
burn-up and the resulting increase of the n-flux toward the rim. 131Xe has a high cross section for 
thermal n-capture (σ = 90 barn) 8 in comparison to 132Xe which is quite low (σ = 0.05 + 0.4 barn, for 
metastable + ground state 133Xe) [46]. Another explanation could be the increasing 239Pu-fission 
towards the rim. Especially in the HBS and UHBS the fissions takes place almost only by Pu 9. The 
fission yields are listed [1][Katkoff, 1960]. It shows an even higher yield for these two Xe isotopes from 
Pu-fission which indicates an increase of the Xe concentration towards the rim. Possibly it is a 
combination of both mechanisms (fission and n-capture) where the n-capture is dominating. An 
explanation by n-capture and a following β±-decay of isobaric precursor nuclides cannot be the origin 
due to their short half lives (t1/2 = minutes - days) [46]. 
 The investigations on the high burn-up fuels required the use of various analytical techniques 
which provided different information. Most of the measurements were carried out parallel or in different 
orders. The final outcome of this study, which is a combination of the results obtained by EPMA/SEM, 
LA-MC-ICP-MS and OM allows now to establish an applicable analysis method for further studies on 
high burn-up fuels. Therefore, these techniques can be used to gain complementary information or for 
validation. 
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5 OUTLOOK 

 The aim of this work was focused on the quantitative characterization of fission gas inventory 
in high burn-up nuclear fuel. 
 The importance of high burn-up fuel for the future energy generation indicates that further and 
more detailed characterization of such materials will be required to increase safety-related aspects of 
these materials. Due to the fact that this work represents the first measurements of Xe isotope 
concentrations including all relevant isotopes, further validation using various burn-up samples will be 
required. 
 The application of LA-ICP-MS to study nuclear-related processes has just started. The 
successful analysis of gaseous inclusions in solid materials represents one out of many other 
applications. Therefore, it can be assumed that this technique will help to study processes where local 
and bulk information of elemental and isotopic composition is required. 
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