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1
INTRODUCTION

1.1. MOTIVATION TO THIS WORK
Nuclear Safety and Security are pillars for the application of the nuclear technology and
for its acceptance by the public. Moreover the regulatory authorities require nuclear
facilities to guarantee that the radioactive contamination, following accidents and/or
sabotage involving their nuclear material inventory, remains within the licensed limits
and require to study emergency plans for such events. In addition the Fukushima
accident has caused a re-focus on nuclear reactor safety worldwide. This accident has
shown that events previously considered unlikely can indeed happen and their envi-
ronmental impact therefore needs to be evaluated. Following this event, attention has
been focused also on the safety of spent fuel ponds, which were previously neglected
in the assessment of the radiological consequences. The safety of nuclear material
has become consequently relevant not only during reactor operations, but also in all
the other phases of the nuclear fuel cycle (including the storage and transport) and
the assessment of the radiological consequences should be carried out also for these
phases.

Scenarios to be investigated for such assessments include furthermore malicious
attacks. This has become relevant after the 9/11th terrorist attack. After this event
attention has been focused on CBRN (Chemical, Biological, Radiological and Nuclear)
devices that could be used by terrorist groups to spread panic. An Improvised Nuclear
Device (IND) will be difficult to acquire or create, due to the high regulatory control
on fissile materials (such as highly enriched uranium or plutonium) and also due
to technical complexity of building such weapons. "Dirty bombs", a.k.a. RDD’s
(Radiological Dispersion Devices), are instead feared to be of interest to terroristic
groups, as they are simply created by coupling a conventional explosive with a highly
radioactive material. These materials can be accessible, as they are commonly used in
nuclear medicine or in industrial processes. Following the radiological consequences
of RDD’s detonations should be studied. It worth pointing out the difference between

1



1

2 1. INTRODUCTION

a nuclear explosion (e.g. from a IND) and a RDD detonation. The former consists of
an explosion produced by a uncontrolled fission chain reaction and will generate an
enormous blast accompanied by the release of high energy gamma rays and neutrons.
As an example a nuclear weapon of 1000 kg can produce an explosive force comparable
to the detonation of more than 1 million tonnes of TNT (Trinitrotoluene) explosive.
Such weapons will generate a high number of casualties and the destruction of a city.
RDD’s instead do not have the aim of destroying a city or creating a high number of
fatalities, their aim is the release of radioactivity in the environment. This can have
a high impact due to the panic spread and the economic cost of the clean up [1, 2].
Moreover apart from the economic damage, an important major long-term effect is
related to human health, consisting of an increase of cancer rate mainly related to
inhalation of radioactive particles [2, 3].

To assess the consequences of such Radiological Dispersion Events (RDE’s) it is nec-
essary to perform a source term evaluation. This consist of a quantitative description of
the radioactive release, which include both the gaseous species and aerosols released.
This description is also the input of simulation codes (e.g. ARGOS, RODOS, HOTSPOT
[4–6]) that are used for calculating the extension and the level of the contaminated
area. The results from such codes are needed for the creation of emergency plans and
to plan mitigation strategies but also to assess the health consequences of radioactive
releases for the population. However the description of the source term can suffer of
high uncertainties, which can affect the results of the calculations. Therefore extensive
studies are necessary for reliable source term input data.

1.2. LITERATURE REVIEW
Extensive research was conducted on the gaseous and aerosol release of radioactive
species following nuclear reactor accidents. These studies focused mainly on the
fission products behaviour in accidental conditions [7–17]. The technical report of
NEA (Nuclear Energy Agency) for OECD (Organisation for Economic Co-operation
and Development) [8] is an important and complete reference, summarizing the
experiments and most important findings on nuclear aerosol release. In their final
recommendations the authors conclude that although progress has been made in the
understanding of the physics and chemistry of nuclear aerosols, further investigations
are needed on various topics ( e.g. resuspension and revaporization phenomena,
influence of recombiners, influence of chemistry etc.). Separate effect experiments
consequently are useful for a better understanding of the influence of single variables
on the aerosols characteristics.

Studies on the radioactive release following nuclear reactor accidents give strong
attention to the release of cesium and iodine, especially following the Three Mile
Island accident [7, 14, 17]. These elements have been especially investigated due to
their volatility and radiological health effects. Attention is focused on the I131 and on
the Cs137 and Cs134 isotopes, which are very dangerous due to their chemical reactive
and high solubility in the blood stream [18, 19]. Moreover for the cesium isotopes the
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half-life of 30 and 2 years leads to long duration of the contamination of the affected
area. It is thus important to analyse the release of these radioactive elements after a
RDE. In the last years attention has been posed also on molybdenum and ruthenium
release, which initially were thought to be retained in the metallic form in the nuclear
fuel. However when accidental oxidising conditions are achieved volatile species can
be formed (such RuO3 or RuO4, and MoO3) leading to the release of these elements.
This was also observed in the Phébus experiments [17]. These experiments consisted
of the analyses of the release from a scaled nuclear reactor experiencing different
accidental scenarios until core degradation was achieved. The interaction of such
metallic fission products with CsI can have an effect on the iodine gaseous release,
as observed for molybdenum [20–22]. On the other hand for ruthenium experiments
have focused on its release from UO2 fuel or simulated ZrO2 fuel [23–25] and less
attention has been focused on its interaction with other chemical species. The interac-
tion of Cs with Ru was investigated, only by Hózer et al. [25] and Vér et al. [26], by the
vaporization of these compounds in a furnace and the analyses of the escaping gases
after a low temperature region. The escaping gases were collected by means of a NaOH
adsorber solution. From these experiments it was observed that Ru gases had a lower
concentration coupled with a delay in the maximum concentration in the adsorber
solutions when Cs was present. It was inferred that these effects were related to the
formation of Cs2RuO4, which by condensing and depositing in the cold region after
the furnace can avoid the ruthenium containing gases to reach the adsorber. Thus the
interaction of Cs and I with these metallic fission products need further investigation.

For sabotage involving radioactive materials, a.k.a. dirty bomb detonations,
fewer tests have been performed. In the past some integral tests were performed, as
reported in [27–29]. Lee et al. [27] concentrated their study on CsCl samples, creating
a simulated dirty bomb from non-radioactive powder coupled with C4 explosive. They
tested also the influence of soil on the aerosol formed, and analysed the particles
mass concentration and particles characteristics by SEM/EDX. Prouza et al. [28]
applied instead a radioactive substance (99-mTc solution in water colored with potash)
studying in a free and indoor environment the dose rate distribution, surface and
volume activities after exploding it. The particles were collected by inertial impactors.
This permitted their classification by their aerodynamic equivalent diameter (AED)
and the analysis of the dose and activities in relation to the particles size range. One of
the most interesting studies on dirty bombs detonations was conduced by Harper et al.
[29], in a 20 year study program at the Sandia National Laboratories. They performed
explosive aerosolization tests on a wide range of materials. The experiments were
conducted in a chamber, in which the atmosphere could be controlled. The aerosols
were then washed in a smaller stainless steel chamber, where they were collected with
different systems (such as cascade impactors, filters, deposition wires etc.) for post
analyses of size distribution and total mass released. They also considered the time
dependence of this parameter. Lee et al. [27] observed an influence of the soil on the
aerosols, but due to limited data could not assess the phenomena taking place. Harper
et al. [29] focused instead at describing the formation mechanism. Finally Prouza et
al. [28] assessed the aerosols dimension (mean diameter 10µm) and observed that the
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activity is predominantly attached to the particles surface. The results of Prouza et al.
[28] however could have been highly influenced by the form chosen for the radioactive
source (liquid solution). While these experiments [27–29], as presented, have tried to
simulate dirty bombs detonations and to describe the activity and material released,
separate studies are needed for a deeper understanding of the aerosol formation
processes and of the influence of different materials on the aerosols characteristics.

Finally studies were also performed on release from spent fuel during storage
or nuclear transports. These focused on the risk assessment and identified such
events as unlikely [30–34]. As a result the source term characterisation for such events
was not performed. However the Fukushima accident has renewed the interest on
the analyses of the radioactive release from these events. Moreover also sabotage
scenarios involving spent fuel should be taken in account. For these scenarios the
only studies available, focusing on the aerosol source term evaluation, are those of
Molecke et al. [35, 36]. They studied the exploding of a High Energy Density Device
(HEDD) with surrogate nuclear spent fuel (rodlets containing CeO2, or depleted
UO2) and studied the formed particles, focusing on the respirable fraction, and the
enhancement of fission products in the aerosols. They observed an enrichment of the
high volatile element class, simulated only by CsI, in the respirable fraction, while the
matrix elements (CeO2, or depleted UO2) were concentrated in the bigger particles.
Thus the possibility of a radioactive elements partitioning as function of the aerosol
sizes was observed. However such experiments were conducted on simulated spent
nuclear fuel with a limit number of chemicals (only CsI, RuO2, SrO, Eu2O3) to simulate
the different fission products volatility class. Thus more studies are needed to evaluate
and understand an eventual fission product partitioning as function of particles size.

In the current studies aerosols from simulated RDE’s have been produced by a laser
heating technique and analysed by various post-analyses techniques for a complete
aerosol characterisation. Laser heating has been newly applied for the simulation of
RDE’s (Radioactive Dispersion Events) and its choice over other available heating tech-
niques, as explained in Chapter 2, is related to specific experimental requirements.
Only a few examples of application of laser heating to simulate accident conditions
have been reported [37, 38], and only Zanotelli et al. [38] applied this technique to
study, similar to our application, the aerosols released from nuclear material. On the
other hand many studies have applied laser heating for the investigation of the thermo-
physical properties of nuclear and non-nuclear materials [39–42]. Moreover laser ab-
lation is commonly used for the production of nanoparticles in controlled atmosphere
[43–45]. In those case generally pulsed lasers were used, applying very short pulses
(<ms) and reaching high energy density on the samples. This will lead to the cre-
ation of a plasma over the sample, from which then nanoparticles nucleate. In our
experiments the selected sample materials are vaporized by a laser pulse that is much
longer but has a smaller energy density. Thus plasma formation is not achieved. The
material is thus only heated and vaporized and aerosols are formed from the nucle-
ation/condensation of the released vapour. Most studies on aerosol formation mech-
anisms were performed for aerosols produced by free jet aerosol generators in [46–52].
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This system consists of a gaseous precursor jet introduced into the center of a co-flow
laminar flame stream. This stream mixes at different axial distances with ambient air
[48], thus the thermal gradient is less abrupt than in our set-up. In contrast the plasma
gas generated by laser ablation can encounter steeper thermal gradients during the
aerosol formation. As in our set-up intermediate conditions with respect to the pre-
viously studies methods can be reached, there is a need for the investigation of the
influence of the aerosol formation mechanisms on the produced aerosols character-
istics. Finally although laser heating cannot provide a full simulation of a detonation
(e.g. shock waves with an impact pressure up to 450 GPa), it is useful to simulate the
process of rapid expanding hot gases (up to approximately 5500 K in the microsecond
range [53, 54]) involved in the detonation or to study the vaporization process related
to high temperature release.

1.3. AIM OF THE WORK

The research described in this thesis aims at improving the evaluation of the radioac-
tive release by describing the aerosol release from different dispersion scenarios, such
as accidents and sabotage involving radioactive and nuclear materials. These studies
contribute to a better assessment of the source term as input for the codes (such
as ARGOS, RODOS, HOTSPOT [4–6]), which calculate the extension and level of the
contaminated area. A better source term description for such codes will finally lead to
improved predictions for such events, with impact on the risk assessment and on the
creation of emergency plans. These codes could be improved for example by a better
description of the particles size distribution and of the radioactive elements partition-
ing as a function of particles’ size. Although the aerosol size distribution influences
highly the transport behaviour, the majority of codes do not take into account such
parameter. The input source term is divided only in respirable and not-respirable
fractions or apply a simplified uniform plume model varying just the settling velocity.
Moreover a homogeneous radioactivity partitioning between the different aerosols
size ranges is considered. Calculations could be influenced if this hypothesis is not
met, as in the case of radioactive elements partitioning in the aerosols as function of
their size. Thus such aerosol characteristics are investigated in our studies.

An important size parameter for the aerosols is the Aerodynamic Equivalent
Diameter (AED). This parameter has been chosen in our tests to describe the particles
released, as it influences the transport of the radioactive particles in the environment
and in the respiratory track. The AED is defined as the diameter of an equivalent
spherical particle of 1000 kg/m3 density having the same settling velocity as the
particle studied. The importance of this parameter for the deposition in the lungs is
shown in Figure 1.1, as reported in by Guariero and Guariero [55]. Figure 1.1 shows that
particles with an AED<10 µm will be inhalable and that these will deposit in different
parts of the respiratory systems as function of their AED. It is also demonstrated that
the most dangerous aerosols are the ones with an AED<0.1 µm as these will be rapidly
incorporated in the blood stream, transported to the complete body and finally will
deposit in the organs in which they have a chemical high affinity.
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Figure 1.1: Deposition of the particles in the respiratory track. ©2013 Lílian Lefol Nani Guarieiro,
Aline Lefol Nani Guarieiro. Originally published in [55] under CC BY 3.0 license. Available from:
http://dx.doi.org/10.5772/52513.

Moreover the aim of this study is to investigate the influence of different variables
(e.g. interactions with other materials) on the aerosol characteristics by separate effect
experiments. By coupling the results from the aerosol characterisation with the study
of the gaseous aerosols precursors and their interaction, this research wants finally to
provide a basic understanding of the aerosol formation processes for such radioactive
dispersion events. Attention is posed in these studies on the influence of the chemical
reactions, such as gas-gas and gas-aerosols reactions, on the release.

1.4. THESIS SYNOPSIS
In this section a summary of the thesis layout is presented and a scheme is shown
in Figure 1.2. To study and analyse the aerosols release from different RDE’s a new
experimental set-up was developed (RADES, Radioactive Dispersion Event Set-up),
which is presented in Chapter 2. This has been used to produce the aerosols under
controlled laboratory conditions and collect them on suitable substrates for post-
analyses. Our aerosol characterisation provided information on the morphology,
the size distribution and the chemical and elemental composition of the particles
as function of the AED size, as this is a fundamental parameter for the risk assess-
ment. This permits to identify in which size range the most dangerous and active
compounds will concentrate. In Chapter 2 the post analyses techniques used for the
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aerosols characterisation are also described, together with the results of the feasibility
studies of this experimental set-up on a range of materials. While the techniques
applied for the study of the aerosol gaseous precursors were presented in previous
work. Thermochemical equilibrium vaporization calculations (by FactSage software,
described in [56, 57]) and experiments with the Knudsen Effusion Mass Spectrometer
(KEMS, described in [58, 59]) were used for such studies.

Figure 1.2: A scheme of the thesis layout.

Chapter 3 will describe the release related to sabotage involving radioactive ma-
terials (called RDD’s, Radioactive Dispersion Devices, or dirty bombs), because for
these events an understanding of the chemical behaviour of the aerosols in complex
environment is lacking. We have tested a wide range of simulated high activity sources,
focusing on the influence of the cladding materials on the aerosol characteristics.

Separate effect studies with this set-up were performed for a range of materials
that can cause significant radiological consequence following a release, particularly
materials used in the nuclear industries, but also for radioactive source applied widely
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in the non-nuclear industry (for example in the nuclear medicine). As shown by the
literature review only a few studies were performed on the release from sabotage of
radioactive and nuclear materials, and also on the release from spent fuel during
storage or transport. Thus the release from such materials is studied in this thesis.
Finally also in the case of the extensive research conducted on the radioactive release
following nuclear reactor accidents, still some questions need to be addressed. This is
especially true for the predictions of the chemical form in the aerosols of radioactive
elements such as Cs, I, Ru, and Mo, which will be addressed in this work. These studies
are described in the subsequent chapters.

Chapter 4 will treat the release from simulated spent nuclear fuel. These ex-
periments have been conducted with the aim of simulating sabotage or accidents
involving spent nuclear fuel under oxidising conditions, such as breaching of the
spent fuel cask during transport or uncovering of the spent fuel pond. In this study
we investigated the behaviour of the different fission products in the aerosols. These
experiments aimed at evaluating the fission product partitioning as function of the
aerosols’ size range (AED), as this can have an influence on a radioactivity partitioning
and finally on codes predictions.

Chapter 5 focuses on the chemical reactions influencing the radioactive release of
cesium and iodine, which are important in the case of release from spent nuclear fuel
but also in case of a nuclear reactor severe accidents (such as air ingress). The aim was
to study the influence of the metallic fission products on CsI release under oxidising
conditions. Following such investigations a related study is presented in Chapter 6,
on the vibrational structure of one of the compounds observed in these experiments
(Cs2RuO4). This study was necessary to identify the chemical species of the aerosols
released in the experiments presented in Chapter 5.

Finally in Chapter 7 a summary of the results, and the outcomes are presented,
together with an outlook for the future research.
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2
RADES AN EXPERIMENTAL SET-UP

FOR THE CHARACTERISATION OF

AEROSOL RELEASE FROM NUCLEAR

AND RADIOACTIVE MATERIALS

F. G. Di Lemma, J.Y. Colle, M. Ernstberger, G. Rasmussen,
H. Thiele, and R. J. M. Konings

A new experimental set-up has been developed for the production and characterisation
of aerosols from nuclear and radioactive materials. Separate effect of temperature, mate-
rials and different atmospheres on the produced aerosols characteristics can be system-
atically studied. Laser heating technique is used to vaporize the sample, and aerosols
are then generated mainly by nucleation/condensation of the formed vapour. Differ-
ent collection systems have been developed, permitting the use of different substrates
and consequently the application of different post-analysis techniques for aerosols char-
acterisation (SEM/EDX, Raman spectroscopy, ICP-MS). The set-up permits to study the
chemistry acting in aerosol formation processes, thanks to the control of the experiments
atmosphere and temperature. The set-up has been tested for different materials, such as
ceramic, salts and metals, and proved to be feasible for the production, collection and
post-analyses of aerosols. Moreover the set-up is set in a glove box, and suitable for test
with radioactive and nuclear materials. In this chapter the set-up will be described, fo-
cusing on the instrumentation applied, on the post analysis techniques and on the ex-
perimental procedure. Finally also examples of the results obtained will be given.

Parts of this chapter have been published in Journal of Aerosol Science 40, 39-46 (2014) [1].
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2.1. INTRODUCTION
Evaluation of the source term (the quantitative assessment of radioactive release) is of
main importance for risk assessment and emergency response in case of accidents or
sabotages involving radioactive and nuclear materials (RDE’s, Radiological Dispersion
Events). Following the 9/11th terrorist attack in the U.S., an increased focus has been
posed on the threat of terrorist attacks. After this event attention has been focused on
the consequences of "dirty bombs" detonation (these are bombs created by coupling
a conventional explosive with highly radioactive material, a.k.a. RDD’s). Studies for
the estimation of doses and health consequences following a dirty bombs have been
conducted applying different modelling and simulation codes [2–5]. However, as also
reported by Andersoon et al. [6], there is needs for better description of the source term,
as these codes are highly sensitive to the input parameters. To calculate the impact on
the population of a RDE the quantification of the release (total material mass and activ-
ity) and its description (size distribution, chemical composition, isotopic composition
and partition) is necessary. In order to obtain these data and to generalize the results
to different case scenarios, a deep understanding of the aerosol formation process and
of the parameters influencing the aerosol characteristics is needed. In the view of this
we have developed an experimental set-up with the following goals:

• the production aerosols (from also radioactive materials) by a laser heating tech-
nique;

• the characterisation of the aerosols (describing the size distribution, chemical
composition and elemental partioning);

• the study of the separate effects of different variables on the aerosol formation
(e.g. materials properties, environment and temperature transients);

• understanding the chemical reactions between the gaseous precursor and the
chosen environment.

The use of laser heating intends to mimic aerosols generation by a dirty bomb explo-
sions, as the vapour is formed by a rapid high temperature transients and then subject
to a very sharp reduction in temperature, due to a cold gas flow. It is not intended how-
ever with our set-up to provide a complete simulation of RDD’s for which large scale
studies have already been performed [7, 8]. Laser heating has been previous applied
for production of radioactive aerosols [9], but in the frame of severe nuclear reactor
accidents, and also for the production of metallic and ceramic particles (e.g. [10–12]).

2.2. EXPERIMENTAL SET-UP
A scheme of the RADES set-up (Radiological Dispersion Events Set-up) is presented
in Figure 2.1. This set-up fulfills the need on one hand of controlling the tempera-
ture transients by applying a controlled heating laser pulse to sample materials, on the
other hand of controlling the cell experimental environment (choosing the gaseous at-
mosphere and pressure for each experiment); and finally it permits the collection of
the aerosols on different substrates, permitting subsequently the application of a wide
range of different post-analysis techniques.
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Figure 2.1: A simplified scheme of the experimental set-up, showing the pyrometer and the laser optic
mounted outside the gloves box, the containment vessel and the connection between the PID controller and
the instrumentation. The sample holder and aerosol collection system can be changed to perform different
analyses.
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2.2.1. INSTRUMENTATION

CONTAINMENT VESSEL AND LASER HEATING

The set-up (shown in Figure 2.1) consist of a metallic spherical vessel of ca. 300 mm in
diameter, used as confinement, which is closed at the bottom by a 250 mm diameter
blank flange fixed with screws. The complete set-up is placed in a glove box for testing
also nuclear materials. The vessel can be evacuated by vacuum pump (BOC Edwards
XDS-5) and filled with different gases. The vessel is further equipped with several (63
mm diameter) flange openings, equipped with windows for visual inspection. These
openings are also used for gas inlet and outlet, for the instrumentation and for the
laser heating.

The laser beam comes from a remote laser via a 600 µm fiber. The beam is focused
with a 150 mm focal length optic giving a 3 mm diameter spot on the sample. As
the power distribution profile of the laser spot is fairly square, it gives an homoge-
neous power distribution on the heated surface. The focusing distance has also been
carefully checked in order to have the best power profile (exact focal point). Before
interacting with the sample the beam passes through two quartz windows (one on the
glove box and the other on the vessel). The sample is positioned horizontally inside the
vessel on a support. Energy transfer to the sample can be easily estimated, taking into
account the transmittance of the two windows and emissivity of the sample at the laser
wavelength. Emissivity values can be taken from literature (e.g. [13]). As an example a
calculation for a ceramic material (ZrO2) lead to ca. 78% energy adsorbed, assuming
emissivity ε=0.85 and using for the transmittance of the two window τ=0.956. For the
metals energies adsorbed are much lower, due to their higher reflectance, for example
for a Mo sample around 30% of laser energy is adsorbed. For more precise simulation
of laser heating, in order to obtain temperature profile in the pellet and heat transfers
in the system, computer code can be used [14].

The laser used to heat the sample is a TRUMPF Nd:YAG continuous-wave emitting
at 1064.5 nm. The laser pulse can be regulated in a very flexible way (with power
from 40 to 4500 W, and length from 1 ms to hours). The laser can be controlled by the
dedicated software (TIL-WinLas 2.43), which permits to vary manually the parameter
during the experiment or to design different pulses (e.g. heating and cooling ramps,
square pulse, etc). In order to have a more precise control of the heating shape (a.k.a.
sample temperature transient), we can control the laser via analog signal input.

The choice of a laser heating technique, over other available heating techniques
(e.g. spark generator, furnace technology, plasma generator) is related to specific ex-
perimental requirements, such as:

• avoiding interaction of the sample with supports or heating elements (as laser
heating is a self containing system);

• the possibility of avoiding contamination of the heating system when using ra-
dioactive materials;
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• obtaining a precise and flexible control on the heating transient;

• reaching extreme conditions, such as rapid (tenths of ms) high temperature (up
to 4000 K) thermal transients.

TEMPERATURE CONTROLLER

The laser power control is performed by an analog signal input, coming from a fast PID
controller (SIM 960 analog controller from Stanford Research System). The PID regu-
lates the power applied by the laser by measuring the difference between the set tem-
perature transients (Set point) and the surface temperature of the sample measured by
a pyrometer (Radiance temperature). The output voltage from the PID is connected to
the laser control and regulates the power applied by the laser to the sample. The output
of the PID is calculated through the following formula:

PI D(V ) = P (e(t )+D
d

dt

(
e(t )

)+ I

t∫
0

e(τ)dτ) (2.1)

where e is the error calculated as following:

e(t ) = Measur ed(t )−SetPoi nt (t ) (2.2)

The Set point is generated through a function generator (Function Generator/Arbitrary
Waveform Generator HP 33120A from Hewlett-Packard), creating a square voltage
pulse, corresponding to the desired thermal transients. The temperature signal mea-
sured by the pyrometer is modified before feeding the PID controller. The pyrom-
eter used for high temperature measurements has in fact a logarithmic amplifier,
which has a non-linear response with the temperature and thus a always smaller volt-
age/temperature response at increasing radiance temperature. This makes it difficult
to regulate with the same PID parameters the complete temperature range. To respond
to this problem a custom analog linearizator electronic was used, this is able to correct
the logarithmic amplifier effect, achieving a linear signal/temperature response on the
complete temperature range, through the following formula:

Lv = A∗ (P v +C )+B (2.3)

where Lv is the Linearizator output voltage (V) and P v is the pyrometer output voltage
(V). The linearizator output signal is then connected to the PID measure inlet. Fur-
thermore the logarithmic amplifier implemented in the pyrometer is slow for low in-
put signal. To avoid any delay during the increase in temperature, the pyrometer is
equipped of a light-emitting diode (LED) lightening the detector and thus generating
a "virtual" constant temperature of 1750 K (pyrometer output signal of -3.2 V) which is
automatically turned off as soon as the temperature increase over the "virtual" signal.
With this system we are able to perform a quasi square temperature pulse, as shown in
Figure 2.2.



2

20 2. RADES THE EXPERIMENTAL SET-UP

0 2 0 4 0 6 0 8 0
1 6 0 0
1 8 0 0
2 0 0 0
2 2 0 0
2 4 0 0
2 6 0 0
2 8 0 0
3 0 0 0
3 2 0 0
3 4 0 0
3 6 0 0
3 8 0 0
4 0 0 0
4 2 0 0

Ra
dia

nc
e t

em
pe

rat
ure

/Te
mp

era
tur

e T
ran

sie
nts

 / K

T i m e  /  m s

S e t  T e m p e r a t u r e
L a s e r  P o w e r 0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

3 5 0 0

4 0 0 0

4 5 0 0

La
se

r p
ow

er 
(W

)

T e m p e r a t u r e

Figure 2.2: Example of the PID temperature regulation performed on a ZrO2 sample. The parameter used in
this experiment are P=7.2, I=200, and D=2*104. Rapid heating is achieved thanks to the high power applied
in the firsts ms. The sample was heated to 4000 K for 30 ms, the temperature transients (gray dashed line)
represent the Set point for the PID controller.

Figure 2.3: A general scheme of the pyrometers applied in our experiments.
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TEMPERATURE MEASUREMENTS

For the temperature measurements a pyrometer has been built in house (a scheme is
shown Figure 2.3). This pyrometer can be used for high temperature measurements
(from 1500 to 4500 K) and consists of a lense focalising on a pinhole mirror. While
the pyrometer can be adjusted by an eye piece looking at the image reflected from the
mirror, the sample light is filtered by a narrow band-pass filter (10 nm) at 650 nm and
detected by a Si-photo-diode, itself connected to a high-speed logarithmic amplifier.
It measures the radiance temperature of the sample at effective wavelength 658.56 nm
on a spot of 0.5 mm. The pyrometer has been calibrated with two calibrated tung-
sten ribbon filament strip lamps: one for the low range temperature (1100-1800 K Po-
laron model Wi22/V Nr.P224c), and the other for calibration at the higher temperatures
(1800-2500 K Polaron model Wi22/G Nr.P213c). To avoid any scattered laser light to be
detected by the pyrometer, it has been equipped with a holographic Notch filter (from
Kaiser Optical Systems, Notch-Plus model for wavelength 1064 nm, diameter 2 inches).
Alignment of laser and pyrometer is performed before every experiment in order to
measure in the center of the heated spot, the position of the pyrometer is centered
with the help of a pilot laser. The signals (e.g. Pyrometer Voltage, Laser Power, PID and
Linearizator signal etc.) are recorded by a transient recorder (LTT-184 Labortechnik
Tasler GmbH up to 16 bits and 20 MHz) controlled by Lab-View software.

AEROSOL COLLECTING SYSTEMS

Different systems to collect the produced aerosols have been developed. The first
(shown in Figure 2.4) is a simple collector, consisting of a metallic horizontal tube of
22.4 mm internal diameter equipped with a circular opening of 19 mm diameter drilled
on the upper part for introducing the sample and for the laser beam to interact with it.
At the end of the tube a plastic holder is connected to support the filter substrates of 47
mm diameter, which is kept in vertical position by the filter holder. The second system
used (presented in Figure 2.5) consists of an U-Tube structure of internal diameter 27
mm, equipped with a circular opening of 25.5 mm diameter drilled in the horizontal
part of the U-tube for the interaction of the laser beam with the sample. On the outlet
vertical tube, different flanges permit the positioning of a 27 mm filter on a grate filter
support in different positions. This variable position of the filter has been shown to
be necessary during preliminary test with CsCl, which showed that to perform an
effective collection on complete solidified particles a longer path is required, in order
to cool and condense the aerosols, as the melting temperature of this material is low.
Filters used in both systems were Millipore polycarbonate filters with pores diameter
of 0.1-0.2 µm.

The last system (shown in Figure 2.6) consists of a MOUDI impactor (from MSP Cor-
poration model 110R-MRD371), which collects the particles on dedicated substrates
(in our application disks of aluminum foil of 47 mm diameter), separating them on 8
different stages by their Aerodynamic Equivalent Diameter (AED, Table 2.1 presents
the nominal cut-off size for the different impactor stages). The MOUDI impactor acts
through inertia phenomena to separate the agglomerated particles, which requires
that a particular flow (30 l/min) is set and controlled. We have therefore connected
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Figure 2.4: Scheme of the simple aerosol collection system. Showing the horizontal tube in which the sample
is positioned and the vertical filter holder positioned at the end of the tube.

Figure 2.5: Scheme of the U-tube aerosol collection system, built to collect the aerosols of material with low
temperature melting point. The different positions of the filter permit different (shorter or longer) paths
before the collection, in order to achieve solidification of the particles.
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Figure 2.6: Scheme of the aerosol collection system, permitting through the MOUDI impactor the collection
of the particles in 8 different size ranges of AED, as shown in Table 2.1 and on Al substrates.
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Figure 2.7: Aerosol losses in the L-tube collection system, calculated for standard conditions, for a 30 l/min
laminar flow before entering the MOUDI impactor. Formula used are presented in Appendix A.
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a flow-meter (Thermal Mass Flowmeter Model 4043 TSI Instruments). When using
the MOUDI collection system the sample is posed in a L-tube of 22.5 mm internal
diameter with a drilled opening of 12.25 mm diameter on the horizontal part, for
the laser beam interaction. The flow necessary for the collection of the aerosols is
generated, for all the three systems, by a pressurized inlet and a vacuum pump (BOC
Edwards XSD-5) connected to the outlet.

The flow is set at 30 l/min, which corresponds in our different tubing systems to
a velocity between 0.87-1.27 m/s. Stripping of the formed liquid layer should be ex-
cluded due to the low Weber numbers, which are two orders of magnitude smaller than
1 [15]. Aerosols losses in the tubing have also been calculated taking in account diffu-
sion and inertia phenomena, and including the bends present. The losses account for
less than 1% for particles smaller than 10 µm AED. The influence of deposition losses
(in the bend and sedimentation in the tube) becomes relevant just for particles over
10 µm AED. These bigger particles (>10 µm) are, however, of less interest for health
consequence related to a radioactive release. An example of the calculations applied
and results are reported in Figure 2.7 for the last collecting system (L-Tube) and the
formula used are shown in Appendix A. Furthermore a vertical system (shown in Fig-
ure 2.8), consisting of a 22.5 mm diameter tube with a small sample holder (diameter 5
mm) in the middle, has been constructed and tested to confirm losses in the bend. The
results did not show significance discrepancy. Finally a CCD Camera (JVC TK-C1380)
can be used to visualize the shot and to record a video of the experiment.

Table 2.1: Cut-off sizes for the MOUDI 100-371R impactor, nominal cut-off size is reported by the user guide
for a flow of 30 l/min.

Stage Nominal Cut-off Size (µm)
Inlet, 0 18

1 10
2 5.6
3 3.2
4 1.8
5 1.0
6 0.56
7 0.32
8 0.18

2.2.2. EXPERIMENTAL PROCEDURE
The samples tested are in the form of pellets. They must be at least 4 mm in diame-
ter due to the dimension of the laser beam and to retain the molten material created
during the laser shot. Their thickness can be minimized to a few mm as the interac-
tion depth of the laser is small, the molten area extending typically less than 500 µm in
depth. The system is self-containing avoiding the interaction of the material with the
supports, as the molten region is contained in the pellets itself. The pellet is then posi-
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Figure 2.8: Scheme of the vertical aerosol collection system used to avoid losses in the bends.

tioned on the support, and the conditions of the test are chosen (temperature, gaseous
atmosphere). The thermal transient is set as input to the PID controller through the
function generator, the atmosphere in the cell is selected through the inlet connec-
tion, and the flow is then set to 30 l/min. The gas flow is at room temperature in these
experiments, leading to a cold flow over the sample. Once the conditions are set the ex-
periments are performed for the different collection systems with identical conditions.
The filters and impactor stages are collected for post analyses, the sample as well may
be analyzed before and after the test. This is done to obtain a better understanding
of the reaction occurring during the experiments. In particular phenomena could be
observed on the laser melted surface, such as changes in the sample composition and
crystal structure, as well as segregation effects.

2.3. POST ANALYSES & RESULTS

Different post analyses techniques have been applied in order to perform a full char-
acterisation of the collected aerosols (SEM/EDX, Raman Spectroscopy, ICP-MS). The
techniques and the instrumentation performance have been tested on a wide range of
different material classes, including metals (Co, W, Ta, Mo), salts (CsI, CsCl) and ce-
ramics (ZrO2). This has been carried out with the aim of proving the feasibility of the
set-up for both the production and the characterisation of aerosols. In this section we
will present the main results obtained by the application of the different post-analysis
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techniques for the different material classes.

2.3.1. SIZE DISTRIBUTION BY SEM/EDX
Scanning Electron Microscope (by a SEM Vega Tescan model TS5130LSH or a FEI
Philips XL 40) has been used on the filter substrates to analyse the size distribution of
the collected particles. This has been also coupled with Energy Dispersive X-ray spec-
troscopy (EDX, using the same machines) to obtain also informations on the elemental
composition of the aerosols. Some limits for the EDX measurements are however re-
lated to the interference of the polycarbonate filters, in particular for oxygen detection.
This is due to the small dimension of the particles, which are usually smaller than the
interacting electron beam depth, leading to interaction of the beam not only with the
particles, but also with the substrate and not permitting a good quantitative analysis
of certain elements. SEM and EDX analysis can be performed on the impactor plates
as well, bringing some advantages and disadvantages. The particles are in fact col-
lected on the aluminium substrates preferentially in the region below the nozzle posi-
tion. This higher concentration of particles in one region and the use of the aluminium
substrates permits on one hand a better elemental analysis through EDX (minimizing
the beam interaction with the collecting substrate), on the other hand, due to a more
extensive agglomeration of the particles, primary geometric particle diameter deter-
mination through SEM analysis results to be more difficult. Moreover it is not possible
to analyse separately the aerosols in an agglomerate, losing information on differences
between the particles.

Figure 2.9: Examples of aerosols collected from metals. On top aerosols from a cobalt specimen: on the
left micrometer sized spherical particles, on the right an example of agglomerated nanometric aerosols (col-
lected on a filter substrate). On bottom aerosols from a Mo specimen, which have a high degree of agglom-
eration, and different shapes aerosols: spherical aerosols; and rectangular plates.
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METALS

Extensive tests have been conducted on metals (Co, Mo, Ta), materials for which
reliable thermal-physical properties are available, in order to analyse which variables
influence aerosols characteristics. Some examples of the results from the SEM analyses
on aerosols collected on filters (using the simple collector system) for the different ma-
terials are shown in Figure 2.9. Differences can already be noticed between materials
of the same class. Here we analyse the differences between Mo and Co aerosols.

Mo gives mostly rise to aerosols in the form of rectangular plates (of ca. 1 µm length
and 500 nm wide) due to strong recrystallization, also agglomerates of spherical
particles were found, with a primary particle diameter ranging from µm to hundreds
of nm. Moreover the aerosols for this specimen were collected in high amount both
in air and Argon atmosphere, this is due to its comparable vapour pressure both in
metallic and oxides form.

On the other hand for the Cobalt we were able to collect aerosols only when the ex-
periments were conduct in air. In those experiments in fact the reaction of the Cobalt
with air created oxides of higher volatility with respect to the metallic form. These
aerosols could be divided in two classes by SEM analyses: the first includes spherical
individual particles of a few µm diameter; the second instead are smaller particles in
the nanometer range (50-300 nm). These last are found as agglomerates in fractal like
structures (shown in Figure 2.9). The hypothesis on the formation process for these
particles is that the smaller nanometric particles are formed by rapid condensation of
the vapour, while the micrometer sized particles may originate from the liquid matrix,
expelled by a mechanical shock wave induced by the laser impact or by shear force on
the liquid surface. This hypothesis has also been proposed by Harper et al. [7] and Lee
et al.[8], who suggested that the bigger micrometer particles are related to mechanical
phenomena, while the smaller may be related to vapour condensation.

Finally from the EDX conducted on the aerosols and also on the melted laser area it
was shown that oxides were formed, for both samples when the experiment were con-
ducted in air atmosphere. From the experiments with Tantalum pellets finally, it was
not possible to collect aerosols, this can be related to its low vapour pressure both in its
metallic and oxide form.

SALTS

For the tested "salts" (CsCl and CsI, shown in Figure 2.10) individual spherical particles
of 200-600 nm diameter were observed. Explanation of their formation can be derived
by the theory of coalescence and collision rates from Friedlander [16]. "Salts" have
in fact a lower melting temperature with respect to metals and ceramics. This may
have brought the particles to coagulate in bigger individual spherical particles, as the
collision time will be longer than than the coalescence time. In which case particles
will coalesce almost on contact after collision. These particles, analyzed by EDX, in the
majority of cases did not show any deviation from the initial composition of the pellets.
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Figure 2.10: Examples of the aerosols collected from salts, CsCl (left) and CsI (right), showing spherical indi-
vidual particles.

CERAMICS

ZrO2 pellets were tested for the ceramic material class. For these aerosols (shown
in Figure 2.11) similarity was found with the ones created from the Cobalt samples
(presented in Figure 2.9). Spherical individual particles of a few µm diameter, and
fractal like agglomerates of particles with a primary diameter in the nanometric range
(50-300 nm) were detected.

Figure 2.11: Examples of particles collected from a ZrO2 pellet. On top-left aerosols presenting a fractal-like
structure. On top-right micrometer sized spherical particles, which are generally present in a lower number
with respect to the nanometer sized particles. They may be related to stochastic effect, such as mechanical
shock which can formed due to the expulsion of bigger liquid droplets. On bottom an example of agglomer-
ated nanometric aerosols. Their generation has been related to vapour nucleation/condensation.

Explanation of the formation of fractal-like agglomerates, also in this case, comes
from the collision and coalescence theory (as reported by Friedlander [16]). These
structures could form during the transport process to the filter, in which the particles
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collide and agglomerate without coalescence. In fact ZrO2 is a high temperature
melting material, and as a consequence the particles will rapidly solidify from the
vapour, and then collide and attach as agglomerates.

A good explanation of this process is given by Lehtinen et al. [17]: "In the initial
stages of particle formation in high temperature gases, a large concentration of very
small particles undergoes rapid coagulation. This often leads to fractal-like agglom-
erates, dendritic structures consisting of a large number of spheroidal primary parti-
cles. The size of the primary particles depends on the temperature profile and material
properties. At high temperatures, coalescence occurs almost on contact, i.e. the co-
alescence time is much shorter than the collision time (determining the dimension
of the primary particles). As the gas cools, the collision time becomes shorter than
the coalescence time, which leads to the dendritic structures." In our system the hot
ZrO2 vapour is rapidly in contact with a cold gas (ca. 300 K), forming the nanometric
primary particles by rapid nucleation/condensation, which will then agglomerate in
fractal-like structures without coalescence during transport. While for the salts oppo-
site behaviour was observed, as they may have a very rapid coalescence time, bringing
the particles to coalesce almost in contact.

Position O Zr Pd Cs I Ba
1 79.01 14.86 0.64 0.59 0.77 4.14
2 72.13 / / 14.11 13.76 /
3 76.59 / / 11.33 12.08 /
4 76.14 / / 11.39 12.47 /

Figure 2.12: Example of EDX analysis conduct on ZrO2 with simulated fission products, showing in the
smaller nanometric aerosols, the presence of high volatile elements (such as Cs, I) and in the bigger par-
ticle element coming form the matrix (such as Zr). All results present in the table are in atomic percent.

A MULTIPHASE MATERIAL

Another set of tests was conducted on simulated spent nuclear fuel pellets. These pel-
lets were obtain by pressing ZrO2 powder, which was used as a ceramic to replace UO2,
with small quantities of other chemicals (BaO, Pd, CsI), which are typical fission prod-
ucts. These pellets were tested as a first simulation of the fission product behaviour in
the aerosols. The aerosols present similar characteristic for size distribution and shape
to the one formed from ZrO2. SEM/EDX analyses (shown in Figure 2.12) showed that
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the elements with high volatility (such as Cs and I) are present in higher concentration
in the nanometer particles, while the lower volatile elements (e.g. Zr, Ba) are present
in higher concentration in the micrometer particles, which have a similar elemental
composition to the original pellets. This could confirm our hypothesis on the aerosol
formation processes: the bigger micrometer particles may come from mechanical phe-
nomena expelling liquid material, which will lead to a similar elemental composition
as to the matrix. The smaller particles instead may be related to vapour condensation,
which will lead to enrichment in more volatile compounds.

2.3.2. PHASE AND CHEMICAL IDENTIFICATION BY RAMAN
Raman spectroscopy has been applied in order to analyse the chemical form of the
aerosols. These analyses were conducted on the aerosols collected on the aluminium
substrates from the MOUDI impactor. It was not possible to perform the Raman
analyses on the filters due to the low concentration of particles, the high influence of
the complex spectra of the polycarbonate material and fluorescence phenomena.

Raman spectroscopy has proven to be a complementary technique to EDX, the lat-
ter provides a quantitative information on the elements present, whereas the Raman
provides informations on the chemical form, the oxidation state and crystal modifi-
cation of the aerosols. A Raman spectrometer (Jobin Yvon T64000 spectrometer) with
excitation source Ar+ or Kr+ coherent continuous wave laser (emitting at 488 nm and
514.5 nm for the Ar+ laser, and at 647 nm, and 752 nm for the Kr+ laser) is used in our
experiments. Spectra are measured with a confocal microscope with difference magni-
fication power (10x, 50x, 100x). The device is regularly calibrated with the T2g excitation
of a silicon single crystal, set at 520.5 cm-1. Each substrate of the impactor plates is ana-
lyzed to evaluate differences in the composition of particles of different AED. Attention
should be given to Raman analyses, for which artefacts can be introduce (e.g. coag-
ulation of initial separated particles, partial vaporization of higher volatile elements)
due to the Raman laser beam interaction during the measurements. For this reason
the power applied and the time of the measurement must be chosen for every differ-
ent sample material. Studies were conducted on the aerosols from the oxidized metals
and ZrO2 samples, while for the salts it was not possible, as the tested materials are not
Raman active.

METALS

For the Mobyldenum and for the Cobalt aerosols, it was possible to observe both the
oxidation state and the crystal modification (shown in Figure 2.13). For the Molybde-
num aerosols the formation of MoO3 was observed, mainly in the alpha phase (114,
128, 157, 216, 283, 336, 471, 657, 819, 995 cm-1), as reported in [18]. Also the beta phase
was visible, probably as a minor phase as just the more intense peaks were observed
(414, 774 , 849, 904 cm-1 by comparison with Haro et al.[19]).

For Cobalt to obtain enough material for the Raman analysis we had to perform
ten repetitive experiments collecting on the same aluminium substrates. This was
due to the smaller amount of aerosols formed for every shot with respect to the
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Figure 2.13: Example of Raman analysis conduct on aerosols collected on impactor stages for metals samples
evaporated in air atmosphere. Top partiicles from Molybdenum sample, it was here possible to identify the
typical peaks of MoO3. Bottom particles from Cobalt sample, compared to the spectra of the shot pellet.
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Figure 2.14: Example of Raman analysis conduct on aerosols collected on impactor stages for the ceramic
materials. On top the ZrO2 particles have a cubic phase structure, in contrast to the original pellet which
showed a tetragonal structure. Small fraction of the cubic ZrO2 in the spectra could be also observed on
the pellets after the experiment. On the bottom a comparison of the spectra for the aerosols collected and
pellet of ZrO2 with simulated fission products dopants, which shows no visible modification. This demon-
strates that Raman is useful to identify the chemical form, on the other hand for small inclusions of the other
chemicals difference between aerosols seems not detectable.
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Molybdenum experiments, corresponding to the difference in the compounds vapour
pressure. The Raman spectra showed the presence of Co3O4 aerosols, although on
stage 8 the presence also of CoO may be inferred (from the broadening of 488 cm-1

peak may be due to 455 cm-1 peak, and from the 675 cm-1 broad peak, as shown in [20]).

CERAMICS

For the aerosols collected from ZrO2 pellets we compared the Raman spectra of the ma-
terial before and after the experiment (shown in Figure 2.14). Even though the peaks
for the aerosols are very broad (which may related to the nanometric dimension), it
could be noticed that the aerosols and in minor extent the pellets after the shot, show
the typical peaks of ZrO2 in the cubic phase (such as the broad peaks at 600, 1400 and
1600 cm−1), while the pellet, as made, show the peaks of tetragonal phase (e.g. peaks
between 800 and 1200 cm−1 and double peak at 1600 cm−1). This is due to the fact
that the ZrO2 pellets was stabilized in the tetragonal phase by inclusion of Y2O3. Dur-
ing the experiment instead the high temperature reached and the rapid quench will
have stabilized the cubic phase. In the shot pellet also a minor part of the surround-
ing tetragonal ZrO2 is detected, while for the aerosols the cubic phase seems the main
crystal structure.

A MULTIPHASE MATERIAL

Finally for the simulated spent nuclear fuel it was not possible to identify the different
chemical species, inserted as simulated fission products (as shown in Figure 2.14). The
peaks correspond to the ones of the matrix ZrO2 itself. Furthermore no big modifica-
tions could be seen with respect to the spectra of the starting, which correspond to the
ZrO2 monoclinic phase, as reported in [21].

2.3.3. CHEMICAL COMPOSITION ANALYSIS BY ICP-MS
An other technique applied to analyse the elemental compositions is Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), this has shown to be useful when
analysing a multiphase material, such as the simulated spent nuclear fuel. For this
analysis we produce solutions by washing in ultrasonic bath the aluminium substrates
from the impactor, each stage separately (with ca. 20 ml ethanol or water), this
permits to have a quantitative information on the fraction of each element present
in the different stages, and so to have the elemental distribution also with respect
to the AED size. The solutions are then acidified using suprapure grade HF (Merck,
Darmstadt, Germany) and Aqua Regia, further purified by sub-boiling in-house and
ultra-pure water produced in an UHQ water purifier (USF Elga, Ransbach-Baumbach,
Germany). Standards are obtained from certified reference solutions (Inorganic Ven-
tures, Christiansburg, USA and PerkinElmer, Rodgau, Germany) and diluted by weight.
The quantification is done by external calibration. Calibration functions and valid
measurement ranges for all analyzed elements have been established, furthermore
a mixture of all elements to be determined was prepared from certified materials to
establish the actual sensitivity for each element. The instrument was optimized for
maximum sensitivity and uniform response over the whole mass range. A sequence
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of measurements was created including an instrument blank, the standards, a quality
control sample, a process blank, the to-measure samples. The standards and each
sample are measured in triplicate. Only the most abundant, uninterferred isotope
of elements with natural isotopic composition is measured, the resolution required
to separate the isotope from interfering peaks was chosen for each isotope. The
instrument used is an Element2 (Thermo Fischer Scientific, Bremen, Germany).
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Figure 2.15: Result from the ICP-MS analysis on the aerosol formed from ZrO2 simulated spent nuclear fuel,
showing the mass concentration of each element collected on the impactor stages. It shows that the big-
ger particles are enriched in Zr (first stages, concentration of Zr to be read on right Y-axis). In the smaller
particles, there is instead an increase of the concentration of the higher volatile elements (to be read on left
Y-axis).

The results given are total amounts expressed as µg of each trace element per total
mass dissolved and the uncertainty stated is the total expanded uncertainty U calcu-
lated according to ISO Guide to the Uncertainty in Measurement (GUM) with a cover-
age factor 2, which corresponds in our experiment to a relative error between 9-13%
on the mass of the different elements, and on the composition under 25%. An inter-
esting example of ICP-MS analysis was performed on the aerosol from the ZrO2 simu-
lated spent nuclear fuel in order to describe the elemental composition of the aerosols.
From the analysis we observed that the majority of aerosols are collected on the 6th

stage, which has a nominal cut-off size of 560 nm AED. Furthermore by fitting of the
total elemental mass pro stage measured by ICP-MS it is also possible to obtain size



2.4. CONCLUSIONS

2

35

distribution of the particles. A log-normal function was assumed, resulting in a AED
mean value of ca. 700 nm and a standard deviation of 0.47, with a mode value of ca.
560 nm. For the elemental composition it can be noticed (as shown in Figure 2.15),
that the Zr is present as main component in the first stage (circa 95% of the collected
mass), its concentration drops down quickly after stage 6 to 40% in the last stage. On
the other hand Cs and Pd present an opposite behaviour. This demonstrates that the
higher concentration of higher volatile elements is present in the last stages, where the
smaller particles are collected. This behaviour was also confirmed by EDX analysis on
the aerosols from simulated ZrO2 spent nuclear fuel collected on filters (Figure 2.12).

2.4. CONCLUSIONS

A new experimental set-up and experimental procedure have been developed for
the production, collection and post-analyses of aerosols. The aim of the system is to
provide data for the understanding of aerosol formation process and the variables
influencing the aerosol characteristic through separate effect tests. Focus is posed
on understanding the chemical reactions taking place in the experiments and on the
elemental partition in the aerosols.

Production of the aerosol is performed in our set-up by a laser heating technique,
which offers the best possibility for controlling the temperature transient and ob-
taining rapid and high temperature transients. In our set-up furthermore different
variables influencing aerosol formation can be controlled (such as the atmosphere,
influencing the chemical reaction, and temperature).

Tests have been conducted on different materials (ceramic, metals and salts)
showing that the methodology and instrumentation are flexible for the production
and collection of the aerosols, and a reliable and large set of data can be obtain from
the post-analysis techniques. Since the set-up is built in a glove box it is also suitable
for studies with radioactive and nuclear materials.

In the following chapters this system will be applied to study aerosols released
from different radiological dispersions scenarios. This will include the study of the
aerosols releases from radioactive sources used for commercial application (e.g. nu-
clear medicine, sterilization industry, etc). These sources are in fact feared to be used
by terrorist groups for creating dirty bombs. Finally also studies with simulated spent
nuclear fuel will be presented. These had the aim of studying the aerosols character-
istics from scenarios, such as sabotage and accidents during transport of spent fuel or
uncovering of spent fuel pond.
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3
CHARACTERISATION OF AEROSOLS

FROM RDD SURROGATE

COMPOUNDS PRODUCED BY FAST

THERMAL TRANSIENTS

F.G. Di Lemma, J.Y. Colle, M. Ernstberger, and R.J.M.
Konings

Experimental tests have been performed to characterize the aerosols representative for
Radiological Dispersion Devices (RDD’s, a.k.a. "dirty bombs") by applying to chosen sur-
rogate compounds rapid high temperature transients, vaporizing the sample and form-
ing aerosols mainly by rapid cooling of the vapour. The materials, which were tested in
their non-radioactive form, have been chosen from the radioactive sources widely used
in industries and nuclear medicine applications. Our analyses permitted the character-
isation of the inhalable fraction of the aerosols released, and the study of the influence of
cladding materials on the aerosol release and on its characteristics.

Parts of this chapter have been submitted and accepted for publication by the Journal of Nuclear Science
and Technology (currently under revision).
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3.1. INTRODUCTION

In the last years "dirty bombs" detonations have been of particular interest for inter-
national nuclear security analyses, due to the attention posed on terrorist attacks after
9/11th . "Dirty bombs" are bombs created by coupling a conventional explosive with a
highly radioactive material with the aim of releasing radioactivity in the environment.
Terrorist organizations are believed to be interested in such weapons to spread panic
among the population and inflict economic damage. It should be emphasized, as
reported by many authors (e.g. [1, 2]), that although RDD’s do not have the aim of
destroying a city or creating a high number of fatalities, they can have an important
major long-term effect consisting of an increase of cancer rate mainly related to the
inhalation of radioactive particles [2, 3]. To calculate the impact on the population
of RDD’s the quantification of the release (total mass and activity) and its description
(size distribution, chemical composition and isotopic composition) is necessary (a.k.a.
source term analyses). As reported by Andersson et al. [4] a better description of the
source term is needed, as dispersion calculations are highly sensitive to the input
parameters.

In the previous chapter (Chapter 2) we have shown the feasibility of laser heating
to vaporize and analyse the aerosols released from different materials. The present
study aims at studying the interactions occurring in the vapour phase influencing
aerosol formation in the inhalable fraction. This is performed by vaporizing surrogate
inactive materials used in radioactive sources that could be misused in RDD’s, and
by analysing the influence of other components of the radioactive source on the
aerosol characteristics. In this particular study we have focused on evaluating the
influence of the cladding materials on the aerosols release. These are materials used
as containment and shield for the radioactive source, and have a high probability
of reacting with the source. Following a detonation the cladding materials and the
radioactive source will be partially dispersed in bigger fragments and blown away,
while a part "could interact when in the vicinity of the fireball, as it could be entrained
into the turbulent eddies within the fireball" [5]. Once in the fireball the material will
be vaporized and could chemically interact in the gaseous phase. The tests consisted
of separate effect studies, performed for a number of sources (Co, CsCl, Ir, and SrTiO3)
using different cladding materials (tungsten, and/or stainless steel). Finally attention
has been focused on evaluating the chemical and elemental composition as function
of the particles size (measured by AED, Aerodynamic Equivalent Diameter). The AED
of particles is an important parameter influencing the aerosol transport behaviour in
the environment and the risk associated with the inhalation of the particles.

The influence of other source components and environmental materials on the
aerosol release from RDD’s has been reported by several authors [5–7]. Lee and cowork-
ers [6] studied the interaction of explosive and soil with a simulated CsCl source and
found an effect on the release, such as the formation of mixed aerosols containing
both carbonaceous materials and the simulated source material, or a different ratio
of Cs and Cl in the aerosols. However, they could not assess the cause of such effects.
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Harper et al. [5] tested simulated full-size devices for a wide range of source materi-
als, and concluded that other surrounding materials (such as soil) can interact with the
radioactive materials by agglomeration and/or coagulation and affect the size of the
"radioactive" particles. Such a complete simulation of a RDD in an integral tests is not
the goal of our experiments. The aim of our studies is instead a deeper understanding
of the aerosol formation process, the identification of the chemical interactions taking
place with other materials, and their influence on the aerosol characteristics, which
can be performed in simplified controlled laboratory conditions.

3.2. EXPERIMENTAL

3.2.1. INSTRUMENTATION AND EXPERIMENTAL PROCEDURE

The set-up applied in our study has been described in detail in Chapter 2. In this
paper we just summarize its main features for clarification. Fast laser heating is used
to vaporize the samples and to form aerosols. With this technique extreme heating
transients can be achieved, e.g. reaching temperatures higher than 3000 K, with
heating rates higher than 30000 K/s. The vapour formed condenses then rapidly in the
colder air environment (at room temperature), forming aerosols. These are collected
by different systems and on different substrates, depending on the post-analyses to
be performed. By using the MOUDI impactor for the collection of the aerosols it is
possible to divide the particles by their AED. This enables us to perform characterisa-
tion of the particles as function of their size, and also to obtain their size distribution
by weighing the substrates before and after the experiments. SEM/EDX (Vega Tescan
model TS5130LSH or a FEI Philips XL 40) was applied for the analysis of the elemental
composition, of the morphology and of the geometrical size. Raman spectroscopy
(Jobin Yvon T64000 spectrometer) was applied for the identification of the particle
phases. Such instruments and their application in our studies have been described in
Chapter 2. The sample holder, used in these tests, consisted of a vertical tube in which
the sample is posed on a same horizontal support, and the geometry and the distance
between the source and collecting substrates were kept constant. This modification,
with respect to the sample holder presented in Chapter 2, was performed to avoid
aerosol losses in the bends.

Our analyses have shown that a complete simulation of the detonation process
is not possible with this set-up, due to the impossibility of controlling and scaling
the shock wave in our experiments (e.g. detonation shock waves have an impact
pressure up to 450 GPa [8, 9]). However, this system is useful to simulate the process
of rapid expanding hot gases involved in the detonation (up to approximately 5500 K
in the microsecond range [8, 9]) and to study the gaseous interactions. Following an
explosion high temperatures will be reached, which will be volatilize part of the source
and of the cladding materials. This hot gases will be ejected in the cooler environment.
In this scenario the gas will be in supersaturation conditions and homogeneous nucle-
ation of aerosols will be the dominant process and the contribution of heterogeneous
nucleation will be minimal. On the other hand, debris or fragments may act as sinks
for the aerosols by agglomeration and producing micrometer particles which will
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rapidly settle. The particles produced with our set-up in the nanometric size range
have been compared to the results of integral tests by Lee et al. [6] and showed similar
features. This suggests that our experimental set-up is able to produce representative
aerosols in the nanometric size range, which are formed by homogeneous nucleation
from the vapour phase released during dirty bomb detonations.

Moreover fast laser heating reproduced a bimodal aerosol size distribution, as
observed also in integral tests [5–7]. Although the fractional release between these
two size range cannot reproduce the scenario of a real detonation, the study and
comparison of these aerosols can help in understanding the phenomena taking
place, and the difference between solid and vaporized phase. The first peak of the
size distribution (in the nanometric size range) is generated, as explained also in
[10], by the condensation of the high temperature vapour released, followed by their
agglomeration. The second peak (in the micrometer size range) has been related to
mechanical shock, similarly to what observed in the precedent integral experiments
[5–7]. In the integral tests the micrometer size particles were generated by the ex-
plosive blast, while in our tests this is related to a stochastic effect generated by the
thermal shock on the unmelted brittle pellet or on the produced liquid layer, due to
the rapid laser heating. Thus the impossibility to reproduce a real mechanical blast
and the pressure encountered in a RDD detonation by the use of laser heating. As a
result the quantities of these micrometer particles are representative of the particles
ejected by the detonation blast, but by analysing and comparing them to the nanomet-
ric particles formed by the vaporization process important information can be derived.

3.2.2. SAMPLES

The materials tested were chosen from the most commonly used radioactive sources
and tested in their natural isotopic composition. A list of the sources most commonly
feared to be acquired by terrorists to create a RDD is shown in Table 3.1. From these
the highest activity and the most available sources were tested. The source materials
chosen were Co, CsCl, Ir, and SrTiO3. The samples were pellets of 5 mm diameter, ob-
tained by pressing commercial powders (from Alfa Aesar) by a hydraulic press. For Co
also solid disks were tested [10], but no difference was observed for the aerosol charac-
teristics.

Different laser pulses were tested to heat rapidly part of the samples surface.
However, for the same conditions applied (square laser pulse 3000 W, lasting 60 ms)
the temperature reached on the surface of the tested materials was different. This
is due to the different thermodynamic and surface properties of the materials used.
Temperature was measured by a rapid high temperature pyrometer, as described in
Chapter 2. Finally the amount of material vaporized varied between the different
materials tested, ranging from a few mg to tens of mg.

Powder mixtures, containing the cladding materials (tungsten and/or stainless
steel) and the simulated source materials to be tested, have been pressed to create the
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samples for studying the influence of cladding on the radioactive aerosols. Powder
mixtures have been chosen to have an quasi-homogeneous composition in the laser
shot area because a complete simulation of a full-size source is not possible using
our set-up, and the heating of such an inhomogeneous sample could introduce
other variables in our studies, such as the preferential vaporization of one of the
compounds. To test the influence of the cladding materials different compositions of
the mixed compounds have been created, as the variety of commercial radioactive
source assemblies prevent to define a unique source composition. We have tested
first pellets with equal amount (in mass) of the materials, and subsequently we also
tested the influence of an excess of one of the compounds. This was done because the
contribution in the vapour phase of cladding and source materials can vary depending
on the RDD design, and the explosion characteristics [5].

A summary of the samples tested is presented in Table 3.2. Successive tests on the
same material showed that the aerosol characteristics are reproducible under same
experimental parameters. Therefore, most experiments were performed once, due to
the difficulty of working in a glove box and extensive time necessary for post-analyses.

Table 3.2: Samples tested in our studies, and the cladding materials applied.

Sample Claddings Composition (%wt.)
Co Tungsten 50/50, 30/70;

Stainless Steel 50/50, 25/75;
Mixture 33/33/33; 22/71/7

(Source, W, SS)

CsCl Tungsten 50/50, 25/75;
Stainless Steel 50/50;

Mixture 33/33/33, 25/50/25.
(Source, W, SS)

Ir Stainless Steel 50/50.

SrTiO3 Tungsten 50/50, 87.5/12.5;
Stainless Steel 50/50;

Mixture 33/33/33, 25/50/25.
(Source, W, SS)

For the cladding materials, tungsten has been chosen as it is one of the shields ap-
plied in nuclear medicine. Stainless steel is applied also in nuclear medicine as a sec-
ond shield coupled with tungsten, or it is used as unique cladding for metallic sources
in sterilization plants or for radiography. The choice of the cladding material to apply
in our studies with the difference source was made keeping in mind their application
in the industry or in the medical facilities. For example as Co and CsCl are used both in
sterilization and medical facilities, the cladding materials tested were both tungsten,
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stainless steel and a mixture of the two. Also testing of tungsten alone (without stain-
less steel) was performed, although this not used in real applications, in order to un-
derstand the separate effect of this material on the aerosols characteristics. Finally for
SrTiO3, a radioactive source used for thermal generators, a wide range of cladding ma-
terials was applied in the past. These consist mainly of a first tungsten or lead shields,
followed by a stainless steel container (as reported in [12, 13]). In our tests tungsten
and stainless steel were tested as cladding materials, to be consistent with the other
tests.
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Figure 3.1: Aerosol size distribution for the Co sample and its mixture with the cladding materials, obtained
by weighing the MOUDI impactor plates before and after the experiments.

3.3. RESULTS

3.3.1. CO

Results from the test on Co were already presented in Chapter 2 as this was one of the
materials applied in the feasibility studies. Here some new results are presented that
are important for the source term evaluation. The Co aerosols collected from our ex-
periments show a classical bimodal size distribution (Figure 3.1). A first concentration
maximum is found for particles with an AED>10 µm, the other is found around 400
nm. By fitting the first peak of the distribution with a log-normal curve, we obtain for
the mean mass diameter µ=780 nm and its standard deviation (σ=680 nm). Applying
the MOUDI impactor for the collection of the particles, the particle morphology as
function of the AED could be studied (as shown in Figure 3.2). It has been observed
that spherical micrometer particles are mainly collected in the first stages (with bigger
AED cut-off size, which are seen as the first maximum of the size distribution), while
the nano-particle agglomerates are collected in the last stages with smaller AED cut-off
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size (which correspond to the peak in the nanometric range).

Figure 3.2: Examples of particles from the Co sample. Showing the different type of particles: in the first
stages (top-left, with cut off sizes 1.8<AED <18 µm ) individual spherical particles were found; in stage 5
(top-right, with a cut off size of AED 1 µm) agglomerated particles were observed (a magnified image of
these agglomerates is shown on the bottom-left). The nanometric agglomerates are found finally on the last
stages (stage 6-8 as shown in the bottom-right AED<0.56 µm).

This different morphology, as explained, depends on the formation mechanism.
The micrometer-sized particles are related to the dispersion of part of the liquid layer
due to mechanical forces or shear forces generated by the thermal shock from the
rapid laser energy transfer to the melted sample surface. The smaller nanometric
particles are formed by a rapid quenching of the vapour released in contact with the
colder gaseous environment at room temperature. These particles will not coagu-
lated to form bigger primary particles but will instead agglomerate in complicated
structures (fractal-like structures), as explained by Friedlander’s theory of collision
and coagulation [14]. These agglomerates will then fold on themselves (as shown in
Figure 3.4) due to the high number of primary particles.

3.3.2. CO AND THE CLADDING
Post-analyses of the mixed samples showed that the cladding materials did not
influence the characteristic morphology of the aerosols. A shift of the peak in the
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nanometric size range to bigger size was observed for the sample in presence of
tungsten (corresponding in the size distribution to a shift of µ=4.3 µm, with σ=480
nm), as shown in Figure 3.1. This is related to the higher aerosol total mass release
observed in this experiment. This higher quantity of vaporized material results in
higher agglomeration rates, as an higher concentration of primary particles will be
present in the system. As a result agglomerates will be generated, shifting the peak
to bigger AED (µ=4.3 µm). These higher total mass release observed in presence of
tungsten was caused by the higher vapour pressure of tungsten oxide in comparison
to cobalt and its oxides. Moreover tungsten has a strong tendency to oxidation with
respect to cobalt, as shown by their Ellingham diagrams, which could enhance the
difference in their release.
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Figure 3.3: Raman spectrum measured for mixed cobalt-tungsten particles. Showing all the typical bands of
CoWO4, as reported in [15–17].

The Raman spectroscopy analyses of the nanometric particles (0.18<AED<1 µm
indicated also a chemical interaction between tungsten and cobalt (as observed in
Figure 3.3) resulting in the formation of CoWO4 (our spectra were compared with the
ones reported in [15–17]). The formation of CoWO4 could also be inferred by the EDX
analyses, which showed a Co/W ratio of 1 in these agglomerates. A different elemental
composition was observed throughout the impactor stages in this test by SEM/EDX.
Particles rich in tungsten were collected mostly in the stages with AED<0.32 µm,
as nanometric agglomerates. In these stages also cobalt-tungsten mixed particles
with Co/W ratio ca. 1 were observed (as shown in Figure 3.4). It was not possible to
observe tungsten oxides by Raman spectroscopy indicating that the main compound
vaporized could be CoWO4 (209 w, 275 vw, 340 m, 408 w, 536 w, 686 m, 768 w, 881 s
cm−1) and not WO3 (133 w, 268 m, 328 w, 712 m, 806 s cm−1, as reported in [18]). The
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mixed Co/W aerosols were also observed in the stages with 0.56<AED<1.8 µm. While
separated spherical particles and irregularly shaped particles of the individual starting
materials, containing predominantly cobalt, were observed in the stages with bigger
AED (1.8<AED<18 µm, as observed in Figure 3.4).

Also for tests conducted with cobalt and stainless steel an elemental partitioning
in the different size ranges was observed. Single spherical particles were observed in
the stages with cut-off size 3.2<AED<18 µm. In these stages it was possible to observe
isolated particles containing just Co or the cladding material (Fe, Cr). Agglomerates
were found in the further stages with a progressively smaller primary particle diameter
until nanometric agglomerates appeared on the stage 6 (Cut-off size AED of 0.56 µm).
These particles contained Fe and Cr, while cobalt was present as a minor component.
Raman analyses showed for these stages the presence of just steel-related phases,
such as magnetite, ferrite or chromite (comparing our spectra with the ones of Hanesh
[19]). This indicates that the stainless steel is the main material vaporized in these tests.

Figure 3.4: Examples of oarticles from mixed cobalt-tungsten sample (50/50% wt.). Showing the different
particles collected: top, aerosols collected from the first stages (1.8<AED<18µm), isolated big particles and
an externally mixed agglomerates; bottom, mixed agglomerates containing Co and W, in the smaller particles
higher content of W was detected by SEM/EDX. The following EDX results show the average concentration
together with the maximum value detectable.

Stages AED (µm) Average Maximum
concentration (%wt.) concentration (%wt.)

0-4 1.8<AED <18 Co 78.5, W 21.5 Co 98.9, W 1.1 Co 8.0 W 92.0
5-8 0.18<AED <1.8 Co 20.9, W 79.1 Co 49.3, W 50.7 Co 7.4, W 92.6

The mixture of cobalt, tungsten and stainless, intended to simulate a multiple
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cladding system, showed finally a peculiar behaviour. Low concentrations of tungsten
were detected by EDX on all the impactor stages (<4%a), and by Raman spectroscopy
it was not possible to detect chemical compounds containing W. The bands in the
Raman spectrum were solely related to phases formed from steel (such as magnetite,
ferrite or chromite [19]). This mixture had a behaviour as if only stainless steel was
present. This could indicate that the tungsten is not vaporized in these tests but
retained in the pellet. To check for this possibility analyses of the pellet by EDX
after the test were performed. These showed a higher concentration of tungsten in
the laser shot area with respect to the un-melted material. All of this indicates that
tungsten is retained in the pellet, possibly by the formation of a stable alloy with
iron and chromium. This alloy could prevent the tungsten vaporization. Conse-
quently the cobalt, the source material, behaved similarly to the case in which only
stainless steel was present as cladding material, and was found as isolated particles
in the first stages. Finally in these tests the size distribution shows only a peak in
the smaller nanometric size range (Figure 3.1, µ=256 nm σ=504 nm), which can be
explained by the fact that a high melting material (stainless steel) was vaporized as the
major compound, which was quenched quickly to solid particles with a small diameter.

Summarizing the results for the cladding-source interaction, we could observed
that:

• Tungsten had a strong effect on the release, changing the size distribution and
creating a new compound.

• Stainless steel did not interact with the simulated source material and was the
main material observed in the aerosols.

• Finally when the mixture of tungsten and stainless steel as cladding materials
was tested the sample behaved as if only stainless steel was present. Tungsten
was observed to be retained in the pellet, not participating in the aerosols for-
mation process.

3.3.3. CSCL

The aerosol characterisation from this material was presented in Chapter 2. This
material presented the highest aerosol total mass release of the sources tested in this
study. This is related to the highest vapour pressure of this compound with respect to
the other sources tested. Again the size distribution of the collected aerosols showed a
bimodal shape, the peak in the nanometric size range corresponding to a log-normal
size distribution, with µ=873 nm and σ=511 nm.

Analysis by Raman spectroscopy was not possible as first order vibrations are not
allowed due to the crystal symmetry of CsCl. Additional tests with different levels of
humidity were also performed (ca. 20, 50, 90% relative humidity at room temperature)
and for these Raman analyses were carried out to verify the presence of hydrates or
hydroxide. These should show a broad peak between 3000-3700 cm−1. However this
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peak could not be detected, indicating that CsOH was not formed in these tests. This
could be due to the low saturation value of water in air at room temperature.

3.3.4. CSCL AND THE CLADDING
The influence of the cladding on the aerosol characteristics has been studied, testing
tungsten and a mixture of tungsten and stainless steel also for the CsCl sample. The
cladding material did not influence the characteristic morphology of the aerosols,
but a higher mass release was detected in presence of tungsten, similar to the cobalt
experiments. This higher mass release is related to the higher temperature reached in
presence of tungsten, because it adsorbs better the laser light with respect to CsCl (as
it has an higher emissivity), and it acts as a thermal conductor. Also in this experiment
the higher release leads to a shift of the peak in the accumulation mode (nanometric
size range) to bigger AED (µ=1.6 µm, σ=600 nm), which can be explained by the faster
agglomeration rates, due to the higher concentration of primary particles.
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Figure 3.5: Aerosol size distribution for the CsCl sample and its mixture with the cladding materials, obtained
by weighing the MOUDI impactor plates before and after the experiments. The size distribution refers to a
CsCl+W+Steel mixture (25/50/25 composition), with may explain the minimal shift of the peak to µ=1.11 µm
(σ=600 nm).

An influence of the tungsten cladding material was observed also for the elemental
partitioning studied through-out the impactor stages:

• The first stages (3.2<AED<18 µm) showed isolated particles containing either
CsCl or W.

• In the middle stages (0.56<AED<3.2 µm) mixed agglomerates containing both
compounds were found.
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• While in the last stages (0.18<AED<0.56 µm) particles with a high concentration
of W were observed.

Also a clear difference in the Raman spectra could be observed between the
difference stages, confirming a chemical partitioning: the stages 7-8 (0.18<AED<0.56
µm) contain principally WO3 whereas the AED stages with cut off size 0.56<AED<
1 µm revealed complex and different spectra (as shown in Figure 3.6 for the stages
5 and 8, with cut-off AED of 1, and 0.18 µm). New bands at 320, 700-780 and 900
cm−1 were detected. For the stages with cut-off size 1<AED<0.56 µm (as shown in
Figure 3.6 for stage 5) the comparison of the Raman spectra appeared difficult. The
aerosols collected revealed the bands of WO3 (using literature data by Haro et al.
[20]) as a major phase: the most intense absorptions (133 w, 268 m, 328 w, 712 m,
806 s cm−1) correspond to WO3, indicating a higher concentration of this compound.
A minor contribution from another phase (low intensity bands) was observed, and
this phase was attributed to Cs2WO4 aged in air. Because the Raman spectrum of
Cs2WO4 was not reported in literature, we measured the reference spectra of the pure
compound (obtained from INTERFINE CHEMICALS) as well as the compound aged in
air (hydrated in the atmospheric environmental conditions) in this work.
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Figure 3.6: Results from the Raman analyses on the aerosols produced from a mixture of CsCl and W showing
a chemical partitioning over the different stages. Smaller particles show the presence of WO3. The middle
stages show some modification in the spectra (e.g. 320, 700-780 and 900 cm−1 bands) that are related to the
formation of a new chemical compound.

The mixture of CsCl with tungsten and stainless showed similar behaviour as
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observed for the case of cobalt, i.e. tungsten was not detected in the particles. Increas-
ing the tungsten content (from 33%w to 50%w as shown in Table 3.2) in the sample
did not significantly increase the tungsten concentration detected by SEM/EDX in
the particles, indicating that tungsten was always the minor compound vaporized.
Stainless steel related phases were instead observed by EDX in all size ranges, while
Cs and Cl were observed mainly in the first stages (3.2<AED<18 µm), and attached to
bigger particles of stainless steel. On the other hand the vaporized stainless steel seems
not to interact chemically with the CsCl. Variation of the chemical composition of
the aerosols was not detected by Raman spectroscopy, and the only species observed
were stainless steel related phases. However, when increasing the tungsten content
in the tested sample (from 33%w to 50%w as shown in Table 3.2) it was possible to
observe some Raman bands that could not be assigned to stainless steel phases and
which showed similarity with the Cs2WO4 spectrum. From this we can conclude
that tungsten is mainly retained in the pellet in presence of stainless steel, and by
increasing the tungsten concentration it is possible to force the vaporization of a
small amount of tungsten, mainly in the form of a new chemical compound (possibly
Cs2WO4).

Summarizing the results for the cladding-source interaction for CsCl samples, we
observe that:

• Again tungsten seems to have an high effect on the release, leading to a higher
total aerosol mass collected, changing the size distribution and creating a new
compound.

• When the mixture of cladding materials was tested the sample behaves as if just
stainless steel was present. When an excess of tungsten was present in the sam-
ple, it was possible to detect a new phase in the aerosols (possibly Cs2WO4).

3.3.5. IR

The Ir sample showed a strong resistance to oxidation. The vapour pressure of this
material, both in the metal and oxide form, is lower than for all the other tested
compounds. This resulted in the lowest quantity (total mass) of aerosols collected.
The aerosols revealed similar morphology to the other test materials: micrometer
spherical particles and nanometric agglomerates in fractal-like structures. The size
distribution was difficult to measure due to the low mass collected which resulted in
high uncertainties due to the detection limit of the balance.

Analysis of these particles by SEM/EDX showed a low content of oxygen in all the
particles. Raman spectroscopy of the collected particles also did not reveal the char-
acteristic bands of IrO2, and showed high fluorescence. All of this may suggest that
the sample is vaporized as metallic Ir, as in fact this fluorescence behaviour is reported
for Ir metal in [21]. On the other hand when the pellet was analysed by Raman spec-
troscopy, the bands of IrO2 could be detected on the laser melted area (as reported in
[22]). The discrepancy between aerosols and the oxidation state of the pellet can be
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explained by the fact that the oxidation occurs during the cooling of the pellet when
aerosols are no longer released. Moreover, iridium oxides are reported to decompose
to the metal [23] in the temperature range of our experiments.

3.3.6. IR AND THE CLADDING
For this sample only stainless steel was tested, as this is the main cladding applied with
iridium. The aerosols did not show major morphology differences. The main material
vaporized was again stainless steel, which was found throughout all the stages. Ir was
detected just in the first stages (3.2<AED<18 µm), and was collected as big spherical
isolated particles or as externally mixed particles with Fe and Cr.

The possibility of a chemical interaction between these materials has been ex-
cluded by Raman analyses, which showed only the bands of the oxidized steel phases.
It can be concluded that Ir has not a high release during our experiments, and does not
interact chemically with the cladding material tested. This results in the low total mass
released.
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Figure 3.7: Aerosol size distribution for the SrTiO3 sample and its mixture with the cladding materials, ob-
tained by weighing the MOUDI impactor plates before and after the experiments.

3.3.7. SRTIO3
For SrTiO3 a similar morphology and size distribution of the aerosols was found com-
pared to the other material tested (Figure 3.7, µ=470 µm), showing big micrometer-
sized spherical particles and agglomerates of smaller nanometric particles. Moreover
on the pre-stage (AED>18 µm) also solid fragments were observed, related to the
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Figure 3.8: Raman spectra for the SrTiO3 aerosols and pellets, showing the difference between the bulk ma-
terial and the first order bands related to the nanometric aerosols. In particular, the spectrum of the particles
in stage 5 (AED of 1 µm) are similar to the bulk material, indicating that this effect becomes evident only for
smaller particles.

ejection of pieces of the un-melted material from the pellet. This phenomenon may
be caused by high stress in the brittle pellet, caused by the thermal shock imposed by
the laser pulse.

EDX analyses of the particles showed no sign of dissociation of the initial com-
pound, the particles containing always Sr and Ti in equal amount. Finally Raman spec-
troscopy permitted to observe differences between the pellet and the collected aerosols
(as shown in Figure 3.8): the first showed the typical broad bands of SrTiO3 crystal (as
reported in [24] at ca. 200-500 and 600-750 cm−1), while the aerosols showed bands
related to first order vibrations (broad bands at ca. 550 and 800 cm−1). As explained in
literature [25, 26] defects, size effects or strains can break the symmetry of the crystal
and allow the detection of first-order Raman bands. Moreover for the particles with
cut-off size AED of 1 µm the spectrum was similar to that of SrTiO3 crystal. This shows
that this effect is less visible for particles with bigger dimension and is related to the
nanometric dimension of the particles in the lower stages of the MOUDI impactor.

3.3.8. SRTIO3 AND THE CLADDING

The test with cladding materials showed similar results as in the experiments per-
formed for the other sources. The morphology of the particles was not influenced by
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the presence of the cladding material, while the chemical composition of the aerosols
showed modifications. For this experiment the total aerosol mass released was not
influenced by the cladding material and the total mass released was similar for all
the experiments. Finally again a shift of the peak in the nanometric size range was
observed in presence of tungsten (Figure 3.7, µ=750 µm) but not when stainless steel
was tested.

When tungsten was included in the sample as cladding material the formation of
a new compound was detected by Raman spectroscopy (shown in Figure 3.9, from the
band at 922 cm−1 as compared with the data for SrWO4 by Zhao et al. [27]). Moreover
an elemental partitioning was observed in presence of tungsten:

• Nanometric particles, collected in the lower stages (0.18<AED<0.56 µm), were
enriched in the cladding material. These showed the bands of WO3 by Raman
spectroscopy.

• In the intermediate stages (0.56<AED<1 µm) mixed particles were found. These
showed by Raman analyses the bands related to a new compound.

• Finally in the bigger particle (AED>1 µm) the isolated initial compounds were
detected by EDX. The particles containing either the source material or the
cladding material.

On the other hand when stainless steel was included in the sample, no chemical
interaction with the source material was observed. In this case phases related to the
cladding material (stainless steel) was collected as the main compound of the aerosols
throughout all the stages. The Raman spectra showed just the bands of the steel related
phases in all the stages. In the pre-stage of the impactor aerosols containing the initial
isolated compounds were detected.

Finally when the stainless steel and tungsten were present together as cladding
materials, a low content of tungsten was detected in the collected aerosols. The
aerosols showed similar features as for the stainless steel cladding test.

The results for the SrTiO3 can be summarized as follows:

• Tungsten shows a chemical interaction with the source material, and in that case
a chemical partitioning with the AED was observed.

• Stainless steel on the other hand did not interact with the simulated source mate-
rial and steel-related phases were the main materials detectable in the aerosols.

• The tungsten was retained and not vaporized when the mixture of cladding ma-
terials was tested. The sample behaves as if only stainless steel was present.
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Figure 3.9: An example of Raman spectra for the aerosols collected from a SrTiO3 sample with tungsten
showing chemical partitioning with AED. In the smaller particles the bands of WO3 can be observed. The
formation of SrWO4 can be inferred by the band at 922 cm−1

3.4. DISCUSSION AND CONCLUSIONS
It should be emphasized that mass and size distribution of the air-borne material are
the main parameters for the evaluation of the effects of a RDD explosion. Integral
experiments [5, 6] using explosives showed that the particles released from such events
could be divided in big micrometer particles (related to the mechanical impact of the
explosion), and smaller nanometric particles (related to vaporization process resulting
from the high temperature created). The smaller particles are generally the most
dangerous as they are air-borne and inhalable and can be transported over larger dis-
tances. Release related to vaporization of the sample is consequently the main feature
to be investigated for risk assessment. In our experiments these particles are produced
by vaporization of the sample using a laser heating technique, which permits to obtain
rapid-high-temperature transients and mimic the RDD temperature conditions. The
particles are formed by a rapid quench of the vapour released from the sample in a
cooler air environment. Thus it is possible to study the vaporization process and the
influence of interaction with other materials on the aerosol characteristics. However,
it is also clear that the conditions of a real detonation cannot be simulated by the
system, due to the impossibility to reproduce an explosive wave in our set-up.

In our tests we have observed a bimodal size distribution similar to that reported in
literature for integral experiments [5, 6]. Micrometer particles were collected together
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with nanometric particles in our experiments, related to the ejection of material by the
mechanical shock of the laser shot. This can be liquid material from the laser melted
area which creates spherical micrometer particles, or solid irregular-shaped fragments
generated from the un-melted pellet. It was possible with our tests to investigate the
different characteristics of the particles in these two size range, although the fractional
release between the two types of aerosols cannot reproduced that of a RDD detonation.

In our studies different release characteristics were observed for the different
sources studied:

• CsCl showed the highest total mass released. The aerosols collected had the same
chemical composition as the initial sources.

• Co aerosols were collected in lower mass with respect to CsCl, and the particles
were mainly composed of cobalt oxides.

• Ir revealed the lowest vaporization, due to low vapour pressure and high oxida-
tion resistance. Particles were collected in the metallic form.

• SrTiO3 showed a similar morphology and mass release as cobalt, but the aerosols
collected kept their initial composition.

Our test focused also on the effect our source-cladding interaction on the aerosol
release. The results can be summarized as follows:

• CsCl particles were collected only in bigger AED when in presence of stainless
steel. In presence of tungsten a different chemical partitioning with AED was ob-
served. The bigger particles were isolated aerosols containing or CsCl or W. In the
middle stages mainly mixed compound aerosols were found, and the formation
of Cs2WO4 was observed. Finally in the smaller AED the main aerosol species
were related to W compounds. The total mass released was higher in presence of
tungsten.

• Co was found in low quantity in the aerosols when in presence of stainless steel.
In presence of tungsten, cobalt forms CoWO4 aerosols. These were collected in
all the stages of the impactor, also in the one with the smallest AED.

• Ir was found just with AED>3.2 µm when in presence of the cladding material.

• SrTiO3 showed a chemical reaction when W was used as cladding material with
the formation of new compound. No interaction with stainless steel was ob-
served.

From these results it can be concluded that the presence of stainless steel does not
lead to a chemical interaction with the tested source materials. Moreover the aerosols
containing the simulated radioactive materials are concentrated in the higher AED,
leading to a lower probability of inhalation in the lungs. Tungsten instead seems to
have a substantial effect, as an increase in the total mass release was observed. This
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was related to the creation of more volatile compounds but also by a heat transfer
mechanism typical for our set-up. Although in this case a shift to bigger AED has been
observed, it was minimal not affecting the risk by inhalation in the lungs (AED<10
µm). In all cases (except iridium), tungsten showed a chemical interaction with the
source materials, creating new chemical compounds (tungstates). This chemical
interaction has a strong effect on the aerosol formation process as a compound with
different thermo-physical is created. This could result in a change of the coagulation
and collision rates, which could concentrate the radioactive source material in a
particular size range. Consequently it must be considered in the evaluation of the
radiological consequences of a RDD explosion.

Finally when the two cladding materials were tested together, retention of tungsten
was observed in the sample by formation of an alloy with iron and chromium. This
prevented its interaction with the source material in the gaseous phase, and the
samples tested behaved as if only if stainless steel was present. This effect is probably
typical for our experiments in which the source material and the cladding materials
were mixed as powders, thus easing the alloy formation and preventing vaporisation
of W. It must be investigated if this reaction could occur in a real RDD explosion.

Finally, we can compare our findings to the observations of the integral tests.
In the tests of Harper et al. [5] no chemical reactions were observed, and the soil
entrained in the fireball was observed to interact with the radioactive materials only
by agglomeration and/or coagulation, affecting the size of the "radioactive" particles.
However we should point out that minor chemical analyses were performed on the
particles, which does not exclude chemical interactions. On the other hand in the tests
of Lee et al. [6] on CsCl the effect of chemical interaction on the source was clearly
observed (such as a different ratio of Cs and Cl in the aerosols), without identifying the
cause of this effect. Our work clearly shows the importance of detailed characterisation
of the aerosols and that these separate effect studies are useful to effectively study the
aerosol formation mechanisms from the vapour phase, the chemicals reactions, and
moreover observe their different influence on the aerosol characteristics.

We can conclude that with our tests we were able to study the vaporization-
condensation process occurring in dirty bombs detonations in controlled laboratory
conditions. In particular we could produce and investigate the nanometric particles of
greatest interest for the risk assessment of RDD explosions. An important outcome of
our work is the observation of the possibility of an elemental and chemical partitioning
with AED of the particles produced when interaction with the cladding material of
the source occurs. This can influence the assessment of the extension and level of the
contaminated area using radioactive dispersion codes which needs to be included in
the description of the source term for such calculations. Our tests thus emphasize
the importance of studying not only the cladding materials of the source, but also
other materials of interest that could chemically or physically interact with the source
material.
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4
FISSION PRODUCT PARTITIONING

IN AEROSOL RELEASE FROM

SIMULATED SPENT NUCLEAR FUEL

F.G. Di Lemma, J.Y. Colle, G. Rasmussen, and R.J.M.
Konings

Aerosols from the vaporization of simulated nuclear spent fuel (simfuel) were produced
by the laser heating techniques, presented in the previous chapters, and characterised by
a wide range of post-analyses. In particular attention has been focused on determining
the fission products behaviour in the aerosols. This could help in a better determination
of the source term and consequently of the risk associated with release from spent fuel
sabotage or accidents. Different simulated spent nuclear fuels were tested with burn-up
up to 8%a . The results from the aerosols characterisation were compared with studies of
the vaporization process by experiments with the Knudsen Effusion Mass Spectrometer
and thermochemical equilibrium calculations, as these studies permit to understand the
aerosol gaseous precursors and the gaseous interactions taking place during the aerosol
formation process.

Parts of this chapter have been submitted to Journal of Nuclear Materials.
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4.1. INTRODUCTION

Release from nuclear fuel has been extensively investigated for reactor accident
scenarios [1–6], however less work has been conducted on the release from spent fuel
during storage or transport. This topic has acquired interest in view of the Fukushima
accident. This event has shown the importance of the safety of spent fuel ponds.
Although studies on the safety of spent fuel pools were previously performed (e.g. by
the Nuclear Regulatory Commission), these events were believed to be unlikely and
no specific measures were considered [7–9]. Following the Fukushima accident new
studies have been performed, such as the one of the Nuclear Regulatory Commission
[10]. This last study concluded that the spent fuel is only susceptible to a release within
a few months after de-fueling, and that a more favourable loading pattern (avoiding
dense packaging) and the improvement of the mitigation strategies could significantly
reduce potential releases. Another scenario, which could lead to aerosolization of
spent fuel, is related to release during transport of spent fuel casks due to accidents. In
this frame a study was performed by Dykes and Machiels [11], which concluded that
the probability of such accidents is less than 5*10−6. However no assessment of the
release was performed. Finally even though malicious actions are tried to be ruled out
through security measures, it is important to understand the effects of such attacks
on spent nuclear fuel. As proposed by Alvarez et al. [12], and demonstrated by the
September 11th , terrorist attacks are a tangible threat. Magill et al. [13] assessed the
consequences for such events but considered a hypothetical respirable fraction for
such releases. Studies on the aerosol release from such events need to be conducted,
as performed by Molecke et al. [14, 15] in the past. Their experiments consisted
of explosive aerosolization tests using HEDD (High Energy Dispersive Devices) on
simulated nuclear reactor rods and of the analyses of the particles released.

The present study aims at describing the aerosol release from spent nuclear fuel
under different release scenarios, simulating events in which air contact with over-
heated spent fuel can occur, such as spent fuel sabotage or accidents during transport
or storage. The particles size distribution is studied, as it is needed to evaluate the
consequences of a Radiological Dispersion Events (RDE’s), for example to assess the
extension and levels of the contaminated area. The AED (Aerodynamic Equivalent
Diameter) of the particles strongly influences the aerosol transport behaviour, but also
the probability of aerosol inhalation of the exposed population. It is thus important
to understand the size range in which the high activity elements will be concentrated.
Focus is posed in our studies on analysing the fission product partitioning as function
of the particles AED. The ultimate goal is the understanding of the mechanisms
influencing the aerosol formation. To achieve this, separate effect experiments have
been performed analysing different variables (e.g. burn-up). These results have been
finally coupled with studies of the gaseous aerosol precursors. The gaseous release
has been obtained from thermochemical equilibrium calculations and experiments
using the Knudsen Effusion Mass Spectrometer (described previously in [16, 17] and
in detail in Appendix B). These studies permit in fact to understand the interactions of
the gaseous phases during aerosol formation processes.
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4.2. INSTRUMENTATION AND EXPERIMENTAL PROCEDURE

The set-up applied in our studies has been described in in Chapter 2. Laser heating
was used in these studies to vaporize the samples and to simulate a radioactive release.
Laser heating to simulate such events was applied only in a few studies beforehand
[18, 19] for simulating accidental scenario related to reactor power transients. This
technique was chosen in the present experiments for various reasons, such as lim-
iting interactions between the sample holder, the heating elements and the sample,
avoiding radioactive contamination of the heating components, reaching extreme
temperature transients, but especially to have repeatable temperature on the sample.
This was achieved by applying a PID controller to the laser power. In Figure 4.1 a
comparison of the PID temperature regulation performed for ZrO2 and UO2 samples is
presented. It can be noticed that the ZrO2 samples need a high laser power, prolonged
in time, to obtain a quasi-square temperature transients compare to UO2 samples.
This is related to the higher emissivity of the UO2 samples with respect to ZrO2.
Difficulties were however found while heating the UO2 samples due to cracking, which
influenced the PID regulation causing instability in the control. The breaking of the
sample cannot be avoided and is related to the high thermal shock, due to the low
thermal conductivity of UO2. A custom-made Teflon ring was used to contain the
sample and obtain a stable and reproducible heating and vaporization. Once the pellet
was correctly heated, aerosols were formed by condensation of the release gases in the
cooler air environment and collected for post analyses.

In these experiments the aerosols produced were analysed applying different tech-
niques, presented in in Chapter 2, as these permit to study the morphology, the ele-
mental and the chemical composition of the aerosols. Finally, by applying a MOUDI
impactor for the collection of the particles, analyses of the size distribution and of the
aerosols characteristics as function of their AED size could be performed. The elemen-
tal composition was analysed by ICP-MS as function of the particles’ AED, by wash-
ing separately in solution the aluminium substrates of the various MOUDI impactor
stages. However experimental difficulties, such as high counts in the blank (as for Ba,
Zr) or low counts in the measured solutions (as for La, Nd), did not permit the quan-
tification of some elements in the different tests. Finally for some of the experiments
Sr, Pd and Zr trends could not be clearly observed. This can be related to ejection on
the first stages of inhomogeneous pellets fragments with high concentration of such
elements, which will lead to fluctuation of their trends through out the stages. We fi-
nally coupled the aerosol characterisation analyses with the results from thermochem-
ical equilibrium calculations (performed by Factsage software, described in [20, 21])
and KEMS (Knudsen Effusion Mass Spectrometry) experiments. This was performed
to identify the gaseous release, and to understand the gaseous interactions influenc-
ing the aerosol formation process. The KEMS was described in [16, 17]. It consists
of a Knudsen cell coupled with a quadrupole mass spectrometer (with mass range of
1-512 amu). The cell is heated by a tungsten coil, and can be operated in vacuum or
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Figure 4.1: PID control on temperature for two different samples: Top ZrO2; Bottom UO2. It is possible to
observed the higher radiance adsorbance of UO2, which permits together with a low thermal conductivity,
to obtain high temperature with low laser power and short time with respect to ZrO2.

with a small flow of different gases (e.g. oxygen, reaching in our experiments a oxygen
pressure between 1-10 Pa). The molecular beam effusing from the cell is directed and
collimated into the ion source of a quadrupole mass spectrometer, in order to detected
the gaseous species release as function of the temperature. Calibration of the system
was performed by vaporizing, together with the sample, also a known quantity of silver.
More details on this system are presented in Appendix B.
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4.3. SAMPLES
Different simulated spent nuclear fuels were tested to study the aerosol release for ac-
cidental and sabotage scenarios. Samples tested were composed of a matrix of UO2

and controlled quantities of non-radioactive isotopes, intended to simulate the fis-
sion products produced in-pile. Simfuels are used to replicate the composition and
micro-structure of irradiated fuel, and consequently to study different properties of
spent fuel avoiding the high cost and difficulty of handling such materials. In our ex-
periments different simfuels were used (as summarized in Table 4.1), applying both
in-house made simfuels and simfuels produced by AECL in an industrial-like process.
The in-house made samples were obtained by mixing commercial powders, pressing
them by a hydraulic press and then sintering the obtained pellets. However during the
sintering process loss of CsI could not be avoided, also when using a rapid sintering
method (such as the Spark Plasma Sintering, SPS). The CsI loss was confirmed also by
SEM/EDX and ICP-MS analyses on the samples before and after sintering. Therefore
it was decided to perform first sintering with all the chemical compounds expect CsI,
which was added after sintering. This was performed by re-pulverizing the sintered
pellet, mixing it with the CsI powder and pressing this mixture in a new pellet.

Table 4.2: Composition of the tested materials, as calculated by Origen (parameter reported), and described
for the AECL samples in [24].

Simfuel samples SFUO2 AECL 301 AECL 800
Parameters used in Origen

Enrichment/% 4 none none
Burn up/ %a 6 3 8

Years in Spent pool 1 0 0
Elements Chemical

(SF/AECL)
Weight concentration (%)

U UO2 91.42 97.449 92.990
Zr ZrO2 0.50 0.336 0.777

Mo Mo/MoO3 0.45 0.356 0.980
Pd Pd/PdO 0.21 0.147 0.652
Ba BaO/BaCO3 0.23 0.150 0.433
Y Y2O3 0.040 0.075
Sr SrO 1.38 0.223 0.531

Ce,Pu CeO2 4.51 0.304 0.717
La,Am,Cm La2O3 0.38 0.113 0.367

Ru,Tc Ru/RuO2 0.33 0.360 1.026
Rh Rh2O3 0.028 0.038

Nd,Pm,Sm Nd2O3 included in La2O3 0.494 1.418
I CsI 0.07

Cs Cs2ZrO3 0.53

Information on the production of the AECL samples can be found in [22–24]. In
these samples the high volatility elements such as Cs, I, and Te were not inserted. The
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fission product inventory was calculated by ORIGEN software, and the parameters
applied for the calculations are shown in Table 4.2. This table presents also the
chemical compounds used to simulate the different fission products and their relative
weight concentrations in the different simfuels tested.

We also tested some inactive samples containing ZrO2 instead of UO2 as matrix
compound, as a first test on the behaviour of compounds with different volatility in a
ceramic matrix (reported in Chapter 2). Finally for a better evaluation of the behaviour
of plutonium in the aerosols separate experiments were performed with mixed sam-
ples containing UO2 and CeO2. CeO2 was applied as an inactive ceramic material to
simulate PuO2, due to similar properties, as reported in [25, 26]. These separate effect
experiments were performed with mixtures of the powders not pretreated in the fur-
nace, in order to avoid any prior solid solution formation and consequently to know
how much material was vaporized from the initial compounds inserted.
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Figure 4.2: Example of particles size distribution for the tested simfuels obtained from the ICP-MS analysis,
showing a bimodal size distribution.

4.4. POST-ANALYSES

4.4.1. AEROSOL CHARACTERISATION
Similar aerosol features were found for all the samples tested. No differences in
the aerosol characteristics were observed between ZrO2 samples, UO2 compacted
powders and industrial UO2 pellets. The aerosols had a bimodal size distribution
(an example of which is shown in Figure 4.2) and can be divided in two classes: big
spherical micrometer particles or fragments, which were collected as a first peak in
the bigger AED (AED>10 µm), and smaller agglomerates of nanometric particles,
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corresponding to the second peak in the nanometric AED size range (as shown in
Figure 4.3). Two different formation processes have been related to these two different
morphologies, as explained in [27–29] and in the previous chapters. The bigger
particles are formed by the ejection of liquid particles from the melted layer or solid
material from the pellet, due to mechanical shock related to the laser heating. The
nanometric particles are instead formed from the condensation of the vaporized
material. These particles then agglomerate in complicated structure due to the high
number of primary particles formed.

Figure 4.3: Example of the aerosol collected for the simfuel (sample AECL800), similar morphology was ob-
served for all the samples tested

An important outcome of the post-analyses was the observation that the "fission
products" concentration varies with the particles size. This was observed by SEM/EDX
as function of the geometrical particle size, when the particles were collected with
filters and as function of the AED when the particles were collected by the MOUDI
impactor. In particular a higher concentration of the high volatile compounds was
found in the smaller size particles with respect to the bigger size. The bigger particles
were instead enriched in the low volatile elements such as the matrix elements (Zr,
or U) or also Ba and Ce. Explanation of this partitioning can be related to the aerosol
formation mechanism [29]. The bigger particles formed by the ejection of the pellet
melted layer or solid fragments will be enriched in the matrix and low volatile ele-
ments, which are retained in the pellet. While the smaller particles, formed by the
condensation of the vapour, will be enriched in the higher volatile elements [27–29].
In all the particles mostly U could be observed. Cs, and I were usually detectable in the
smaller AED together in a ratio Cs/I of 1 for both SFUO2 and ZrO2 samples. Moreover
also Cs without I was detected for the SFUO2. Two different sources were identified for
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Cs release for this sample, being the Cs released from CsI and from Cs2MOx (M= Metal,
such as Zr, Mo etc). This second Cs release it caused by dissociative vaporization of
Cs2ZrO3, as CsO and ZrO2 [30], as this compound was inserted in the simulated fuel,
or could be related to the formation of Cs2MoO4 as predicted from the thermochem-
ical calculations. In fact another element detected in the smaller particles was Mo,
although it was difficult to determine its chemical form (Cs2MoO4 or MoO3). Finally
the different "fission products" concentration between the samples did not influence
the aerosols characteristics.

The "fission products" elemental size partitioning was confirmed also by the ICP-
MS analyses of the solutions obtained from washing separately each impactor stage,
as described in Chapter 1. From these analyses different trends were observed for the
different simulated fission products. To summarize the results from all the experiments
(an example is shown in Figure 4.4) we can conclude that:

• U, Ce, Zr, Y, La, Nd showed a similar trend, diminishing from the bigger to the
smaller AED.

• The Ba concentration was quite stable throughout the stages, but it should re-
alised that the Ba is difficult to measure by ICP-MS due to the contamination
from the environment.

• The more volatile fission products such as Cs and also Ru and Mo were enriched
instead in the smaller AED (as shown in Figure 4.5). The high volatilization of
these metallic fission products, which are generally thought to be retained in the
pellet, is related to the oxidising conditions applied in our experiments. These
will lead to the formation of Ru and Mo oxides, which have a higher volatility and
will be released in the vapour.

• It is finally worth to notice that a similar behaviour for Pd and Rh was observed in
the experiments with the AECL simfuel. These are usually considered in the mid-
dle class volatile elements. Their concentration was observed to increase with
decreasing AED, reaching a peak in Stage 6/7 (Cut off sizes AED 0.56-0.32 µm)
and decreasing again in stage 8 (AED 0.18 µm).

We have also analysed the pellet by SEM/EDX as this can give important informa-
tion on the vaporization process. By comparing the melted and unmelted region we
could again confirm the ICP-MS results. It was observed that the low volatile elements
(such as Ba, La, Ce) were retained in the pellet after the laser pulse, while CsI and the
metallic (Ru, Mo) elements were depleted confirming their vaporization. These metals
compounds were found before the laser heating experiments in the pellet as metal
alloys precipitates (containing Ru, Mo, Pd) due to their insolubility in the matrix, as
also reported in [22, 31].

Finally to test if a different size partitioning could occur in the aerosols between
U and Pu, experiments were performed with UO2 and CeO2 powder mixtures with
different concentrations (85/15, 40/60, 60/40 %a.). From all these experiments it was
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Figure 4.4: Example of aerosols concentration trends for the elements in the different volatile class, as func-
tion of the AED, for the AECL simfuels.
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Figure 4.5: Example of aerosols concentration trends for the matrix elements and high volatile class, as func-
tion of the AED. The quantitative proportion between the compounds are not respected preferring a clear
view of the trends, which shows the relation with the different release and aerosol formation processes.
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observed that the main species vaporized was UOx . The content of Ce was found to
be small in the smaller AED, its concentration raising in the particles with bigger AED.
This effect was confirmed by the analysis of the pellet in the melted area, which showed
that this area was enriched in Ce. This again demonstrates that the different volatility
of the compounds can have an effect on the aerosol size in which the radioactive
elements are found.
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Figure 4.6: Comparison of the RAMAN spectras of the aerosols collected, from SFUO2 simfuel (1,3) and UO2
(2), showing for the SFUO2 simfuel UO2+x aerosols possible due to competing oxidative process with the
fission products, while for the UO2 sample the formation of U3O8 solid phase is evident.

The Raman spectroscopy analyses of the aerosols did not permit to identify the
fission products, as these are a minor phase. This demonstrates the importance of
applying different techniques in analysing the aerosol release, as SEM/EDX and ICP-
MS have instead permitted to detect low elemental concentrations in the aerosols and
their trends. On the other hand Raman spectroscopy enables us to observe the differ-
ence oxidation state of uranium in the aerosols. Raman spectroscopy showed that the
aerosols released from the UO2 pellets were clearly oxidized to U3O8 in all the analysed
stages (as shown in Figure 4.6), based on a comparison with literature data [32–34].
This was also observed for the mixed sample with UO2/CeO2, in which the main com-
pound released was U3O8 and the CeO2 was retained in the pellet. We also tested the
effect of sintering of the UO2 pellets on the aerosols Raman spectra. However having
performed the sintering in reducing condition (Ar/H2 environment) the starting pel-
let material was UO2−x . This seems to have an effect on the aerosols oxidation state
which showed the formation of UO2+x . Kinetics effect may have limited the oxidative
process, reducing the gaseous release of UO3 and the formation of the solid phase of
U3O8. We also observed that for the simfuels (as for SFUO2) the presence of the fission
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products has also an effect on the aerosols Raman spectra. They showed the character-
istics spectra of UO2+x and not U3O8, also when the pellet was not sintered. The fission
products, such as Mo, could have affected the oxidation of the pellet and reduced the
release of UO3 due to a competing oxidation process. This effect was also confirmed
by comparing the results with the Raman spectra from the AECL samples, in which Mo
was inserted already in the oxide form. In this case the aerosols presented just the U3O8

Raman bands.

4.4.2. EQUILIBRIUM VAPORIZATION STUDIES

KEMS measurements and thermochemical equilibrium calculations were performed
to understand the gaseous aerosol precursors and chemical interaction occurring
in the gaseous phase under equilibrium conditions. The KEMS experiments were
conducted in vacuum and under a constant O2 flow. The thermochemical equilibrium
calculations were performed with a constant pressure (1*105 Pa), one with the O2

fixed activity to 0.21 to simulate the vaporization process in air environment (as in
our laser heating experiments), and the other in absence of O2 in the environment,
the oxygen potential was thus imposed by the release from the simfuel. The choice of
using a fixed pressure calculations was consistent with the conditions in our system
as we vaporize a small amount of material in a comparatively very large vessel kept at
constant pressure and air environment. Thus the gases are free to expand in the cell
environment.

The KEMS experiments revealed similar release patterns for all the samples. At low
temperature (900-1200 K) the gaseous release of I and Cs was detected, followed by
the gaseous release of Pd, Ba and Sr (as shown in Figure 4.7). Finally the low volatile
species such as U, Ce, La, Nd, and Zr were detected at high temperature. Cesium was
detected as the Cs+ ion, which is the product of the fragmentation and ionisation of
molecular species at the electron energy applied. We assign the peak at the lowest
temperature to gaseous CsI because it is consistent with the CsI+ and I+ ion signals.
In some cases we were able to observe a second release peak for Cs around 1100 K in
the SFUO2 experiment (as shown in Figure 4.7), which was not observed for the I+
signal. This could be related to the vaporization of ternary oxides compounds, such as
Cs2ZrO3, which vaporizes incongruently to CsO and ZrO2 [30], or of Cs2MoO4, which
vaporises congruently [35]. The latter compound was predicted to be the stable by the
thermochemical equilibrium calculations, also with no O2 excess. This confirms the
SEM/EDX observations of the aerosols that suggest a second source for the Cs release
than CsI. Moreover by the KEMS experiments and the thermochemical calculations
we could observe the chemical form of the released gases, Pd as metal, Sr and Ba as
oxides, as also the Lanthanides and the Actinides.

In our KEMS experiments also the influence of an oxidising environment was stud-
ied (by a O2 flow in the cell). The most obvious difference with the experiments in vac-
uum was the release of MoO3, and the lower temperature release of UOx . No substan-
tial differences were observed for the other elements, including ruthenium. Evidently
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Figure 4.7: An example of KEMS for simfuel, showing the high volatile elements and lower volatile com-
pounds released in vacuum conditions. In oxidative condition a shift to lower temperature of the release of
U species could be observed, and also the release of Mo oxides.

the oxygen potential imposed by the oxygen flow was too low for oxidation to gaseous
RuOx species to occur. The release of the metallic fission products in oxidative con-
ditions was however also predicted by the thermochemical equilibrium calculations.
Moreover these calculations showed that in presence of O2 for the SFUO2 sample the
presence of Mo can give rise to release of free I2 by the breaking the CsI bond, as a re-
sults of the formation of Cs2MoO4. This different behaviour between Mo and Ru, and
their reaction with CsI will be studied further in Chapter 5 by separate effect experi-
ments on CsI-Ru and CsI-Mo mixtures.

4.5. DISCUSSION
In this work we simulated the aerosols release from spent nuclear fuel with the aim
of understanding the fission product partitioning as a function of aerosol size (AED).
The principal question addressed was whether the highly active radioisotopes can be
concentrated in the small particles, as this influences the risk evaluation for the pop-
ulation because these particles can be transported over long distances and penetrate
deep in the lungs if inhaled.

In our tests indeed a size partitioning of the elements as function of their AED size
was observed. For all the tested samples we observed that the highly volatile fission
products are enriched in the smaller particle fractions, while the non-volatile elements
are concentrated in the bigger particles (first impactor stages with bigger AED>1 µm).
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This effect can be related to the aerosol formation mechanism. The smaller particles
are formed by the rapid condensation of the vapour and are thus enriched in the high
volatile elements. The bigger particles are created by ejection of liquid or solid mate-
rial from the pellet, and are thus enriched in the low volatile elements retained in the
matrix. The size partitioning trends observed can be summarized as follows:

• U containing aerosols were found in all AED size fractions as the main con-
stituent of all the aerosols, which is not surprising as it is constituting at least
91% w. of the sample. Raman spectroscopy showed that the chemical form of
the uranium aerosols is U3O8 or UO2+x .

• Cs was observed in the smaller particles (high volatile element trend). It was gen-
erally detected together with I in a ratio of approximately 1, as it was insert as CsI
in the simfuel. However, we observed a second source for Cs release as SEM/EDX
analysis showed aerosols containing Cs but no I. Thermochemical equilibrium
calculations predicted the possibility of a separated gaseous release of Cs and I
due to reaction with Mo to form a new compound, Cs2MoO4. Alternatively, the
second release could be related to the vaporization of Cs2ZrO3, as CsO and ZrO2.

• Ru and Mo, which are present in the fuel in the metallic form, were released in
the aerosolization experiments in air. It was observed by ICP-MS measurements
that they are concentrated in the particles in the smaller size fraction and that
partitioning follows the trend of high volatile elements, such as Cs. This is related
to their increase volatility due to the formation of oxides in an air environment.
Their release could not be observed in the KEMS in vacuum condition, while Mo
but not Ru volatilisation was observed in the KEMS experiments with O2 flow.

• The Pd concentration showed an increase with decreasing particles size, reach-
ing a maximum and then decreasing again in stage 8. A similar size distribution
was also observed for Rh, as they are assigned to the same volatility class. Pd was
released in the metallic form, as predicted by the thermochemical equilibrium
calculations.

• Ce was enriched in the bigger particles which shows that they are preferentially
retained in the matrix. From the separate effect studies on the behaviour of Pu in
the aerosols (in which Ce was used as Pu simulate) size partitioning between the
two elements was observed. Ce was concentrated in the bigger size ranges with
respect to U, which was the main phase (in the form of U3O8) in the smaller AED
particles.

• Nd, La, Sr, Y, Zr, and Ba were difficult to evaluate due to their low concentration
in the aerosols. By coupling the results from different experiments it was possible
to assess their behaviour. They showed the trend of the low volatile element class
(or matrix elements), decreasing their concentration with smaller particles size.
Oxide form were predicted from the thermochemical equilibrium studies and
observed in the KEMS experiments.
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Molecke et al. [15] also studied the fission product enrichment in the aerosols and their
respirable size fraction. They performed explosive aerosolization tests on simulated
spent nuclear rods, composed of a zircalloy cladding and simulated spent nuclear
fuel pellets. However their simulated spent fuels contained only a limited number
of fission products (CsI, RuO2, SrO, Eu2O3), which were chosen as representative for
the different fission products volatile classes. They concluded that Cs was enriched
in the respirable fraction, similar to our results. Furthermore they assessed that the
hypothesis of 5% aerosolization in the respirable fraction for spent fuel obtained in
calculations by Luna et al. [36] was conservative, as they found that <2% of U was
found in the respirable fraction. In our tests a higher concentration of the particles in
the respirable fraction was observed, due to the impossibility with the laser impact
set-up to perform a scaled explosive fragmentation of the sample. On the other hand
our studies provided a more complete investigation of the behaviour of the different
fission products in the aerosols, analysing both the particles and the gaseous release
by separate experiments and calculations. Thus providing a better understanding
of the vaporization process and of the chemical reactions taking place and of their
influence on the aerosol characteristics.

Finally we must discuss the difference between simfuel and irradiated fuel and its
effect on our observations. The main distinction is related to the differences in the
fuel microstructure. In the simfuels the added fission products are predominantly
present at the grain boundaries, with the exception of the elements that can dissolve
in the UO2 matrix under equilibrium conditions, such as Zr and the rare earths.
Release from simfuel thus takes predominantly places via the high diffusivity grain
boundary network. In irradiated fuel, a significant fraction is, however, present in the
fuel grains, as atoms dissolved in defects, defects clusters, voids or gas inclusions.
Release and vaporization from irradiated fuel is thus more complex, involving also
slow diffusion of atoms and gas inclusions in the fuel matrix, and the enhancement
of grain boundary diffusion due to the accumulation of fission gas bubbles at these
sites [37]. Comparison with the KEMS experiments on irradiated fuel in vacuum
[38] shows that in that material the release takes place in much broader temperature
ranges, the maximum release peak appearing generally at higher temperature (for
CsI >1200 K). Hiernaut et al. [38] also studied oxidising conditions, which revealed
a shift of the release to lower temperature which was caused by the oxidation of the
uranium dioxide matrix, but also in this condition the release of volatile elements
continues up to high temperatures. Thus the use of simfuel instead of irradiated fuel
will mainly affect the quantities of the fission products released into the gas phase, but
not significantly the aerosol formation processes from the gaseous phase.

4.6. CONCLUSIONS

Our studies have shown the importance of coupling different techniques for the
evaluation of the aerosols’ release. The equilibrium vaporization studies provide
information on the release behaviour and on the aerosols gaseous precursors. In
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particular these techniques were able to predict the chemical forms of the aerosols,
the influence of different environments on the release and to understand the chemical
reactions that lead to the formation of new compounds. The laser aerosolization ex-
periments provide the possibility of studying the effect of kinetics, due to the rapidity
of our experiments, and the aerosol characteristics (such as the size distribution, the
morphology, the elemental partitioning with size, and the chemical composition of
the main released phase). A good agreement was obtained between the predicted
gaseous aerosol precursors and the aerosols in this study. Finally we must stress the
need of separate effect experiments, as complementary to the irradiated nuclear fuel
release studies, for a better understanding of the aerosol formation mechanism and
of the gaseous release process (e.g. different sources for the gaseous release, chemical
reactions, etc.).

From these experiments we can conclude that oxidising conditions for the
aerosolization experiments, simulating scenarios in which overheated fuel is in
contact with air, will lead to the release of also the metallic fission products (e.g. Ru
and Mo). These will concentrate in the smaller AED particles size, together with CsI.
This effect can have a high influence on risk associated to the inhalation of aerosols
released from spent nuclear fuel, as these elements are highly radio-toxic. Moreover
the thermochemical equilibrium calculations show an important effect of the release
of the metallic fission products, as they can influence the release of free molecular
iodine. These reactions will be further investigated in Chapter 5. On the other hand
we observed that Pu, for which a high health risk is associated with its incorporation
by inhalation, will be concentrated in the particles with bigger AED. This can have
an effect on the risk related to the inhalation of this radio-toxic element. Finally we
determined the uranium chemical form in the aerosols to be U3O8 and/or UO2+x .
These chemical compounds are classified in the low soluble class, but their solubility
is higher with respect to the starting material UO2 [39], moreover the small dimension
of these particles (AED <0.18 µm), will lead to faster dissolution kinetics and further
increase of their solubility [40]. Thus these particles will constitute also a high risk for
the population.

Finally this study has demonstrated a partitioning of the different radioactive
elements as function of the AED in the aerosols released from spent nuclear fuel.
This is important to consider in simulation codes for Radioactive Dispersion Events
(such as ARGOS [41], RODOS [42], HOTSPOT [43]). Currently these codes consider
as input the total activity of the source and the quantity dispersed in the respirable
fraction, and calculate from these data a homogeneous partitioning of the source
activity in the different size ranges. From this assumption the extension and level
of the contaminated area are calculated. Our results, showing the redistribution of
the radioactive fission products as function of particles size, demonstrate the need of
implementing a non-homogeneous activity distribution as input for these codes for
spent fuel as the partitioning of the elements is different.
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5
A SEPARATE EFFECT STUDY OF THE

INFLUENCE OF METALLIC FISSION

PRODUCTS ON CSI RADIOACTIVE

RELEASE FROM NUCLEAR FUEL

F.G. Di Lemma, J.Y. Colle, O. Beneš, and R.J.M. Konings

The chemistry of cesium and iodine is of main importance to quantify the radioactive
release in case of a nuclear reactor accident, or sabotage involving irradiated nuclear
materials. We studied the interaction of CsI with different metallic fission products such
as Mo and Ru. These elements can be released from nuclear fuel when exposed to oxi-
dising conditions, as in the case of contact of overheated nuclear fuel with air (e.g. in a
spent fuel cask sabotage, uncovering of a spent fuel pond, or air ingress accidents). Exper-
iments were performed by vaporizing mixtures of the compounds in air, and analysing
the produced aerosols in view of possible gas-gas and gas-aerosol reactions between the
compounds. These results were compared with the gaseous species predicted by ther-
mochemical equilibrium calculations and experimental equilibrium vaporization tests
using Knudsen Effusion Mass Spectrometry.

Parts of this chapter have been submitted and accepted for publication by the Journal of Nuclear Materials
(currently under revision).
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5.1. INTRODUCTION

High standards in safety is a key pillar for the civil application of nuclear technology
and is necessary for its acceptance by the public. For these reasons extensive research
has been performed on the radioactive effects following accidents involving nuclear
fuel. Iodine and cesium release has been especially studied due to their volatility and
radiological health effects. Moreover in recent years low-volatile metallic elements
(e.g. ruthenium and molybdenum) have gained interest, following the observation of
their substantial radioactive release during accidents involving oxidising conditions
[1]. In these scenarios volatile oxide species such as RuO3, RuO4, or MoO3 can be
formed. With our experiments we aim at evaluating the interaction of CsI with these
fission products and its effect on the radioactive release. CsI has been chosen as this
compound is believed to be one of the stable forms in which Cs and I can be found
in the fuel during normal operation [2–4] and a main species released from the fuel
under accidental conditions.

Many studies have been conducted on the release of radioactive species as gases
or aerosols during accidental conditions (e.g. [5–12]). The technical report "state of
the art report on nuclear aerosol" from NEA (Nuclear Energy Agency) of the OECD
(Organisation for Economic Co-operation and Development) is an important and
complete reference, summarizing the experiments and most important findings on
nuclear aerosol release [6]. Following the first studies after the Three Mile Island
accident, it was generally accepted that iodine would be present in the reactor coolant
system as caesium iodide, and it was suggested it could be partly emitted in volatile
form in the containment [13]. Ruthenium and Molybdenum release was generally not
investigated, as these elements were thought to be retained in metallic form in the
fuel. An important progress in understanding radioactive release was achieved by the
Phébus-FP project (1993-2012, [1, 5]). This was an integral test consisting of a scaled
PWR, in which core degradation was performed until radioactive release was achieved.
With respect to the chemical speciation of iodine the Phébus-FP results showed that
"caesium iodide is not the only likely species. The presence of gaseous iodine in the
containment model of the Phébus experiments led to the hypothesis that a fraction
of the iodine was emitted into the containment in a gaseous form." [13]. Moreover in
some tests a higher release of the less-volatile elements was found, such as Ru and Mo
[1]. After this project new experimental programs have been launched to try to solve
some of new questions that arose, such as the possible reaction of iodine with other
chemicals in the reactor, and the release of ruthenium and molybdenum in highly
oxidising conditions.

In this context, the interaction of CsI and Mo was investigated by IRSN (Institut
de Radioprotection et de Sûreté Nucléaire) in the GAEC (Generation of AErosol in the
primary Circuit) facility. CsI and MoO3 were vaporized in a furnace, and the gaseous
species and the aerosols produced were analysed. These studies [14, 15] showed that
caesium molybdates were formed due to gaseous reactions. This would lead to the
release of gaseous iodine. In the framework of the International Source Term Program



5.2. EXPERIMENTAL

5

85

(ITSP) also parallel studies have been performed in a new facility (CHIP, CHemistry of
Iodine in the Primary circuit) with the aim of identifying the chemical elements that re-
act with iodine in the primary cooling system after a core degradation accident [16, 17].

Studies of the ruthenium behaviour have focused on its release from UO2 fuel or
simulated ZrO2 fuel [18–20], and less attention has been given to its interaction with
other chemicals. An interesting study was performed by Mun and coworkers [21, 22].
They investigated the interaction of Ru with containment surface materials (stainless
steel and paint) to evaluate the possible retention by these materials. Also Holm et
al. [23] studied the ruthenium interaction with containment surfaces, focusing on
aluminum, copper and zinc. In other experimental tests conducted by Hózer et al.
[20] and Vér et al. [24], the interaction of Cs and Ru was studied. Experiments were
conducted in a vertical furnace and a thermal gradient quartz tube was used to collect
RuO2, followed by an absorbing NaOH solution to collected the gaseous RuOx species
released. From these experiments they concluded that the presence of Cs could delay
the Ru maximum release and lower its concentration in the absorber.

It is thus evident that knowledge of the gas-gas and gas-aerosol reactions in the
binary CsI-Mo and CsI-Ru systems in air is important. Our work presented here has
the aim of understanding the effect of such reactions on the radioactive release from
nuclear fuel and on the aerosol characteristics. These studies help predicting better
the source term of spent fuel in accidental events during its storage or transport, and
also understanding better the chemical reactions taking place in a reactor during acci-
dental scenarios. In our experiments we have first analysed the aerosol formation for
the low volatile fission products and CsI in oxidising conditions, then of their mixtures
to understand the effect of their interaction on the aerosol characteristics and finally
on the iodine release. The results from the experiments have been compared to the
analyses of the vaporization process by thermochemical equilibrium calculations
and Knudsen Effusion Mass Spectrometry (KEMS) experiments. These permitted the
understanding of the reactions taking place in the gaseous phase and to identify the
aerosol precursors.

5.2. EXPERIMENTAL
The aerosol generating set-up applied in our study has been already described in
details elsewhere in Chapter 2, and in this paper we summarize some of its important
features. Laser heating is used to heat the sample to high temperature, partially
melting and vaporizing it. The formed vapour condenses rapidly, forming aerosols, in
the chosen cooler environment; in this study air at 1 bar pressure and ca. 23 ◦C. The
time necessary to heat the material from room temperature to the maximum "steady
state" is much shorter than the dwell time at high temperature (transients ca. 2 ms,
dwell at high temperature ca. 28 ms). Since during heating the melting temperature is
exceeded, and the sample will melt rapidly, the vapour generated from ablation of the
solid will be minimal. Moreover laser ablation can be excluded for our experiments
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due to the low energy density of the laser pulse applied (e.g. tenths of milliseconds
with an infrared wavelength).

The aerosols are then collected by different systems, depending on the post-
analyses to be conducted (e.g. SEM/EDX, ICP-MS, Raman spectroscopy). Collecting
substrates used were Millipore filters or aluminum foils. These latter were used as
substrates for the plates of the 8-stage MOUDI impactor (MSP Corporation model
110R). With the impactor we can separate the particles by their AED (Aerodynamic
Equivalent Diameter). This permits to analyse the particles separately for different
AED size range and consequently to gain information as function of the particle
dimensions. An important modification has been made in the set-up compared to our
earlier description, consisting of a vertical sample holder to avoid losses in the bends.

The results obtained from the aerosol characterisation have been compared with
experiments performed by Knudsen Effusion Mass Spectrometry (KEMS), and with
thermochemical equilibrium calculations, performed by FactSage software [25, 26]
using the HSC thermodynamic database [27]. These studies were performed to
evaluate the gaseous speciation in equilibrium conditions, which helps understanding
the chemical interactions and the gaseous aerosol precursors. The KEMS has been
described by Hiernaut et al. [28], and it consists of a Knudsen cell coupled with a
quadrupole mass spectrometer (with mass range of 1-512 amu). The cell is heated by
a tungsten coil, and can be operated in vacuum or with a small flow of different gases
(e.g. oxygen). The molecular beam effusing from the cell is directed and collimated
into the ion source of a quadrupole mass spectrometer, in order to detect the gaseous
species as function of the temperature. Calibration of the system was performed by
vaporizing a known quantity of silver, done together with the sample.

The samples tested were pellets obtained by pressing commercial powders (from
Alfa Aesar). Pellets of 5 mm were obtained for CsI, Mo, Ru, and for their mixtures.
Rapid laser pulses were used to heat and vaporize the pellets. The temperatures
reached were different even when applying the same conditions (square laser pulse
3600 W lasting 30 ms), due to the different thermal and surface properties of the tested
materials. The pellet surface temperature was measured by fast high temperature
pyrometer, as described in Chapter 2 .

In our tests we have used a simplified composition for the samples, and only mix-
tures of CsI with one metallic fission products (Mo, Ru) have been studied, realising
that in the nuclear fuel the chemical form of these elements will be different and more
complex. Ru and Mo are present in the fuel in the form of metallic precipitates to-
gether with other noble metals, forming the called ε-phase (an alloy containing mainly
Mo, Ru, Tc, Rh, Pd). The composition of these precipitates changes during reactor op-
eration, following the fission product yields and the oxygen potential in the fuel [29].
The choice of studying the interaction of only Mo and Ru with CsI, was related to the
their higher affinity with oxygen, the interest on their release following the results of the
Phébus experiments [1] and the possibility of forming mixed compounds with differ-
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Figure 5.1: SEM image of CsI particles collected on filters (a) and aluminum substrates (b), showing high
degree of necking. Influence of the collecting substrate can be noticed for the sample.

ent properties (Cs2XO4), which can influence the release of iodine from CsI. The latter
compound has been chosen as it has been suggested to be one of the stable forms in
which Cs and I can be found in the fuel during normal operation and a main species
released from the fuel under accidental conditions.

5.3. RESULTS FOR THE INDIVIDUAL COMPOUNDS

5.3.1. CSI
The aerosols collected were spherical individual particles ranging from 400 nm to
micrometer dimension (geometric diameter). Strong necking was observed for these
particles. This is related to the theory of coalescence and collision rates [30], which
states that when the collision time is smaller than the coalescence time, particles will
collide without coagulation forming chain agglomerates. On the other hand when the
collision time is longer than the coagulation time, particles will coagulate almost in
contact forming bigger spherical particles. Finally, when the collision time is smaller
than the coalescence time and this difference is small an intermediate status occurs,
leading to the formation of agglomerates with necks, as observed in our experiments
(Figure 5.1).

The particles were also analysed by EDX and their composition showed a Cs/I
ratio of 1. This indicates that dissociation of this compound during the laser heating
did not occur. Just for one test (a square laser pulse of 2500 W for 100 ms, obtaining
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Figure 5.2: CsI particles collected on MOUDI Impactor for the test presenting incongruent vaporization of
the compound. On the left (a) CsI particles collected on Cs-rich deposit. On the right (b) a zoom of the liquid
layer showing porosity and some brighter areas enriched in I.

a maximum surface temperature of 1400 K) compound dissociation was detected
(as observed in Figure 5.2). Since the vaporization of Cs and I as separated species
has been calculated to appear in equilibrium condition at very high temperature, we
attribute this to the presence of water and the formation of (hydrated) CsOH that
leads to low-temperature incongruent vaporization (as reported in [31]). It has been
hypothesized that this phenomenon could be related to hydration of the sample due
to the storage in not controlled conditions.

5.3.2. MOLYBDENUM AND RUTHENIUM

The results of the aerosol tests for molybdenum were already presented in Chapter 2
. These showed different aerosols morphologies: individual big micrometer spherical
particles and agglomerates of smaller nanometric particles were collected, but also
nanometric rectangular plates (formed due to high degree of recrystallization in the
orthorhombic phase). Raman spectroscopy revealed that the main compound of the
aerosols was MoO3, confirming the formation of the orthorhombic crystal structure.

SEM analyses of the tests performed on ruthenium showed two classes of aerosols
based on their morphology. Individual big micrometer spherical particles and string-
like agglomerates of smaller nanometric particles were collected (as shown in Fig-
ure 5.3), similar to the molybdenum aerosols. They can be related to different for-
mation phenomena [6, 30, 32–34]. The bigger particles are formed by the ejection of
the molten material due to thermal-mechanical effects. The nanometric particles are
formed from the nucleation and condensation of the released vapour. These nano-
metric particles agglomerate strongly during transport due to Brownian diffusion and
turbulence, forming fractal-like structure. For molybdenum it was not possible to ob-
serve clearly these fractal-like structures. In fact Molybdenum gave rise to more pri-
mary particles due to the higher quantity of material released and the Mo aerosols fold
themselves with increasing primary particles number. These fractal-like agglomerates
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Figure 5.3: Ruthenium particles collected on aluminum substrates by the MOUDI impactor, showing spher-
ical micrometer particles (a) and chain agglomerates of nanometric dimension (fractal-like structures, b).

were collected in the smaller AED size range, while the bigger spherical particles were
collected on the first stages of the impactor (with the bigger AED>1 µm). These big-
ger particles are not the focus of our study because they they are not related to the
vaporization process. Elemental and morphological analyses have been performed as
a comparison to the nanometric particles, while no Raman spectra were collected for
these particles.

The Raman spectra of the collected aerosols showed the bands of RuO2 (Fig-
ure 5.4). This suggests that the ruthenium is vaporized in the oxide form, similar to
molybdenum. We observed that the oxidation also occurs on the pellet surface and
that the release can thus be enhanced due to the formation of the oxide in the melted
layer (as observed also in Chapter 2 ), as the oxide has a higher volatility with respect
to the metallic form.

The Raman spectra of the ruthenium aerosols were compared to those reported
for ruthenium oxide films by Meng et al. [35], and showed very similar features. They
revealed some modifications with respect to the bulk material (pellet), in particular
a broadening and a red-shift of the Raman bands. This shift can be explained by the
phonon confinement theory [35, 36], and can be related to the nanometric dimension
of the particles. This theory indicates that "if the medium surrounding a nano-grain
does not support the vibrational wavenumbers of a material, the optical and acoustic
phonons get confined within the grain of the nanostructured material. This leads
to interesting changes in the vibrational spectrum of the nanostructured material as
compared to that of the bulk....Theoretical models and calculations suggest that the
confinement results in asymmetric broadening and shift of the optical phonon Raman
line..."[36]. These effects were in fact stronger for the smaller particles collected by the
MOUDI impactor on stage 8 with a cut-off size of AED 0.18 µm (gray line) than for the
one collected on stage 7 with a bigger AED (with a cut-off size of 0.36 µm, black line).
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Figure 5.4: Raman spectra measured on the laser-melted pellet and on the aerosols collected on the alu-
minum substrates. They show the band of RuO2 and a shift and broadening of the bands for the aerosols,
related to the size effect. These effects were stronger for the smaller particles collected by the MOUDI im-
pactor on stage 8 (cut-off size of AED 0.18 µm gray line) than for the one collected on stage 7 with a bigger
AED (cut-off size of 0.36 µm, black line).

Table 5.1: Summary of the main results from the aerosol characterisation and thermochemical equilibrium
vaporization calculations.

CsI Mo Ru
Laser

vaporization • Particles present
high-degree of neck-
ing

• Nanometric com-
plex agglomerates

• Fractal like ag-
glomerates

• Chemical form CsI
from EDX analyses

• Chemical form
MoO3 from Raman
spectroscopy

• Chemical form
RuO2 from Raman
spectroscopy

Equilibrium
calculations* • Cs and I congruent

vaporization
• MoO3 is the main
vapour specie re-
leased

• RuOx contribution
to the vapour phase
is f(T)

* Parameters applied for all calculations were a fixed pressure of 105 Pa and fixed O2

activity at 0.21, using the equilibrium module of Factsage.

Thermochemical equilibrium calculations were performed with the equilibrium
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module of FactSage software, a fixed pressure of 105 Pa and fixed O2 activity at 0.21 were
used. These conditions have been chosen as our experiments consist of the vaporiza-
tion of a small amount of material in a comparatively very large vessel at atmospheric
pressure in which air flows. In the experiments the gases are free to expand in the ves-
sel environment and then condense, generating the particles. The gaseouse species at
equilibrium over the sample tested were analysed as function of the temperature, to
predict the gaseous aerosol precursors. A summary of the results obtained is shown
in Table 5.1. For Mo the main vapor species is MoO3 which was also the main aerosol
compound detected by Raman spectroscopy. The calculations showed a more com-
plex vapour chemistry for ruthenium as various gaseous oxides will be formed, RuO3,
RuO4 and RuO2. Their contribution to the gaseous phase will change as function of
temperature. The detection of RuO2 in the Raman spectra of the aerosols is related to
the decomposition of these different gaseous oxides to the most stable Ru oxide solid
form (RuO2).

5.4. RESULTS FOR THE MIXTURES

5.4.1. THE CSI+MO MIXTURE
The tested pellets had a composition of 33 %wt. CsI and 67 %wt. Mo. This composi-
tion was chosen as representative for reactor conditions, taking into account that Mo
is formed as a fission product but is also constituent of stainless steel (3162), used as
structural material (a similar ratio was applied in the experiment "Essai 3" by [14]).
The samples were heated by a rapid laser pulse (3600 W for 30 ms) and reached a tem-
perature of 3000-3500 K. These temperatures are higher than those reached with same
conditions in tests on pure CsI, which were performed for comparison and is related to
the presence of Mo. Molybdenum adsorbs the laser light better and acts as a thermal
conductor, distributing the heat to the CsI powder dispersed in the pellet. The higher
temperature leads to higher total mass release with respect to the test using only CsI.

AEROSOL MORPHOLOGY AND COMPOSITION

SEM analyses of the collected particles showed several features (as shown in Fig-
ure 5.5). On one hand separated aerosols of the starting compounds were found (CsI
and MoO3). These showed similar features as observed for the individual components
tested. They were generally collected as spherical particles on the first stages of the
MOUDI impactor (Stage 0-2 with bigger AED>5.2 µm) and in the smaller AED as
agglomerates. The aerosols collected were predominantly CsI particles with a Cs/I
ratio of 1 in these first impactor stages. Mo was also collected on the first stages as
spherical individual particles, and after stage 3 (with AED<3.6 µm) in higher quantity
in string-like agglomerates. These agglomerates were formed by nanometric particles,
which similarly to the pure component aerosols, folded themselves in irregular ag-
glomerates after stage 4 of the MOUDI impactor (AED<1.8 µm).

On the other hand, in the smaller AED (from stage 4 of the MOUDI impactor) also
aerosols of irregular shape were found. SEM/EDX analysis showed the presence of the
three elements (Cs, I, Mo). The concentrations of these elements were variable, not
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Figure 5.5: SEM/EDX analyses of the CsI+Mo particles collected on MOUDI impactor. On the top left (a) an
overview of the particles collected; on the top right (b) the fractal-like agglomerates; on the bottom left (c)
the liquid layer enriched in iodine. On the bottom right (d) the spherical bigger CsI particles, the nanometric
agglomerates of MoO3 and the irregular agglomerates containing Cs2MoO4 were observed.

permitting an identification. The formation of these mixed aerosols, which contained
Cs/I>1, could be a first indication of the formation of caesium molybdate. Another
sign of reaction of CsI and MoO3 was the observation of a deposit of free I in stage 7
(AED of 0.36µm, as shown in Figure 5.5, c) according to equation 5.1:

2C sI(s) +Mo(s) +2O2(g ) =C s2MoO4(s) + I2(g ) (5.1)

Raman analyses were also conducted on the collected particles and revealed
the chemical composition of the aerosols. For the interpretation of the spectra a
comparison has been made with literature data and a standard of Cs2MoO4 (IN-
TERFINE CHEMICALS, purity of 99.9%). The results showed the presence of two dif-
ferent aerosols species (as observable in Figure 5.6), as also already inferred from the
SEM/EDX analyses. The spectra of the aerosols are in fact a convolution of two com-
pounds when compared with the standards measured:

• MoO3 (gray solid line), in agreement with literature sources [37, 38].

• Cs2MoO4 (gray dashed line), comparable with the data from Lacoue-Negre [14]
and our standard.

The MoO3 aerosols were formed by the vaporization of the Mo in an oxidizing environ-
ment, while the cesium molybdates are the result of the interaction of this compound
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Figure 5.6: Raman spectra obtained for CsI+Mo aerosols collected on the different stages of the MOUDI
impactor. This has been compared with the standards measured. The particles showed the typical peaks of
MoO3, but also the presence of caesium molybdates compound spectra.

and CsI. CsI aerosols, which were detected by SEM/EDX, could not be detected by
Raman spectroscopy as the vibrations of this compound are Raman inactive.

Finally the pellet surface has been analysed after the laser vaporization to obtain
additional information on the vaporization process. The results from the SEM/EDX
analysis showed a lower concentration of iodine in the laser heated area. This again
demonstrates an in-congruent and preferential vaporization of iodine and suggests
that the reaction already partially took place during the heating stage.

THE VAPORIZATION PROCESS

The results of the thermochemical equilibrium simulations, performed with the
FactSage software, confirm the formation Cs2MoO4 according to reaction 5.1. The
formation of this compound is favoured up to high temperature. Moreover it can be
observed from equation 5.1, that the formation of Cs2MoO4 can lead to a release of
molecular iodine (I2(g )) .

The equilibrium calculations, used to predict the solid phases and gaseous species
in an air environment under equilibrium conditions, were performed with a fixed
pressure of 105 Pa and fixed O2 activity at 0.21. The chemical composition chosen for
the calculations was the one used in our experimental tests 33%wt. CsI and 67%wt.
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Figure 5.7: Results from the thermochemical equilibrium calculations, showing the chemical composition
of the vapour phase as function of the temperature for the two mixtures tested (top) and the total molar
concentration of the chemical species in the vapour (bottom). The vapour composition has been used to
predict the particles formed. These graphs show the different behaviour for CsI+Mo and CsI+Ru mixtures.
The influence of Mo on CsI release will bring to a low temperature release of I2(g ) and I(g ) in excess (which
is incongruent to the one of Cs(g ) release), due to the formation of Cs2MoO4. For CsI+Ru instead the figure
indicates that the formation of Cs2RuO4 do not strongly influence the incongruent vaporization of Cs(g ) and
I(g ).
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Figure 5.8: Results from the KEMS tests performed on the mixture of CsI+Mo powder. Tests were performed
in oxidising condition with a constant flow of oxygen. The mass spectrometer showed the release of Cs2I+
shown as representative of the CsI(g ) release, followed by the release of Cs2MoO4

+ related to the Cs2MoO4(g )

, and finally of the MoO2
+ representing MoO3(g ) release. This behavior are in good agreement with the

thermochemical equilibrium calculations. The fragmentation of the species is related to the electron energy
applied for ionization in the mass spectrometer 34 ev.

Mo. The calculations showed that under equilibrium conditions that I2, Cs2MoO4, and
MoO3 are the stable phases, while CsI was not. However, in our tests we performed
a rapid quench and non-equilibrium conditions are likely to be achieved. For this
reason we have approximated the composition of the aerosols from the calculated
cummulative released vapour species in an air environment. Figure 5.7 (a) shows
the gas phase composition as function of the temperature (normalized with respect
to the maximum value of the total molar release), as obtained from the equilibrium
calculations.

The aerosols composition, shown in Figure 5.7 (c), has been obtained by inte-
grating the gaseous molar release over the complete temperature range of the laser
vaporization experiments (up to 3500 K, as measured by the pyrometer). This has been
performed as the kinetics of gas phase reactions are fast, thus the gaseous species
release will be quenched from the gaseous phase to the solid phase, maintaining their
chemical composition. In Figure 5.7 the different compound concentrations are pre-
sented together with the temperature at which the solid phase is believed to be formed
from the gaseous species released (e.g. MoO3(s) from MoO3(g ), MoO2(g ), MoO(g )). As
shown in Figure 5.7 (a,c), these calculations confirmed the influence of the CsI-Mo
reaction on the release of free I2(g ). In these calculations it has been hypothesized that
Cs(g ) and I(g ) will recombine during condensation forming CsI(s). However an excess
of I can be observed (related to a low temperature release, as shown in Figure 5.7, a).
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This gaseous excess release will then condense to I2(s), which can explain the deposit
collected in the laser vaporization experiments on stage 7 of the MOUDI impactor.
The release of excess iodine is related to the formation of Cs2MoO4 as shown in
reaction 5.1. Our calculations, using the vapour composition to predict the aerosols
compositions, are in good agreements with the the aerosol characterisation, showing
the presence of CsI, MoO3, Cs2MoO4 aerosols and a deposit of I2. Calculations of the
gaseous species released in a constant volume were performed as well and showed in
this case no major difference in the release trends.

Finally experiments using KEMS were performed by heating the powder mixture
under a controlled flow of oxygen (its vapour pressure was in the range of 1-10 Pa). The
release from the mixture was monitored by the mass spectrometer. From this exper-
iment we could confirm the formation and vaporisation of Cs2MoO4 in the gaseous
phase. The release pattern followed the results of the thermochemical vaporization
calculations, showing a first release of CsI(g ), followed by the release of the formed
Cs2MoO4(g ), and finally of the MoO3(g ) (as shown in Figure 5.8).

5.4.2. THE CSI+RU MIXTURE
The pellets were made of equal quantities of CsI and Ru (50/50 %wt.) first, a simplified
composition to test the effect of Ru on the release and aerols formation processes In
a second experiment the Ru content was increased to 63 %wt. This was performed to
collect more RuOx in order to try to understand thechemical partitioning as a function
of the aerosol size for this mixture. The samples were heated by a rapid laser pulse (3600
W for 30 ms). Similar to the CsI+Mo mixture the laser heating brought the sample to a
higher temperature compared to CsI only, leading again to higher total mass released,
due to the presence of the metal. Aerosols were collected with the MOUDI impactor
for post-analyses and again an air environment was used in the experiments.

MORPHOLOGICAL AND CHEMICAL ANALYSIS

The particles collected showed similar features as the mixed sample containing Mo.
Fractal-like agglomerates together with big micrometer spherical particles were col-
lected. The bigger particles contained the starting phases. In these tests the aerosols
collected were mainly formed by CsI, while ruthenium was collected in all the aerosols
in low concentration. This is probably due to its lower volatility with respect to CsI. The
only aerosols containing high concentration of Ru were collected on the first stages as
crystallized liquid or as individual spherical particles. The formation of these particles
can be again related to the ejection of the liquid surface by thermal-mechanical shock.
Increasing the Ru content in the pellet did not change drastically this low release.
Finally also the EDX analysis confirmed that ruthenium has been preferentially re-
tained in the sample, showing in fact a higher concentration of ruthenium in the pellet
melted area.

In the MOUDI stages with smaller AED (<3.6 µm) particles containing Cs and Ru
were detected by EDX, similar to the mixed samples test with Mo. To understand if this
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Figure 5.9: Particles collected on the MOUDI impactor plates, for the CsI-Ru mixed pellets. On the top left
(a) the bigger spherical particles containing Ru, on the top right (b) agglomerates structures of Ru, on the
bottom (c-d) CsI spherical aerosols.
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Figure 5.10: Raman spectra collected from the aerosols collected on MOUDI impactor plates for the CsI-Ru
mixed sample. The aerosols presents the peak of RuO2 but also the clear contribution of Cs2RuO4 to the
spectra.
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could be related to the formation of a mixed compound, we analysed the aerosols by
Raman spectroscopy (as shown in Figure 5.10). The analyses showed the presence of
new bands in the 700-900 cm−1 range compared to the initial mixture, which indicate
the formation of a mixed compound such as Cs2RuO4. In literature no Raman spec-
trum is present for this compound, but because the iso-structural Cs2MoO4 also shows
vibrations between 800-900 cm−1, we inferred the formation of Cs2RuO4. To demon-
strate this a standard of Cs2RuO4 was synthesized, following the procedure described
by Ball et al. [39], the details of which are reported in [40]. The results clearly confirmed
that Cs2RuO4 was formed in the aerosols collected in our experiments.

VAPORIZATION PROCESS

The thermochemical equilibrium calculations indicate that Cs2RuO4 is formed. This
leads again to the formation of free gaseous iodine (as shown in reaction 5.2). This
reaction is however favoured just under 1400 K. This, together with the low yield of
this reaction, leads to the formation of a low excess of I(g ) (<0.3% moles with respect
to Cs(g ), as shown in Figure 5.7). The formation of solid Cs2RuO4 thus has a small
influence on the incongruent vaporization of Cs(g ) and I(g ).

2C sI(s) +Ru(s) +2O2(g ) =C s2RuO4(s) + I2(g ) (5.2)

Our vaporization calculations were performed with constant pressure and oxygen
activity, with the same parameters applied for the CsI+Mo mixture. The aerosol com-
position was obtained, as for the precedent sample, by integrating the gaseous molar
release up to the temperature of our experiments and approximating the solid compo-
sition from that of the vapour. The vapour composition over the sample (CsI/Ru 37/63
%wt.) as function of the temperature is shown in Figure 5.7 (b). These calculations
indicate that CsI(g ) will be the main phase released during our experiment. At higher
temperature gaseous RuOx species (RuO3, RuO4, RuO2, RuO) will be formed but the
released quantity of these oxides will be very low. This explains the small quantity of
ruthenium aerosols detected in our experiments. Due to the small excess of free iodine
released (as shown in Figure 5.7 (b) from 700 to 1900 K), it was not detected in our tests.

Also for this tests calculations with constant volume were performed and showed
that the result could be quite different for these two different conditions. Contrary
to what was observed in our experiments, high release of Ru gaseous species (RuO3,
RuO4, RuO2, RuO) was predicted with constant volume, together with a small release
of CsI. This shows that although the experiments are performed in a closed cell, the fact
that the environment is kept at room conditions and not influenced by the insertion
of a small amount of gases at high temperature, will permit the free expansion of the
gases in the experiments with minimum difference to a free environment.

In the KEMS experiments with this powder mixture the formation of Cs2RuO4(g )

was not observed. This could be due to the low yield of the formation of this com-
pound, as calculated by the thermochemical equilibrium calculations.
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Table 5.2: Summary of the main results from the aerosol characterisation and equilibrium vaporization
experiments and calculations for the mixture compounds.

CsI+Mo CsI+Ru
Composition 33/67%wt. 50/50%wt., 37/63%wt.

Laser
vaporization

• Particles with Cs/I ratio
≥1/1 by EDX analyses

• MoO3 particles by Ra-
man spectroscopy

• Cs2MoO4 particles by
Raman spectroscopy

• Deposit of Iodine de-
tected

• Particles with Cs/I ratio
1/1 by EDX analyses

• RuO2 particles by Raman
spectroscopy

• Cs2RuO4 particles by Ra-
man spectroscopy

• No deposit of Iodine

KEMS
experiments

• Formation of Cs2MoO4

detected
• Formation of Cs2RuO4

not-detected

* Parameters applied for all calculations were a fixed pressure of 105 Pa and fixed
O2 activity at 0.21, using the equilibrium module of Factsage.

5.5. DISCUSSION AND CONCLUSIONS
Our study has shown that the metallic fission products molybdenum and ruthenium
can react with CsI in oxidising conditions. This leads to the formation of free (molec-
ular) iodine as a result of the breaking of the CsI bond, due to the formation of new
chemical compounds (Cs2XO4). For the case of CsI and Mo, this will have a substantial
impact as an increase of the iodine gaseous release was observed both in the calcu-
lations and also in the experiments. On the other hand Cs will be trapped in the less
volatile compounds Cs2MoO4 or Cs2RuO4 with respect to CsI, but this effect was much
smaller in case of Ru. The SEM/EDX analyses and the thermochemical equilibrium
calculations have shown that the new compound (Cs2RuO4) forms with low yield and
it has a small contribution to the total release. Since its vapour pressure is similar to
that of the RuO4, this will not lead to substantial differences in the radioactive release
of ruthenium.

For the CsI-Mo sample the experiments showed a dependence of the chemical
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composition as function of the particles AED diameter. The smaller particles were
mainly composed of MoO3 agglomerates, while the bigger particles contained mainly
CsI. In the middle AED range finally the Cs2MoO4 compound was detected. This
chemical size partition must be considered when assessing the radiological effects of
an environmental release. The size of the particles is in fact one of the most important
parameter influencing the air-borne transport and thus the health risks associated
with their inhalation. Finally the low release of Ru in the experiments with mixed
CsI-Ru powder, did not permit to evaluate such behaviour.

Precedent studies conducted by Gouello et al. and Vér et al. [16, 24] have shown
the possibility of reaction of Cs with metallic fission products during nuclear reactor
accidental scenarios. Gouello et al. observed the formation of cesium molybdates
from CsI and MoO3 vapours in steam [16] during simulated accidental conditions
using a thermal gradient tube, indicating that the reaction could have an effect on the
iodine release. Vér et al. observed a delay on the release of Ru when Cs was present
[24], and related this to the formation of cesium ruthenate, but its formation was not
demonstrated directly. Our laser heating experiments for CsI-Mo and CsI-Ru mixtures
in air have clearly demonstrated that these intermediate compounds (Cs2XO4) are also
formed during very rapid thermal transients in air indicating that the kinetics of the
reactions are favorable under these conditions as well. In the case of CsI-Mo we have
also observed the concomitant formation of free iodine. Finally, KEMS equilibrium
measurements performed in our study on the same mixtures in air showed the forma-
tion of Cs2XO4 only in case of CsI-Mo mixtures in air, whereas our thermochemical
calculations confirmed the stability of both compounds under equilibrium conditions.

These experiments revealed the rapid kinetics of the metal-cesium reactions in air,
even in absence of steam, thus demonstrating the importance of these gaseous reac-
tions. From the agreement between the results by the laser heating of the samples and
the results for the vapour phase calculated at equilibrium conditions we can conclude
that in these studies near-equilibrium conditions were attained. Thal local equilibrium
conditions can be obtained with laser heating was previously demonstrated by phase
field simulations performed by Welland et al. [41]. On the other hand the quenching
of the vapour is a rapid process, limited by reaction kinetics, and agreement with the
solid phase predicted by the themochemical calculations is less obvious. Therefore
we have used the vapour composition to explain the chemical form of the aerosols
collected in our experiments.

It can be concluded that with our experiments we were able to study the size par-
titioning of the chemical compounds, which could influence the risk associated with
the inhalation of such particles in case of a spent fuel pool dry-out or accident during
transport of spent nuclear fuel. The formation of Cs2MoO4 will lead to formation of
Cs-containing particles of smaller AED and release of molecular iodine.
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6
JOINT RAMAN SPECTROSCOPIC

AND QUANTUM CHEMICAL

ANALYSIS OF THE VIBRATIONAL

FEATURES OF CS2RUO4

M. Naji, F.G. Di Lemma, A. Kovács, O. Beneš, D. Manara,
J.Y. Colle, G. Pagliosa, P. Raison, and R. J. M. Konings

The Raman spectroscopic characterisation of the orthorhombic phase of Cs2RuO4 was
carried out by means of group theory and quantum chemical analysis. Multiple models
based on ruthenate (VI+) tetrahedra were tested and characterisation of all the active
Raman modes was achieved. A comparison of Raman spectra of Cs2RuO4, Cs2MoO4

and Cs2WO4 was also performed. Raman laser heating induced a phase transition from
an ordered to a disordered structure. The temperature phase transition was calculated
from the anti-Stokes/Stokes ratio and compared to the ones measured at macroscopic
scale. The phase transition is connected with tilting and/or rotations of RuO4 tetrahedra
which lead to a disorder at the RuO4 sites.

Parts of this chapter have been submitted and accepted for publication by the Journal of Raman spec-
troscopy (currently under revision).
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6.1. INTRODUCTION
A lot of attention has been devoted to the study of the behaviour of the ruthenium
fission product in nuclear reactor accidents [1–9]. This is because of several factors: its
high specific activity [6], high radio-toxicity for its isotopes 106Ru (half life = 369 days)
and 103Ru (half life = 39.3 days)[7–9] and also to the increase of its quantity with the
fuel burn-up (Ru yield is higher for 239Pu than 235U) [3].

In the case of nuclear severe accidents, mainly gaseous and volatile fission prod-
ucts are released from the damaged fuel, while transition metals such as ruthenium
present in the irradiated fuel would not be released to any significant extent. However,
in highly oxidising atmospheres, especially under steam air conditions, metallic ruthe-
nium can be oxidized to volatile RuO3 and RuO4 at moderately high temperature and
almost completely released from the damaged fuel [10]. According to the Ellingham
diagram, the presence of volatile ruthenium oxides occurs only if the fuel elements
(uranium, plutonium) have previously been oxidized [11]. Important conclusions
concerning the ruthenium release can be drawn also from the Chernobyl accident.
Indeed, the total release of 103Ru was higher than that of 137Cs, corresponding to about
2.9% of the Ru inventory at the start of the accident [12, 13]. Thus, confirming the
possibility of the release of ruthenium outside of the fuel matrix.

When it is released out of the fuel matrix, ruthenium can be found in various
physico-chemical forms, either in simple oxide like RuO3 and RuO4 or in the form of
mixed compounds with alkali metals like Cs, e.g. as Cs2RuO4, and alkali-earth metals
(Ba, Sr) present in large quantity as fission products [3]. Moreover, possible formation
of Cs2RuO4 could increase the volatility of Ru during an accident [1]. The necessity and
importance of studying the Cs-Ru-O system, stand-out first because of the radiological
hazards posed by the volatile nature of its oxides and second to make best estimate
assessment in terms of nuclear safety issues.

In terms of thermodynamic features, the system Cs-Ru-O was only rudimentary
investigated [14–17], no reliable phase diagram has been reported so far in the litera-
ture, most probably because of the unstable character of ruthenium compounds.

Cs2RuO4 belongs to compounds with the general formula A2BX4 [18]. These
are known to crystallize in different type of structures like olivine, spinel, and other
incommensurate phases [19]. The rich sequence of structural phases makes the study
of such compound challenging and calls for a fundamental understanding of the
orientational ordering of BX4 tetrahedra responsible for structure variations.

Raman spectroscopy has been known to provide useful structural information in
various hostile environment like in hot-cells [20, 21]. Thus, vibrational studies of such
materials are of great importance in identifying fission products and their correspond-
ing phases in the fuel or in the aerosols released. Consequently, in order to address a
part of these issues, we investigated the structure of Cs2RuO4 at room and high tem-
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Table 6.1: Crystal structure parameters obtained from the analyses on the room temperature XRD pattern.
Rietveld analysis was performed with the pattern from 20 to 90◦

Atom x y z occ.
Ru1 0.22786 0.25000 0.41787 0.50000
Cs1 0.66740 0.25000 0.41289 0.50000
Cs2 0.48818 0.25000 0.79550 0.50000
O1 0.26607 0.25000 0.54754 0.50000
O2 -0.00432 0.25000 0.414119 0.50000
O3 0.28954 0.50439 0.365442 1.00000

Note: The atomic positions (in fractional coordinates) and site occupation parameters were refined in the space group
Pnma. (Note a=8.4973 Å; b= 6.4682 Å; c= 11.4546 Å; Bragg R-factor = 10.3 ; Rf-factor = 9.26).

perature. A complete vibrational study of this compound by means of Raman spec-
troscopy will be provided. We succeeded to combine group theory analysis and quan-
tum chemical calculation to attribute all of the observed Raman bands. We found a
phase transition, induced locally by Raman laser heating experiment.

6.2. EXPERIMENTAL

6.2.1. MATERIAL SYNTHESIS

The polycrystalline sample Cs2RuO4 was prepared by solid state reaction of Cs2O and
RuO2, following the same procedure described in [15]. Cs2O was obtained from the
decomposition of Cs2CO3, performed in a furnace at 925 K overnight in a constant
flow of purified O2 gas. The material was contained in an iridium-platinum boat, and
heated with a ramp of 10 K/min. The obtained Cs2O powder was mixed in stoichio-
metric quantity with RuO2 powder and heated stepwise in a silver boat up to 700 K in a
flow of purified oxygen. The resulting material was then grinded and heated in a gold
boat up to 1075 K. The purity of Cs2RuO4 powder was confirmed by X-ray diffraction
measurement at room temperature.

6.2.2. INSTRUMENTAL METHODS

X-RAY DIFFRACTION

Room temperature X-ray data of the final compound Cs2RuO4 was obtained on Bruker
D8-Advance diffractometer equipped with a germanium monochromator and using
CuKα1 = 1.5406 Å radiation, the data were collected between 10◦ and 120◦ with steps of
0.009◦ (2θ) and a counting time of 8 s per step. The powder was kept in an argon dry
glove box before measurement, due to the hygroscopic character of the compound.
Then, it was mixed with an Epoxy resin to avoid reaction with humidity during the
measurement, which was performed in air. The room temperature X-ray powder pat-
tern of Cs2RuO4 was fitted to the calculated one using a full-profile analysis program
[22] to minimize the profile discrepancy factor Rp. The refined structural parameters
for Cs2RuO4 are given in Table 6.1 and shows a good agreement with those reported in
[14].
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RAMAN SPECTROSCOPY

Raman micro-spectroscopy measurements were carried out with a Horiba Jobin -Yvon
T64000 spectrometer, used in the single (for Stokes lines acquisition) and in the triple
additive spectrograph configuration (for anti-Stokes/Stokes measurements). Raman
backscattering was excited with an Ar+ laser working at 514.5 nm (2.41 eV). The crys-
talline powder was loaded inside an argon glove box into a Plexiglas sample holder with
a quartz window and was subsequently sealed. The laser was then focused onto the
sample using an objective of x50. The power at the surface of the sample was measured
by Coherent power-meter placed at the sample position. The Raman spectrometer was
calibrated using a Si single crystal, and the correct shift was maintained for all samples.
A calibrated white light source combined with a fiber optic was used to correct Raman
spectra for instrumental response. The recorded “response" spectrum was compared
with a “reference" spectrum having a known output of intensity vs. wavelength. The
correction function f (λ) is calculated as :

f (λ) = [r e f er ence]/[r esponse] (6.1)

Each spectrum acquired is multiplied by the correction factor to yield the corrected
spectrum.

6.2.3. COMPUTATIONAL DETAILS
The Density Functional Theory (DFT) calculations have been performed by means of
the Gaussian09 code [23] using the B3LYP exchange-correlation functional [24, 25].
The small-core relativistic pseudopotentials of the Cologne-Stuttgart group were used
for the heavy atoms: that of Ru Mo contained 28 electrons in the core ([Ar] 3d10,
ECP28MDF) [26], that of Cs 46 electrons ([Kr]4d 10, ECP46MDF) [27], while that of W
60 electrons ([Kr] 4d 10, 4 f 14, ECP60MDF) [28]. Basis sets of quadruple-zeta quality
were applied for the 4s, 4p, 4d, 5s electrons of Ru and Mo [27] and for the 5s, 5p, 6s
electrons of Cs [26] and for the 5s, 5p, 5d and 6s electrons of W [28]. For oxygen the
correlation-consistent cc-pVQZ basis set [29] was used. Both singlet and triplet spin
multiplicities were considered in all the model structures. The geometry optimizations
were performed without any geometry constraint. The harmonic vibrational frequen-
cies together with Raman activities were calculated for these optimized geometries.
In order to be consistent with the experimental Raman spectra, the calculated Raman
activities were corrected for the wavelength of the excitation laser line (514.5 nm, Ar)
[30, 31].

6.3. RESULTS AND DISCUSSION
The Raman band assignment of Cs2RuO4 was performed by a coupling of symmetry
selection rules as predicted by group theory and quantum chemical analysis. Figure
6.1 shows a representative Raman spectrum of Cs2RuO4 in the 200 – 1000 cm−1

wavenumber range, measured at room temperature for an excitation line of 514.5 nm
and a power of 2 mW at the sample surface. To extract the damping coefficients and
frequencies of the characteristic modes, the spectrum was fitted to a sum of Lorentzian
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lines (as shown in Figure 6.1). Table 6.2 lists all the frequencies ν and the damping
coefficient Γ of the observed bands. All bands exhibit a rather narrow width, and are
located below 1000 cm−1, which is the usual case for these kind of A2XO4 (A= Na, K, Rb,
Cs and X= Mo, W) compounds [32–37]. Moreover, except a change of the background
shape when changing the excitation energies (from 2.41 eV to 1.92 eV), we did not
observe any significant change either in the intensity nor in the wavenumber of these
modes, confirming the non-resonant character of the observed modes.
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Figure 6.1: Room temperature Raman spectrum of Cs2RuO4 (full circles) simulated with a sum of Lorentz
bands (solid line). Power at the surface of the sample was 2 mW.

6.3.1. GROUP THEORY ANALYSIS
The room temperature Cs2RuO4 crystal structure belongs to space group Pnma
with one ruthenium, two caesium and three oxygen independent atoms and it has 4
formula units per unit cell [14].

Applying the group theory analysis (GTA), the fundamental modes at the Γ point
(k=0) are distributed in terms of the irreducible representations of the factor group
D2h as:

Γ = 13Ag + 8Au + 8 B1g + 13B1u + 13B2g + 8B2u + 8B3g + 13B3u .
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Where B1u , B2u and B3u are acoustic modes. The vibrations belonging to Ag , B1g ,
B2g and B3g irreducible representations are Raman active modes.

Since the polarized Raman analysis is not possible in this case (crystalline pow-
der), in order to make a complete assignment of the Raman modes of Cs2RuO4 in its
orthorhombic phase, we took benefit of two observations : First, the Cs2RuO4 spec-
trum is made of two main envelopes. One asymmetric at low frequency, and a triplet
at high frequency. The latter is very likely the sum of bands split from a vibrational
mode of higher symmetry. Second, the Cs2RuO4 crystalline structure is made of iso-
lated ruthenate RuO2−

4 species. Hence, some correlation should exist between their vi-
brational modes. Therefore, we used the correlation diagram between the “free ion →
site group → factor group” to predict the allowed fundamental modes and their conse-
quent splitting (crystal field effect). The correlation diagram is presented in Figure 6.2.

Figure 6.2: Correlation diagram for RuO2−
4 in the orthorombic structure. Correlation between Td point

group, Cs site symmetry and D2h factor group.

The free RuO2−
4 ion in Td symmetry exhibits four vibrational Raman active modes

A1, E and 2T2. The atomic vector displacement analysis performed through the anal-
ysis of the symmetry adapted modes for a given orbit shows that two modes are pre-
dominately of stretching type ν1(A1) and ν3(T2) and the rests are bending ν2(E), and
ν4(T2). Raman tensors related to these irreducible representations predict that all the
modes except for A1 have non-zero polarizability coefficients in the off-diagonal ma-
trix. Therefore, only the A1 mode is polarized. In the Cs2RuO4 crystal, the site sym-
metry is lower than Td and the site group analysis allows us to predict the consequent
splitting of RuO2−

4 ion modes. The doubly and triply degenerate modes (E and T2) are
smoothed out, resulting in the emergence of two bands for ν2 (A′+A′′) and three bands
for ν3 and ν4 (2A′ + A′′). Moreover, the crystal field effect leads to the splitting into
eight non-degenerate modes: four for A′ and four for A′′ symmetries (Figure 6.2). As
said above only vibrations belonging to Ag , B1g , B2g and B3g are Raman active. There-
ofore, we have used the GTA analysis to predict all the Raman active modes for Cs2RuO4

and we correlated them to those of the RuO2−
4 free ion. Now, to assist the assignment
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of the Raman spectrum shown in Figure 6.1, we have preformed quantum chemical
calculations.

6.3.2. QUANTUM CHEMICAL ANALYSIS

Properly chosen small model structures have often been successfully applied in the
literature for characterisation of the main crystal vibrations [38–41]. Such models
work well in cases when the main moiety of the compound interacts only weakly with
the surroundings. The weak interactions of the RuO2−

4 moiety with Cs in crystalline
Cs2RuO4 satisfies this requirement. We probed three model structures (as shown in

[a] [b] [c]

Figure 6.3: The model structures of: (a) RuO2−
4 , (b) Cs2RuO4 and (c) Cs4RuO2+

4 .

Figure 6.3) for description of the vibrational spectra of solid Cs2RuO4. In the crystal,
the RuO4 moieties are distinct units: each Ru is four-coordinated, the four oxygens
surround the metal in a distorted tetrahedral arrangement. Our first (simplest) model
was the RuO2−

4 ion. From the possible two spin multiplicities (singlet, triplet) the
triplet one is more stable (by 70 kJ/mol), hence we considered only the data for that
state. The Ru-O bond distances of RuO2−

4 are in good agreement with the experimental
ones (as shown in Table 6.3). Similarly, the calculated Raman spectrum describes well
the main features of the experimental Raman spectra (reported in Figure 6.4). These
are the symmetric and one of the asymmetric RuO stretching modes at around 800
cm−1 and the twisting deformation mode at around 270 cm−1. The wavenumbers are
in remarkably good agreement (6.2), while the calculated Raman intensities are too
strong in the low-wavenumber part of the spectrum.

Table 6.3: Comparison of selected geometrical parameters (Å, deg.) of Cs2RuO4 with the calculated ones of
the models RuO2−

4 , Cs2RuO4 and Cs4RuO2+
4 .

Parameter X-Ray Calculated
Cs2RuO4 RuO2−

4 Cs2RuO4 Cs4RuO2+
4

Ru-O 1.752-1.774 1.785 1.777 1.777
Cs-O 3.037-3.126 - 2.764 3.026
O-Ru-O 107.4-111.9 109.5 102.9 118/105.4
Ru-O-Cs 106.1-160.8 - 98.4 99.5
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The RuO4 moieties are connected by Cs atoms in the crystal and these Ru-O-Cs
interactions (resulting also in the distortion of tetrahedral RuO4) modify somewhat the
vibrations of the RuO4 moiety with respect to the simple RuO2−

4 model. In addition,
CsO vibrations appear in the spectra too. The interactions of RuO2−

4 with Cs atoms
were assessed by two model structures: Cs2RuO4 and Cs4RuO2+

4 . The second model
with two Cs atoms around each oxygen resembles more the surrounding of oxygens in
the crystal. Again two spin multiplicities (singlet and triplet) were considered, and the
triplets were found to be more stable by 52 and 34 kJ/mol for Cs2RuO4 and Cs4RuO2+

4 ,
respectively. These triplet data are presented and discussed in the following.

From the two models the geometrical parameters of Cs4RuO2+
4 agree well with the

crystal structure data (cf. Table 6.3). The computed Ru-O bond distance is marginally
larger, while the Cs-O bond distance is marginally shorter than those determined
for the crystal. Due to the inherent Cs-O interactions in Cs2RuO4 as compared to
Cs4RuO2+

4 and the solid state, the Cs-O bonds are considerably (by ca. 0.3 Å) shorter
in Cs2RuO4. This results in considerably stronger Cs-O interactions in the latter model
but, does not affect notably the Ru-O interactions, because the Ru-O bond distance is
exactly the same as in the Cs4RuO2+

4 model. Therefore, on the basis of the geometrical
properties, both models are expected to describe well the vibrations of the RuO4 moi-
ety, while Cs2RuO4 may fail for fundamentals containing significant CsO contribution.

The calculated vibrational spectra of the two models are compared with the
experimental one in Figure 6.4. Both models describe well the RuO stretching range
of the Raman spectrum with the one intense and two weaker bands in the range of
700-900 cm−1. Also the intense RuO2 twist around 300 cm−1 can be well recognized in
the spectra of the two models. Hence the calculations support the attributions of the
above mentioned RuO stretching and twisting vibrations based on RuO2−

4 model. The
weak fundamentals at 325 and 248 cm−1 (having the same symmetry and character)in
the calculated spectra of Cs2RuO4 and Cs4RuO2+

4 , respectively, may be associated
with the weak feature at 245 cm−1 in the experimental spectrum. According to the
calculations it may corresponds to RuO2 bending. We note that the frequency of
this vibration in Cs2RuO4 is higher by ca. 80 cm−1 due to the more strained O-Cs-O
arrangement in this model structure.

In general, the calculated Raman spectrum (both the wavenumbers and intensi-
ties) of Cs4RuO2+

4 is in somewhat better agreement with the experimental spectrum
than the calculated one of Cs2RuO4. The latter shows two bands below 200 cm−1 with
considerable intensity which cannot be recognized in the experimental spectrum. Ob-
viously, this is the consequence of the different CsO interactions in this model. Accord-
ing to the calculations the CsO stretching modes can be expected between 75-300 cm−1

mostly mixed with RuO4 deformation, while the CsO deformation vibrations mixed
with RuO4 deformation probably below 100 cm−1. Two very weak bands can be recog-
nized around 100 cm−1 in the Raman spectrum of the solid. The computed data and
the proposed characterisation of the experimental Raman bands are compiled in Ta-
ble 6.2. We note the opposite order in the wavenumbers of the A1/B1 deformation and
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Figure 6.4: Comparison of the experimental Raman spectrum of solid Cs2RuO4 (bottom) with the calculated
ones of the models RuO2−

4 , Cs2RuO4 and Cs4RuO2+
4 .

B2/E asymmetric stretching vibrations of the Cs2RuO4 and Cs4RuO4
2+ models. This

is due to the different arrangement of Cs around the RuO4
2− moiety in the two model

structures.

6.3.3. COMPARISON WITH RUTHENATE AND OTHER TETRAOXY-SPECIES

As stated above, vibrational data on ruthenium tetraoxide and related compounds
are lacking from literature. Therefore, we compared our results with those found for
liquid ruthenium tetroxide RuO4 and with the one of crystalline K2RuO4 [42, 43]. The
Raman spectrum of liquid ruthenium tetroxide exhibits four bands: polarized intense
band at 882 cm−1 attributed to ν1(A1), a depolarized band at 323 cm−1 assigned to
ν2(E) and two additional bands at 914 cm−1 and 334 cm−1 to be ν3(T2) and ν4(T2),
respectively [42, 43], while for the isostructural K2RuO4, the Raman spectrum presents
Raman bands related to ν1, ν2, ν3 and ν4 [43]. Except a slight shift in the wavenumbers
our spectrum agrees well with literature. Unfortunately, other oxo-ruthenate related
compounds such as Na2RuO4, cannot be taken into consideration for a comparison
purpose since they do not have the same tetrahedral structural units [44, 45]. In these
compounds, ruthenium atoms were found to form trigonal bipyramids [44, 45]. Con-
sequently we have compared the vibrational properties of Cs2RuO4 to its molybdate
and tungstate analogues. Raman spectra of Cs2MoO4 and Cs2WO4 were recorded
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Figure 6.5: Experimental Raman spectra of Cs2WO4, Cs2RuO4,and Cs2MoO4 at room temperature. Power
at the surface is 2 mW.

at room temperature under the same conditions described above. The computed
Raman spectra of the WO4

−2, RuO4
−2, MoO4

−2 species show the same characteristic
differences as the experimental ones (these spectra are shown in Figure 6.5).

In contrast to cubic systems of M2XO4 (M= Na, K) and (X= Mo, W) [33, 35], the
analogues caesium compounds crystallize in an orthorhombic symmetry. Within the
instrumental uncertainty the phonon wavenumbers of Cs2MoO4 and Cs2WO4 shown
in Figure 6.5 agree well with those reported in literature [46]. We note that in [46], the
band centered at 881 cm−1 for Cs2MoO4 was reproduced with only one mode, whereas
in our spectrum we observe a small shoulder at 893 cm−1 too. A similar band was
observed in the high temperature orthorhombic phase of Na2MoO4 as well as in its
room temperature hydrated one Na2MoO4.xH2O (orthorhombic phase), that is due to
the high distortion of the tetrahedral molecular symmetry of MoO2−

4 [34]. Regarding
Cs2WO4, its phonon wavenumbers fit well with the ones reported for Rb2WO4 [36].
Comparing MoO2−

4 to WO2−
4 , the fundamental modes of the latter moiety are generally

blue-shifted. The larger stretching frequency of the WO4 moiety as compared to MoO4

is attributed to the larger relativistic effects in W, which result in shorter bond distance
and larger stretching force constant for WO4. This feature characteristic for elements
in the 5. and 6. rows of the periodic table is well documented [47, 48]. As the shorter
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bond distances mean larger electron densities within the bonds, their repulsion can
results in larger bending force constants too. Hence the blue shift of the fundamentals
of WO2−

4 .

As can be seen in Figure 6.5, all the bands of Cs2RuO4 are red-shifted with respect to
Cs2MoO4. This is in agreement with the larger mass of Ru with respect to Mo (being in
the same row of the periodic table). The magnitude of the shift, however, may suggest
an additional origin. In Cs2XO4 (Ru, Mo, W), the electronic configuration of Ru(VI+) is
[K r ]4d 2, whereas Mo(VI+) and W(VI+) exhibit both d 0 configuration in their valence
shell. The electronic structure of the central atom directs towards tetra coordination.
While for Cs2XO4 (X= Mo, W, Ru) the coordination number of the central atom is the
same, the ligand field is different. In RuO2−

4 a ligand field stabilization for d 2 occurs
being different from those for d 0 configuration. This may induce an effect resulting in
a loosening of the force constants, and consequently in red shifts.

6.3.4. LASER HEATING INDUCED PHASE TRANSITION
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Figure 6.6: 3D plot showing the dependence on laser heating for the Raman spectra of Cs2RuO4 heated with
514 nm (Ar+)laser. The x-axis represents the wavenumbers, y-axis shows the laser power measured at the
sample surface and z-axis (change of colors) represents the variation of Raman intensity. Intensity increase
from blue to red. Arrows indicate appearance of Raman modes above 36 mW (shown with dashed line).

Laser Raman spectroscopy represents a powerful tool for the in situ investigation
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of structural changes. A large number of laser induced phase transitions and oxidation
studies using this technique have been conducted on a wide range of materials. In
this experiment, we irradiated the sample surface with different powers and simul-
taneously collect the Raman spectra. Figure 6.6 represents a three-dimensional plot
of Raman spectra acquired at different laser power. The x-axis corresponds to the
wavenumber, the y-axis is the laser power measured at the sample surface, while
the color change represents the change of the Raman intensity in increasing scale
from blue to red. Upon increasing the laser power in the 2-36 mW power range, the
Raman spectra remains qualitatively the same. The wavenumbers of all peaks exhibit
relatively weak power dependence, except for the band at 237 cm−1, which exhibits a
weak band-width change due to the anharmonic effect introduced by the increase of
temperature when the laser power is increased. The Raman spectra change drastically
above 36 mW (dashed line in Figure 6.6). The changes in the Raman spectra are very
impressive i.e. some Raman bands split and new bands appear in the wavenumber
range between 237-400 cm−1 and 700-850 cm−1 (illustrated with arrows in Figure 6.6).
Appearance of new modes reveal in most cases a reduction of the crystal symmetry,
here most probably because of rotational/translational changes of RuO4 tetrahedra.
Furthermore, appearance of these new modes in the Raman spectra is accompanied
with an increase of the band-widths of the observed bands indicating that some
disorder is introduced in the new structure.

A phase transition for Cs2RuO4 was observed by differential scanning calorimetry
(DSC) at 907 K by Ball et al. [49]. Moreover some unpublished high temperature phases
can be found in ICDD Database for Cs2RuO4, these being related to an hexagonal and
a tetragonal crystal structures. The former was obtained at 975 K by van Vlaanderen,
et al. [50], while the latter one by Range and Wolffram at 423 K [51]. Finally a phase
transition has been reported for the iso-structural compound, Cs2MoO4 by Wallez et
al. [46]. Furthermore, high temperature XRD measurement was performed to evaluate
the phase transition of Cs2RuO4 (not shown here). Around 875 K the appearance of
new bands in the XRD pattern could be observed, this transition was completed at 975
K. The new pattern is similar to the one of van Vlaanderen [50].

The scenario of the laser induced phase transformation could be proposed as
follows: from a thermal point of view, the large temperature gradient present in the
spot heated by the laser will result in thermal stresses. These induce a gradient of
lattice constants and enhance the degree of freedom of species. Thus, permit the
rotation and also translation of RuO4 tetrahedra and Cs atoms, resulting in a more
disordered system as indicated by the broadening of the Raman bands. Consequently,
the system undergoes a phase transition similar to that reported for Cs2MoO4 [46].

The thermal effect of a laser beam is the result of its absorption by the sample. It
is evident that the absorptivity of Cs2RuO4 in the wavelength range of the laser is very
high as shown by the red shifts of bands and also the increase in band-widths. At laser
power higher than 36 mW, the heating effect is directly observed by the CCD camera
image of thermal radiation from the laser-heated spot. To estimate the temperature
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at the surface of the sample, different methods can be used. In this study, we have
recorded the Stokes and anti-Stokes lines as a function of the laser power. Figure 6.7
(a) shows some selected Stokes and Anti-Stokes Raman spectra of Cs2RuO4 obtained
with a stepwise increase in laser power. As described in the experimental methods,
the intensities were corrected for the spectral responses of the optical system and the
CCD detector (quantum efficiency) and the sample was maintained in a sealed sample
holder. Using the following equation (eq. 6.2) based on the Boltzmann distribution of
modes between energy levels one can give a good estimate of the temperature at the
surface of the irradiated spot.

Ianti−Stokes

IStokes
= (ν0 +ν j

ν0 −ν j
)4e

− hcν j
kB T (6.2)

where ν0 and ν j are the wavenumbers of the excitation line and the Raman modes,
respectively, Ianti−Stokes and IStokes are the intensities of the anti-Stokes and Stokes
Raman peaks, kB is the Boltzmann constant, c is the speed of light and T is the
temperature. Intensities and wavenumbers of the B1g mode at 270 cm−1 were used
as input parameters. Figure 6.7 (b) shows the calculated correlations between the
laser power and sample temperature. The sample temperature calculated from the
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Figure 6.7: (a) Selected Raman spectra collected from Cs2RuO4 with a stepwise increase in laser power
showing, showing the Stokes and anti-Stokes low wavenumber region [200-400]cm−1. (b) Correlation of the
laser power with a local temperature of the sample evaluated with the method described in equation (6.2).
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anti-Stokes/Stokes method gives rather satisfactory results and we estimate a phase
transition temperature at around 571 K. However one has to be cautious in interpret-
ing these values. The estimation of the accuracy seems to be difficult especially at
high powers where the fluorescence level in the spectra becomes more dominant.
Furthermore, as all the observed modes broaden at high temperature, the evaluation
of their corresponding intensities can be also a source of uncertainty, mainly because
of band overlapping (Figure 6.7 (b)).

Prior to conclude on this study, one has to comment the phase transition tem-
peratures obtained from Raman spectroscopy (571 K) and from DSC and XRD data
(875-975 K). The temperature measured from the ratio of anti-Stokes/Stokes Raman
modes corresponds more or less to a temperature at the sample surface with a size
∼ 1µm2. Furthermore, it is expected that the central point of the laser beam impact
would undergo the greatest heating effect, with a reduction at increasing displacement
radii. Thus, the temperature is not uniform in the irradiated surface. The time for
the laser to heat the monitored sample area (determined by the diameter of the slit
entrance of the spectrometer) to a uniform temperature, must depend on the laser
power. Therefore, this reveals the kinetic character of the probed phenomenon.
Consequently, the calculated temperature is then an average temperature of probed
surface and is different or at least difficult to correlate with the one obtained from DSC
or XRD measurements where the sample is held under thermodynamic equilibrium.

6.4. CONCLUSIONS

In this study, we have provided the Raman vibrational features of the orthorhombic
phase of Cs2RuO4. By coupling group theory to quantum chemical analysis we
succeeded to attribute the Raman active modes of its orthorhombic room temperature
structure. Raman laser heating caused multiple spectral changes and appearance
of new modes characterized by an increase of the band-widths of the bands. Thus
suggesting that a phase transition from an ordered to disordered symmetry has
occurred. This latter was confirmed by high temperature X-ray measurement. The
new structural phase is connected with tiling and or rotations of RuO4 tetrahedra
which, leading to a disorder at the RuO4 sites. The temperature phase transition was
calculated from the anti-Stokes/Stokes ratio and compared to the one obtained from
other measurements. Thus, the temperature induced structural changes, must play an
important role in the adhesion of the Cs2RuO4 at the fuel’s surface when undergoing
thermal variations.
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7
DISCUSSION AND CONCLUSIONS

7.1. SUMMARY OF THE RESULTS
The aim of this work was to characterise the aerosols released during accidents and
sabotage involving nuclear and radioactive materials, focusing on the understanding
of the aerosol formation processes and the chemical reactions taking place. Our
analyses described the morphology, the size distribution and the chemical and ele-
mental composition of the particles as function of their size (measured by their AED,
Aerodynamic Equivalent Diameter). These data are important for the risk assessment,
as they can help to improve the assessment of the source term related to different
Radiological Dispersion Events (RDE’s). They can be used as input for codes determin-
ing the extension and level of of the contaminated area (such as ARGOS [1], RODOS
[2], HOTSPOT [3]). In particular if following a RDE a partitioning of the radioactivity
in the aerosols as function of their size occurs, the results of these codes could be
influenced. These codes consider currently only a homogeneous distribution of the
radioactivity in the different size ranges. Finally the size characterisation of aerosols
is also useful for assessing the risk associated with the inhalation of the radioactive
particles released.

A new experimental set-up (RADES, Radiological Dispersion Events Set-up) was
developed for the purpose of producing and characterising aerosols from RDE’s.
This was tested on a wide range of materials and has proven to be suitable for the
production and collection of aerosols under controlled laboratory conditions. The
set-up permits to analyse the effect of different variables on aerosols characteristics by
separate effect studies. In particular the effect of the chemical interactions between
different materials or different atmospheres can be investigated. Laser heating was
newly applied in our experiments for the production of aerosols from RDE’s. Previous
studies, as presented in Chapter 1, applied laser heating to investigate thermo-physical
properties of radioactive and non-radioactive materials [4–6] or used laser heating
only to simulate RIA (Reactivity Initiated Accident) [7, 8]. The choice of a laser heating
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technique, over other available heating techniques (e.g. spark generator, furnace
technology, plasma generator) is related to specific experimental requirements, such
as: avoiding interaction of the sample with supports or heating elements (as laser
heating is a self containing system); the possibility of avoiding contamination of the
heating system when using radioactive materials; obtaining a precise and flexible
control on the heating transient (by a PID controller); and reaching extreme conditions
(such as rapid-high-temperature transients).

Moreover the feasibility of different analytical techniques for the characterisation
of aerosols, such as SEM/EDX, Raman Spectroscopy, and ICP-MS, was investigated.
These analytical techniques have proven to work in synergy to provide a complete
characterisation of the aerosol release. For example by the post-analyses of the
particles collected with the MOUDI impactor we gained information about the size
distribution. By analysing separately each impactor stage by Raman spectroscopy
and ICP-MS we investigated the trends of the chemical and elemental composition
as function of the particles AED. The morphology and elemental composition of the
aerosols was finally studied by SEM/EDX. In addition the aerosol formation process
was investigated by studying the aerosol gaseous precursors, using thermochemical
equilibrium calculations (by FactSage software [9, 10]) and experimental vaporization
studies (with the Knudsen Effusion Mass Spectrometer, KEMS described in [11, 12],
and in Appendix B). These techniques permit in fact to study the gaseous release
and the chemical reactions, which form the aerosols and influence their chemical
compositions.

The RADES set-up was applied to study different release scenarios including dirty
bombs detonations, release from simulated spent nuclear fuel under accidental and
sabotage scenarios and also to investigate chemical reactions which can influence
the radioactive release from nuclear fuel. From the first case studied, dirty bombs
detonations, we could identify different morphological features of the aerosols. The
aerosols give rise to a bimodal size distribution, consisting of micrometer particles
(related to the thermo-mechanical shock on the pellet), and agglomerates of nano-
metric particles (related to the condensation of the vapour formed). The smaller
nanometric particles agglomerate during transport due to the high number of primary
particles. The bigger particles instead were collected as spherical particles, which were
related to the ejection of liquid material from the laser melted area, and also as solid
fragments, released from the un-melted pellet. A similar bimodal size distribution
and morphology of the particles were observed also for large scale tests [13, 14]. The
authors of these studies performed explosive experiments with simulated Radioactive
Dispersion Devices (RDD’s, a.k.a. dirty bombs), consisting of explosive and inactive
simulates for the radioactive source. They give a similar explanation of the formation
of the analysed particles, relating the bigger particle (>10 µm) to the mechanical shock
created by the explosion, while the smaller particles were related to the vaporization
process. However the fractional release between the two aerosols size ranges cannot
be reproduced in our experiments, due to the impossibility to control and scale the
shock wave. The mechanical shock in our tests is related only to the thermal shock
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on the pellet induced by laser heating and not to an explosive event. The aerosols
formed from the vaporization process instead can be simulated, as the experiments
permit to reproduce a fast-high-temperature gas release rapidly quenched by a cool air
environment. Thus this vaporization process will lead to the formation of nanometric
primary particles. On these particles high attention for the risk assessment is focused
due to their long range transport in the environment and their high probability of
deposition in the lungs when inhaled. Thus our set-up can be applied to study the
formation and characteristics of these particles. We do not pretend with our tests
to give a complete simulation of a RDD, but instead we aimed at investigating the
influence of different variables on the aerosol formation mechanism by separate effect
studies, such as the influence of the interaction with other materials.

From the experiments simulating the nanometric aerosols generated by a dirty
bomb detonation (as shown in Chapter 3) different features of the particles were
observed for the sources tested (CsCl, Ir, Co, SrTiO3). These lead to identify the CsCl
source as potentially the most dangerous mainly due to its higher release. In these
studies we tested also the influence of cladding materials (tungsten and/or stainless
steel) on the aerosols characteristics, while previous studies investigated the influence
of soil and/or explosives [13, 14]. From our experiments we identified two different
interaction phenomena between source and cladding materials. The first consists of
a solid phase agglomeration and was observed when the material did not chemically
react with the source tested (for example when applying stainless steel as cladding
material). In this case the initial compounds will vaporized separately and condense
forming separate primary particles. These will then agglomerate forming mixed
agglomerates. In the second case, as observed for tungsten as cladding material, the
compounds can react in the gas phase generating a new compound which will then
condense. In this case we could detect by Raman spectroscopy a new chemical com-
pound in the aerosols. The formation of the new compound could affect significantly
the risk assessment since the radioactive element will be confined in a compound with
different thermal-physical properties, influencing its release and the aerosols charac-
teristics. We also tested mixtures of cladding materials to simulated multiple cladding
layers. These tests showed that an interaction between multiple claddings can also
affect the release as it could prevent the interaction of one of the cladding layers with
the source material. It must be investigated if thede interactions could occur in a real
RDD explosion. In summary our experiments showed that the claddings can affect the
release by the formation of new compounds with different properties or by a different
agglomeration behaviour. This can finally lead to a modified size distribution and
to a different elemental and chemical speciation of the aerosols as function of their
size. This latter effect can influence also a radioactivity partitioning in the aerosols,
with finally an effect on the results of codes calculating the radiological consequences
of such events. Similar effects were observed when analysing the influence of other
materials on the aerosol release [13, 14]. Harper et al. [13] concluded that materials
can interact with the radioactive materials by agglomeration and/or coagulation and
affect the size of the "radioactive" particles. Thus we can conclude that in their tests
no chemical reactions were observed. Lee et al. [14] indicate also an effect of the
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soil and explosive on the release of CsCl, such as the formation of mixed aerosols
containing both carbonaceous materials and simulated source materials (CsCl), or a
different ratio of Cs and Cl in the aerosols. They could not assess the cause of such
effects (e.g. chemical reactions or agglomeration phenomena). The comparisons with
previous experiments show that by these separate effect studies we can effectively
studies the aerosol formation mechanisms, the chemicals reactions, and moreover
observe their different influence on the aerosol characteristics. However for the im-
provement of the simulation of such scenarios, new studies should be conducted with
a different system able to deal with non-homogeneous source, and able to simulate the
dynamics of the reactions between multiple layer claddings and the radioactive source.

The second study (presented in Chapter 4) had the aim of describing the aerosol
release from simulated spent nuclear fuel, in view of accidents and sabotage involving
spent fuel storage or during spent fuel transport. Spent fuel safety has become of
high interest after the Fukushima accident. While extensive research was performed
on release from nuclear reactor accidents [15–25], less work has been performed
on release from spent nuclear fuel [26, 27]. In this study laser heating was used to
vaporize the simulated spent nuclear fuels and to produce aerosols under repeatable
high temperature transients, by the PID control of the laser power. In particular, we
wanted to analyse the aerosol size distribution and the fission products partitioning
in the different aerosol size ranges, as these can have an effect on the risk assessment
by an element specific partitioning in the aerosols. Different simulated spent nuclear
fuels were tested and showed a similar trend for the size distribution, morphology and
elemental size partitioning of the aerosols. The higher volatile elements were enriched
in the smaller particles (e.g. Cs, Ru, Mo), while the lower volatile elements were
concentrated in the bigger particles (e.g. Ce, Ba, U as shown in Figure 7.1). A similar
effect was observed in explosive tests by Molecke et al. [27]. In these experiments
the high volatile elements class, simulated only by CsI, was enriched in the smaller
particles (respirable size range), while the matrix elements (CeO2, or depleted UO2)
were observed in the bigger particles. In our separate effect studies we were further
able to correlate this partitioning phenomenon to the aerosol formation mechanism.
The smaller particles are formed by the condensation of the vapour release (enriched
in high volatile elements), while the bigger particles are formed by the ejection of liquid
or solid material from the pellet (enriched in low volatile elements). This partitioning
of the radioactive elements as function of size ranges can have a high influence on
risk associated to the inhalation, as highly radio-toxic elements are concentrated in
the respirable fraction. On the other hand by separate effect studies we observed that
the aerosols containing the dangerous radioactive element Pu, simulated by Ce, will
be concentrated in the particles with bigger AED. Thus this elemental partitioning
can lead to radioactivity redistribution in the aerosols as function of the particles size.
Finally uranium was found in high concentration also in the smallest particles (AED
<0.18 µm). This will have an influence on its incorporation in the blood if inhaled by
humans, as the aerosols of such small dimension will have faster kinetics of dissolution
with respect to micrometer particles. Moreover the chemical form of the uranium
aerosols, assessed in our study to be U3O8 and UO2+x , although in the low soluble
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class, will have a faster dissolution with the respect to the starting compound UO2.
Thus they will have a higher health risk.
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Figure 7.1: Example of trends of the elements in the different volatile class for the AECL simfuels, as already
reported in Chapter 4.

These experiments have shown that our novel approach of coupling of the
aerosolization experiments on simulated spent nuclear fuel with the equilibrium va-
porization studies is effective, as it permits to predict the chemical forms of the fission
products in the aerosols, the influence of the oxidising environments on the release
(such as the release of metallic fission products) and to understand chemical reactions
that lead to the formation of new compounds. In particular the thermochemical
equilibrium calculations showed the formation of Cs2MoO4 by the interaction of CsI
with Mo in the simulate fuel, and a possible effect on the release of free molecular
iodine in oxidising conditions. To better study these phenomena we performed some
separate effect studies, investigating the vaporization of mixtures containing CsI and
metallic fission products, as described in Chapter 5.

The study of the interaction of CsI with low volatile metallic fission products
(Mo and Ru) is important, as shown Chapter 4, to understand the reactions taking
place during release from spent nuclear fuel. On the other hand these reactions
were observed in previous studies [28–30] to be important in nuclear reactor severe
accidents, as they could lead to molecular iodine release. In this study the effect of
these chemical reactions on the aerosol characteristics and on the iodine gaseous
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release have been analysed in more detail. The interaction of these compounds in
oxidising conditions can break the CsI bond by the formation of Cs2XO4 (X=Mo, Ru)
species, releasing gaseous I2 at low temperature. From our studies it was observed
that while the reaction between CsI and Mo will have a strong effect on the release, the
reaction between CsI and Ru does not strongly affect the release (in Figure 7.2). It has
been shown that these reactions have fast kinetics, as they were observed also in our
rapid heating experiments and even in absence of steam. Finally these experiments
demonstrated a dependence of the chemical composition as function of the particles
AED for the CsI-Mo mixtures. CsI aerosols were collected mainly in the bigger AED>5.6
µm, while the MoO3 aerosols were collected in the smaller AED<1 µm, and in the
middle MOUDI stages with 1 µm<AED<5.6 µm mixed aerosols containing Cs2MoO4

were observed.

Figure 7.2: Results from the thermo-chemical equilibrium calculations for the two mixtures (CsI-Mo and
CsI-Ru), previously shown in Chapter 5.

Following the importance of the formation of these compounds (Cs2XO4) on the
radioactive release and the lack of a reference Raman spectrum, which is used in this
study to identify the chemical composition of the aerosols, a study was performed on
the crystal structure and vibrational features of Cs2RuO4, asdescr i bed in Chapter 6.
The Raman band assignment of Cs2RuO4 was performed by a coupling of symmetry
selection rules as predicted by group theory and quantum chemical analysis. Finally a
phase transition was observed by Raman laser heating, which caused multiple spectral
changes and appearance of new modes characterized by broadening of the band-
widths. This phase transition was confirmed by high temperature X-ray diffractometer
measurement at 975 K, as already reported in literature by DSC measurements [31].

7.2. OUTCOME
The main outcome from our studies can be summarized as follows:
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• A new set-up to simulate release from radioactive and nuclear materials un-
der different scenarios (RDD, sabotage or accidents) was successfully built and
tested. This set-up was able to produce aerosols under control laboratories con-
ditions and collect them for post-analyses.

• By applying a wide range of post-analyses techniques (such as SEM/EDX, Raman
spectroscopy and ICP-MS) we achieved a complete description of the aerosols.
The synergy of these techniques permit not only the characterisation of the
aerosol size and morphology but also of their chemical form.

• The importance of studying the chemical reactions by thermochemical equilib-
rium calculations and vaporization studies, which permit to predict the gaseous
aerosols precursors, was demonstrated.

• Two different release mechanisms were identified: Solid-Liquid Ejection and
vapour condensation. These mechanisms showed a relation to the size distri-
bution (which was bimodal and shown in Figure 7.3), to the morphology of the
aerosols and their chemical composition.
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Figure 7.3: Example of size distribution for AECL simfuel showing a bimodal size distribution, as described
in Chapter 4.

• It was found that vapour condensation is the most important process because it
forms the smaller particles, which are inhalable and deposit deep in the lungs.
This process could be simulated with our system, showing that laser heating is a
good technique for the study of the aerosols release from RDE’s.

• Moreover the importance of chemical reactions, which influence the chemi-
cal composition of the vapour released was clearly demonstrated. These inter-
actions can lead to the formation of new chemical compounds, with different



7

132 7. DISCUSSION AND CONCLUSIONS

thermal-physical properties influencing the aerosol formation process and the
aerosol characteristics. On the other hand it can also lead to the breaking of
chemical bonds with increase of gaseous radioactive release.

• Solid phase agglomeration was found to be an important process that can modify
the AED size of the particles released.

• A partitioning of the different radioactive elements as function of the aerosols
AED was demonstrated, which can lead to inhomogeneous activity in the
aerosols as function of their size. This phenomena is generally not taken in ac-
count for the predictions of codes calculating the extension and level of the con-
taminated area after a RDE’s.

• Finally it has been demonstrated that these separate effect experiments are nec-
essary for a better understanding of the aerosol formation mechanism, and of
the influence of different phenomena on the aerosol characteristics.

7.3. OUTLOOK
The studies describe in this thesis demonstrate that chemical reactions between dif-
ferent compounds during a RDE affect the release and the aerosol formation mecha-
nisms, thus further experiments are strongly recommended for the investigation of the
influence of all materials presents in the potential release scenarios. We encourage to
perform separate effect studies, as these permit to understand the effect of aerosol for-
mation mechanism and chemical reactions on the release characteristics. In this view
we propose further separate effect studies on:

• The interaction of radioactive sources with explosive, other cladding materials,
or soil for RDD’s simulated release.

• The influence of the cladding or structural materials on release from spent nu-
clear fuel.

• The chemical reactions relevant for the radioactive release during severe acci-
dents, such as the one between CsI and boron oxides, or silver from the Ag-In-Cd
control rods.

Moreover the study of the chemical and elemental partitioning as function of the
particles size, as shown in this work, is relevant for the risk assessment following a
release, as it can lead to radioactivity size partitioning in the aerosols. This observation
must be implemented in the codes to improve the accuracy and reliability of the
predictions. In order to improve the results of the calculations these codes must
be modified to accept new input parameters, such as non-homogeneous activity
distribution as function of particles size. On the other hand this elemental partitioning
has also a high impact on nuclear forensics analyses. Analytical techniques on the
particles released following a RDE’s , such as age determination of the radioactive
material by its ratio with the daughter nuclide, will be influenced by an elemental size
partitioning. On this topic studies with the RADES system are highly recommended,
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analysing the aerosol release from different simulated radioactive sources with dopant
to simulate their daughter nuclides.

Moreover as the oxidising environment has shown a high influence on the release,
it will be highly suggested to test different gaseous environments (such as Ar/H2, and
steam), in order to investigate further the oxygen potential effect on simulated spent
nuclear fuel release and the kinetic limitations acting in these conditions. Finally
experiments with PuO2 and MOX are strongly advised to validate our results with the
CeO2 surrogates, and eventually with real spent fuel.
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A
LOSSES CALCULATIONS

Aerosol losses in the RADES systems were calculated with the following formula as
reported in [1]. Calculations have been performed for standard conditions and laminar
flow. The results of a calculation are reported in Figure A.1, this was performed for
the L-tube collection system showed in Chapter 2, for which higher losses are obtained.

Losses = (1−P tot )∗100 (A.1)

where
P tot = Pdi f f ∗Pdep ∗Pbend (A.2)

if µ≥ 0.009
Pdi f f = 0.819e−11.5 +0.0975e−70.1p (A.3)

if µ< 0.009
Pdi f f = 1−5.50p2/3 +3.77p (A.4)

where
p = 4Cdi f f L/Q (A.5)

Pdep = 1− 2

π
(2∗k

√
1−k2/3 −k1/3

√
1−k2/3 +ar csi n(k1/3)) (A.6)

where for a horizontal tube

ν0 ∝
√√√√√ k

ma ∗mb

ma +mb

(A.7)

Pbend = St ∗θ (A.8)

where Cdi f f is the diffusion coefficient, L is the tube length, Q the gas flow in m3/s,vs

is the settling velocity, d the AED.
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From this calculation it can be seen that the losses will affect only the particles
with AED>10 µm. These particles have less importance in risk assessments, as they
are transported for small distances and are not inhalable. Moreover by modifying the
sample holder with a vertical system important contributions to the aerosols losses
have been eliminated (Pbend and Pdep) .
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Figure A.1: Aerosol losses in the L-tube collection system, calculated for standard conditions, for a 30 l/min
laminar flow before entering the MOUDI impactor.
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SPECTROMETRY

Mass spectrometry has been used for more than 60 years for the determination of
high-temperature thermodynamic properties of condensed and gaseous phases [1]. It
is an ideal method for the study of the vapour composition as it permits the identifi-
cation of almost all gaseous species and the determination of their partial pressures.
Moreover it is very sensitive and fast, thus allowing time-resolved measurements
[2]. The instrument applied in our studies is confined in a 5 cm thick lead shielded
glove box, which permits to study actinides compounds, but also small quantities of
irradiated material.

The instrument used (shown in Figure B.1) is a Knudsen cell coupled with a
mass spectrometer. A Knudsen cell is a closed cell, in which an equilibrium between
the solid and gaseous phase can be achieved. The cell is small enough so that the
average mean free path of the gaseous phase is bigger than the cell size (e.g. the
gaseous species travel without collisions, a.k.a. Knudsen conditions). A small orifice
(of diameter d) is made in the cell, from which a negligible quantity of gaseous phase
escapes. The mass spectrometer (Pfeiffer-vacuum qma 400) measures the intensity of
this gaseous beam, which is proportional to the pressure in the cell (as described in
equation B.3). Once calibrated, one can deduce from the flow intensity the pressure in
the cell. Knudsen conditions are achieved when the total pressure (P) remains below
the value at which P/d of does not exceed 1 Pa/mm. When the pressure increase and
the mean free path of the molecules become comparable to the dimension of the cell,
collisions start to modify the flow ("failure-of isotropy") [1]. In order to maintain the
equilibrium within the cell, the ratio between the effusing area (aC) and evaporation
surfaces of the sample must be less than one (in our case, between 0.05 and 0.07).

The cell is heated by a high temperature furnace (up to 2500 K), made of tungsten

139



B

140 B. KNUDSEN EFFUSION MASS SPECTROMETRY

Figure B.1: A schematic of the KEMS system used in our studies, from Gotcu [2].
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coil-heating element surrounded by seven thermal shields, which ensure temperature
homogeneity in the cell [3]. The temperature can be measured by a pyrometer,
focused in a blackbody hole [4], or by thermocouples. The whole system is placed in
an ultrahigh vacuum chamber (10−6-10−4 Pa). Finally the Knudsen cell can be also
equipped with a gas inlet to apply an external source of gas in the cell. The gas is
introduced from an a small external reservoir kept at controlled pressure to permit a
prompt response.[3]. In some of our studies a pressure of oxygen was used to study
the effect of an oxidising environment on the release from simulated spent nuclear fuel.

The kinetic theory of gases shows that for each gaseous species i the flow can be
expressed (mol/s) by Hertz-Knudsen equation [1]:

dni

d t
= (pi aC )

(2π∗Mi RT )

1/2

(B.1)

where ni is the number of atoms or molecules per unit of volume (in the cell) of species
i, pi its partial pressure and Mi its molar mass. R is the ideal gas constant 8.314
J/(mol*K), T is the absolute temperature and C is the Clausing factor. The Clausing
factor is used to identified the transmission probability of the real orifice (C=1 for an
ideal orifice). There are several empirical relations that can be used for C, as function of
the diameter of the orifice and its length. Finally the integrated Hertz-Knudsen equa-
tion can also provide the mass loss by effusion during a period of time for the specie i
[2]:

∆mi = (pi aCδT )
Mi

(2π∗RT )

1/2

(B.2)

The vaporized species (atoms and molecules) effused from the cell are then colli-
mated through different apertures to the ionisation chamber of the mass spectrometer.
A small number of the molecules or atoms (0.001%) are ionised by the electronic beam,
extracted from the ionisation chamber and then analysed by the mass spectrometer.
The intensity of the molecular beam for a species i, I+i , is proportional to the vapour
pressure in the cell according to the equation [2]:

pi =
I+i T

Ki
(B.3)

where Ki is the calibration factor:
Ki = kg ki (B.4)

kg is an instrumental factor independent of the vaporized species and ki a factor de-
pendent on the species i by the formula:

ki =σiγi fi (B.5)

where σi is the ionisation cross section of the species i, γi the efficiency of the sec-
ondary electron multiplier, and fi is the isotopic abundance of species i. The ionisation
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cross section is the parameter which has the most influenced and uncertainties in
these calculations. It can be taken at the maximum of the ionisation efficiency curve or
from theoretical calculations such as the ones of Mann or Otvos and Stevenson [5, 6].
Moreover Otvos and Stevenson [6] proposed the additive postulate for molecular cross
sections which means that the cross section can be determined by adding the atomic
cross sections of the constituent atoms.

The instrumental factor is determined instead by calibration of the system, at each
experiment. This is performed by vaporising a known quantity of reference material
together with the sample. The sample and the reference material have to be inert, to
avoid their interaction. Often silver is used as a reference material because it is a metal
with a well-known vapour pressure. Silver was chosen in our studies as it is inert in our
systems and is vaporised completely up to 1400 K, generally before the matrix (UO2)
evaporation started. From the ion intensities (I Ag ) of the silver isotopes 107Ag and
109Ag and the vapour pressure of silver (p Ag ) obtained from literature data (such as
Hultgren et al. [7]) the global calibration factor for silver (K Ag =kg kAg ) can be deter-
mined experimentally by using equation [2]:

K Ag =
I+Ag T

p Ag
(B.6)

From equations B.2 and B.6 we can obtain the expression of the calibration factor
function of the known mass vaporized:

K Ag = aC Mi
1/2

∆mAg

∑
(I+Ag T 1/2)

2π∗R

1/2

δt (B.7)

Finally by dividing by kAg (the calibration factor dependent from the specie) the in-
strumental calibration factor (kg ) can be obtained. This can then be used for the de-
termination of the partial pressure of the other species vaporized.
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SUMMARY

Nuclear Safety and Security are pillars for the application of the nuclear technology
and for its acceptance by the public. The Fukushima accident has caused moreover
a re-focus on nuclear reactor safety worldwide. This accident has shown that events
previously considered unlikely can indeed happen and their environmental impact
therefore needs to be evaluated. The safety of nuclear material has become conse-
quently relevant not only during reactor operations, but also in all the other phases
of the nuclear fuel cycle (including the storage and transport) and the assessment of
the radiological consequences should be carried out also for these phases. Moreover
after the 9/11th terrorist attack the effect of dirty bombs detonations has become
relevant in the public concern. To assess the consequences of such Radiological
Dispersion Events (RDE’s) it is necessary to perform a source term evaluation. This
consist of a quantitative description of the radioactive release, which include both the
gaseous species and aerosols released. The description of the aerosol release is also
the input of codes calculating the extension of the contaminated area and the level of
contamination. The results from such codes are needed for the creation of emergency
plans and to plan mitigation strategies, but also to assess the health consequences
of radioactive releases for the population. However the description of the source
term can suffer from substantial uncertainties, which can affect the results of the
calculations. Improvement of the radioactive source term description for such events
is consequently of great importance.

A new experimental set-up (RADES, Radioactive Dispersion Events Set-up) was
consequently developed for the purpose of producing and characterising aerosols
that are typical for RDE’s. This was tested on a wide range of materials and has
proven to be suitable for the production and collection of aerosols under controlled
laboratory conditions. The set-up permits to analyse the effect of different variables
on aerosols characteristics by separate effect studies. In particular the effect of the
chemical interactions between different materials or different atmospheres can be
investigated. In addition the aerosol formation process was investigated by studying
the aerosol gaseous precursors, using thermochemical equilibrium calculations and
experimental vaporization studies (with Knudsen Effusion Mass Spectrometry). These
techniques permit to study the gaseous release and the chemical reactions, which
form the aerosols and influence their chemical compositions.

The RADES set-up was applied to study the aerosol released from different sce-
narios including dirty bombs detonations, release from simulated spent nuclear fuel
under accidental and sabotage scenarios and also to investigate chemical reactions
which can influence the radioactive release from nuclear fuel. From the first case, dirty
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bombs’ detonations, we found a bimodal size distribution, consisting of micrometer
particles (related to the thermo-mechanical shock on the pellet), and agglomerates of
nanometric particles (related to the condensation of the vapour formed). The frac-
tional release between the two characteristic aerosols size ranges in a RDD cannot be
reproduced in our experiments, due to the impossibility to control and scale the shock
wave. The aerosols formed from the vaporization process instead can be simulated,
as the experiments permit reproducing a fast high-temperature gas release rapidly
quenched by a cool air environment. High attention for the risk assessment is focused
on these particles due to their long range transport in the environment and their high
probability of deposition in the lungs when inhaled. Thus our set-up can be applied
to study the formation and characteristics of these particles. From the experiments
we identify the CsCl source as the most dangerous mainly due to its higher release.
In these studies we tested also the influence of cladding materials (tungsten and/or
stainless steel) on the aerosols characteristics. Our experiments showed that the
claddings can affect the release by the formation of new compounds with different
properties or by a different agglomeration behaviour. This can finally lead to a
modified size distribution and to a different elemental and chemical speciation of the
aerosols as function of their size. This influences the radioactivity partitioning in the
aerosols, with finally an impact on the results of codes calculating the radiological
consequences of such events.

We also investigated the aerosol release from simulated spent nuclear fuel, in view
of accidents and sabotage involving spent fuel storage or during spent fuel transport.
In particular, we studied the aerosol size distribution and the fission product par-
titioning in the different aerosol size ranges, as these can have an effect on the risk
assessment by an element specific partitioning in the aerosols. Different simulated
spent nuclear fuels were tested and showed a similar trend for the size distribution,
morphology and elemental partitioning with size of the aerosols. The higher volatile
elements were enriched in the smaller particles (e.g. Cs, Ru, Mo), while the lower
volatile elements were concentrated in the bigger particles (e.g. Ce, Ba, U). This
effect was correlated to the aerosol formation mechanism. The smaller particles are
formed by the condensation of the vapour release (enriched in high volatile elements),
while the bigger particles are formed by the ejection of liquid or solid material from
the pellet (eventually enriched in low volatile elements). This partitioning of the
radioactive elements as function of size ranges can affect the risk associated to their
inhalation, as highly radio-toxic elements are concentrated in the respirable fraction.
On the other hand by separate effect studies we observed that the aerosols containing
the dangerous radioactive element Pu, simulated by Ce, will be concentrated in the
particles with bigger AED. Thus this elemental partitioning phenomenon can lead to
radioactivity redistribution in the aerosols as function of the particles size.

This study has shown that our novel approach of coupling of the aerosolization
experiments with the equilibrium vaporization studies is effective, as it permits to
predict the chemical forms of the fission products in the aerosols, the influence of
the oxidising environments on the release (such as of noble metal fission products)
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and to understand chemical reactions that lead to the formation of new compounds.
In particular the thermochemical equilibrium calculations showed the formation of
Cs2MoO4 by the interaction of CsI with Mo, and a possible effect on the release of free
molecular iodine in oxidising conditions. By seperate effect studies we subsequently
assessed the effect of these chemical reactions on the aerosol characteristics and on
the iodine gaseous release. We observed that while the reaction between CsI and Mo
will have a strong effect on the release, the reaction between CsI and Ru does not
strongly affect the release. The interaction of these compounds in oxidising conditions
can break the CsI bond by the formation of Cs2XO4 (X=Mo, Ru) species, releasing
gaseous I2 at low temperature. Finally these experiments demonstrated a dependence
of the chemical composition on the particles AED for the CsI-Mo mixtures, that CsI
aerosols were collected mainly in the bigger AED>5.6 µm, while the MoO3 aerosols
were collected in the smaller AED<1 µm, and finally that mixed aerosols containing
Cs2MoO4 were observed in the middle MOUDI stages with 1 µm<AED<5.6 µm. In view
of the importance of the formation of these compounds (Cs2XO4) on the radioactive
release and the lack of Raman patterns, which are used in this study to identify the
chemical composition of the aerosols, a study was finally performed on the crystal
structure and vibrational features of Cs2RuO4. The Raman band assignment of
Cs2RuO4 was performed by a coupling of symmetry selection rules as predicted by
group theory and quantum chemical analysis. A phase transition was observed by
Raman laser heating. This phase transition was confirmed by high temperature X-ray
diffractometer measurement at 975 K.





SAMENVATTING

Nucleaire veiligheid en beveiliging zijn de hoekstenen voor de toepassing van nucle-
aire technologie en diens acceptatie bij het publiek. Het Fukushima ongeluk heeft
bovendien een wereldwijde hernieuwde interesse in reactorveiligheid veroorzaakt.
Dit ongeluk heeft laten zien dat eerder onwaarschijnlijk geachte gebeurtenissen
kunnen plaatsvinden en dat hun impact op het milieu moet worden geëvalueerd.
De veiligheid van nucleair materiaal is aanzienlijk relevanter geworden, niet alleen
gedurende de normaal bedrijf van reactoren, maar ook tijdens alle andere fases van
de brandstofcyclus (inclusief opslag en transport) en de beoordeling van de radiolo-
gische gevolgen moeten ook voor deze fases worden uitgevoerd. Daarnaast zijn na
de terroristische aanval van 11 september de effecten van vuile bom explosies meer
relevant geworden voor het publieke belang. Om de gevolgen de verspreiding van
radioactief materiaal door zulke radiologische dispersie gebeurtenissen (RDE’s) te
beoordelen is het nodig de bronterm te evalueren. Deze beschrijft de hoeveelheid
van de vrijgekomen radioactieve stoffen, zowel in gas vorm als in aerosolen vorm. De
beschrijving van de aerosolen is ook de invoer voor de computerprogramma’s die de
omvang van het besmette gebied en het niveau van de besmetting modeleren. De
resultaten van dit soort modellen zijn nodig voor het ontwerp van noodplannen en
mitigatie strategieën, alsmede om de consequenties van de radioactieve stoffen voor
de volksgezondheid te beoordelen. Helaas kan de beschrijving van deze bronterm
gevoelig zijn voor onzekerheden, welke het resultaat van de berekeningen kunnen
beïnvloeden. Verbetering van de beschrijving van de radioactieve bronterm voor dit
soort gebeurtenissen is daarom van groot belang.

Een nieuwe experimentele opstelling (RADES, radioactieve dispersie gebeurte-
nissen opstelling) is ontwikkeld, met als doel om de aerosolen te produceren en
karakteriseren die kenmerkend zijn voor RDE’s. De opstelling is getest voor een breed
scala van materialen en is bewezen geschikt te zijn voor de productie en verzameling
van aerosolen onder gecontroleerde laboratorium condities. De opstelling maakt
het mogelijk de effecten van de verschillende variabelen op de karakteristieken van
de aerosolen afzonderlijk te onderzoeken. In het bijzonder kan het effect van de
interactie tussen verschillende materialen of verschillende atmosferen worden onder-
zocht. Daarnaast werd het aerosolvormingsproces onderzocht door het bestuderen
van de gasvormige voorlopers van de aerosolen met behulp van de thermochemische
evenwichtberekeningen en experimentele studies van de verdamping (met Knudsen
effusie massaspectrometrie). Deze technieken maken het mogelijk om de gasvormige
vrijzetting en chemische reacties waardoor de aerosolen vormen en die hun chemi-
sche samenstelling beïnvloeden, te onderzoeken.
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De RADES opstelling werd toegepast om de aerosolen die vrijkomen bij ver-
schillende scenario’s met onder andere vuile bom ontploffingen, vrijzetting uit
gesimuleerde gebruikte nucleaire brandstof bij ongelukken en sabotage scenario’s te
bestuderen en ook om chemische reacties die de radioactieve vrijzetting van nucleaire
brandstof kunnen beïnvloeden te onderzoeken. Voor het eerste geval, de vuile bom
ontploffingen, vonden we een bimodale grootteverdeling, bestaande uit deeltjes in
het micrometer bereik (die gerelateerd zijn aan de thermo-mechanische schok op
de pellet), en agglomeraten van nanometrische deeltjes (die gerelateerd zijn aan de
condensatie van de gevormde damp). De fractionele verdeling tussen de verschillende
bereiken van deeltjesgrootte in een RDE kan niet worden gereproduceerd in onze
experimenten, vanwege de onmogelijkheid om de schokgolf te controleren en schalen.
Maar de aerosolen die worden gevormd door het verdampingsproces daarentegen
kunnen worden gesimuleerd, aangezien het experiment het mogelijk maakt om het
gas dat bij hoge-temperatuur vrij is gekomen snel af te koelen in een koude omgeving.
Er is veel aandacht aan deze deeltjes geschonken gezien ze over grote afstanden
getransporteerd kunnen worden in het milieu en de hoge waarschijnlijkheid van
afzetting in de longen bij inademing. Zodoende kan onze opstelling worden toegepast
om de vorming en karakteristieken van deze deeltjes te bestuderen. Uit alle experi-
menten kunnen we de CsCl bron als het meest gevaarlijke aanwijzen vanwege zijn
hoge uitstoot. In deze studie hebben we ook de invloed van omhullingmaterialen
(wolfraam en/of roestvrij staal) op de karakteristieken van de aerosolen bestudeerd.
Onze experimenten hebben laten zien dat het omhullingmateriaal een effect kan
hebben door de vorming van nieuwe bverbindingen met andere eigenschappen of
door een veranderd agglomeratiegedrag. Dit kan uiteindelijk leiden tot een veranderde
grootteverdeling en tot een veranderde elementaire en chemische verdeling van de
aeroloen als functie van hun grootte. Dit beïnvloed de radioactieve partitionering in
aerosolen, wat tenslotte een invloed kan hebben op de resultaten van de modellen die
de radiologische gevolgen van dit soort evenementen uitrekenen.

We hebben ook onderzoek gedaan naar de vrijlating van aerosolen uit gesimu-
leerde afgebrande splijtstof, met het oog op ongelukken en sabotage bij de opslag
en transport van verbruikte brandstof. In het bijzonder bestudeerde we de aerosol
grootteverdeling en de splijtingsproducten partitionering in de verschillende aerosol
grootte bereiken, want deze kunnen een effect hebben op de risicobeoordeling van-
wege een element specifieke partitioning in de aerosols. Verschillende gesimuleerde
afgebrande splijtstoffen werden getest en vertoonden een soortgelijke trend voor de
grootteverdeling, morfologie en elementaire verdeling als functie van de groote van de
aerosolen. De meer vluchtige elementen waren verrijkt met kleinere deeltjes (bijv Cs,
Ru, Mo), terwijl de minder vluchtige elementen (bijvoorbeeld Ce, Ba, U) in de grotere
deeltjes waren geconcentreerd. Dit effect kon worden gecorreleerd aan de aërosolvor-
mingsmechanisme. De kleinere deeltjes worden gevormd door de condensatie van de
vrijgekomen damp (verrijkt in meer vluchtige elementen), terwijl de grotere deeltjes
worden gevormd door het uitwerpen van vloeibaar of vast materiaal uit het tablet
(eventueel verrijkt in minder vluchtige elementen). Deze verdeling van de radioactieve
elementen als functie van grootte kan het risico van inhalatie beïnvloeden, aangezien
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zeer radiotoxische elementen geconcentreerd zijn in de inadembare fractie. Ander-
zijds, bij afzonderlijke-effect-studies zagen we dat de aerosolen die het gevaarlijke
radioactieve element Pu bevatten, gesimuleerd door Ce, geconcentreerd waren bij een
grotere AED. Dit verschijnsel kan dus leiden tot een herverdeling van de radionucliden
in de aerosolen als functie van de deeltjesgrootte.

Dit onderzoek heeft aangetoond de koppeling van de aerosolvormingsexperimen-
ten met evenwichtstudies van de verdamping effectief is, want het maakt het mogelijk
de chemische vorm van de splijtingsproducten in de aerosolen te voorspellen, de in-
vloed te begrijpen van de oxiderende omgeving op de vrijzetting (zoals de edelmetaal
splijtingsproducten) en de chemische reacties die leiden tot de vorming van nieuwe
verbindingen. In het bijzonder bleek uit de thermochemische evenwichtsberekenin-
gen dat de vorming van Cs2MoO4 door de interactie van CsI en Mo, een mogelijk effect
heeft op het vrijkomen van moleculair jodium in oxiderende omstandigheden. Door
een afzonderlijk-effect-studie hebben we vervolgens de gevolgen van deze chemische
reacties op de aerosol-kenmerken en op de vrijzetting van gasvormig jodium onder-
zocht. We zagen dat de reactie tussen CsI en Mo een grote invloed op de vrijlating zal
hebben, terwijl het effect bij de reactie tussen CsI en Ru zo sterk zal zijn. De inter-
actie van deze verbindingen bij oxiderende omstandigheden kan de CsI binding ver-
breken door de vorming van Cs2XO4 (X=Mo, Ru) moleculen, waarbij gasvormig I2 bij
lage temperatuur vrijkomt. Tenslotte toonden deze experimenten een afhankelijkheid
van de chemische samenstelling op de AED van de deeltjes voor CsI-Mo mengsels. De
Csl aerosolen werden vooral waargenomen in het grotere AED>5.6 µm bereik, terwijl
de MoO3 aerosolen waargenomen werden in het kleinere AED<1 µm bereik, en ten-
slotte werden gemengde aerosolen die Cs2MoO4 bevatten waargenomen in de middel-
ste MOUDI stadia 1 µm<AED<5.6 µm. Gezien van het belang van de vorming van deze
verbindingen (Cs2XO4) bij de vrijzetting van radioactieve elementen en het ontbreken
van Raman patronen die in deze studie werden gebruikt om de chemische samenstel-
ling van de aerosolen te bepalen, werd uiteindelijk een onderzoek uitgevoerd naar de
kristalstructuur en vibratie eigenschappen van Cs2RuO4. De toewijzing van de geme-
ten Raman banden aan Cs2RuO4 werd uitgevoerd door een koppeling van symmetri-
sche selectieregels zoals voorspeld door groeptheorie en kwantumchemische analyse.
Een fase overgang werd waargenomen tijdens Raman laser verhitting, en deze fase-
overgang werd bevestigd door een hoge temperatuur röntgendiffractometer meting bij
975 K.
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