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ARTICLE

Characterization of aerosols from RDD surrogate compounds produced by fast thermal transients
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bDepartment of Radiation Science and Technology, Faculty of Applied Sciences, Delft University of Technology, Delft, 2629 JB,

The Netherlands

(Received 27 November 2014; accepted final version for publication 8 May 2015)

Experimental tests have been performed to characterize the aerosols representative of radiological disper-
sion devices (RDDs, a.k.a. “dirty bombs”) by applying to chosen surrogate compound rapid high temper-
ature transients, vaporizing the sample and forming aerosols mainly by rapid cooling of the vapour. The
materials, which were tested in their non-radioactive form, had been chosen from the radioactive sources
widely used in industries and nuclear medicine applications, Co, CsCl, Ir and SrTiO3. Our analyses per-
mitted the characterization 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.

Keywords: particle size; experimental data; radioactivity; source term; radiological dispersion devices; aerosol
characterization

1. Introduction

Over the past few years, “dirty bombs” detonations
have been of particular interest for international nuclear
security analyses, in view of the attention focused on ter-
rorist attacks after 9/11. “Dirty bombs” are bombs cre-
ated by coupling a conventional explosive with a highly
radioactive material with the aim of releasing radioac-
tivity in the environment. Terrorist organizations are be-
lieved to be interested in such weapons to spread panic
among the population and inflict economic damage. It
should be emphasized, as reported bymany authors (e.g.
[1,2]), that although the purpose behind the use of radio-
logical dispersion devices (RDDs) is not to destroy a city
or cause a high number of fatalities, they can have the
major long-term effect of increasing cancer cases mainly
related to the inhalation of radioactive particles[2,3]. To
calculate the impact of RDDs on the population, the
quantification of the release (total mass and activity)
and its description (size distribution, chemical compo-
sition and isotopic composition) is necessary (a.k.a. the
source term analysis). 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.

∗Corresponding author. Email: fidelma.dilemma@gmail.com
†Present address: European Commission, Joint Research Centre, Institute for Transuranium Elements, P.O. Box 2340,
76125 Karlsruhe, Germany.

In a previous paper [5], we have demonstrated the
feasibility of laser heating to produce aerosols from a
range of 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 ma-
terials to simulate radioactive sources that could be mis-
used in RDDs, 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 aerosol release. These are materials used as contain-
ment 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 are 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” [6]. Once in the fire-
ball the material is vaporized, it can interact chemically
in the gaseous phase. Our 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
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been focused on evaluating the chemical and elemental
composition as a function of particles size (measured by
aerodynamic equivalent diameter, or AED). 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 envi-
ronmental materials on the aerosol release from RDDs
has been reported by several authors [6–8]. Lee and
coworkers [8] studied the interaction of the explosive and
soil with a simulated CsCl source and observed the for-
mation of mixed aerosols containing both carbonaceous
materials and the simulated source material, and a dif-
ferent ratio of Cs and Cl in the aerosols. However, they
could not assess the cause of such effects. Harper et al.
[6] tested simulated full-size devices for a wide range of
source materials, and concluded that other surrounding
materials (such as soil) can interact with the radioactive
materials by agglomeration and/or coagulation and af-
fect the size of the “radioactive” particles. Such a com-
plete simulation of an RDD in an integral test is not
the goal of our experiments. The aim of our study is in-
stead a deeper understanding of the aerosol formation
process, identification of the chemical interactions tak-
ing place with other materials and their influence on the
aerosol characteristics, which can be performed under
simplified controlled laboratory conditions.

2. Experimental

2.1. Instrumentation and experimental procedure
The set-up applied in our study has been described

in detail in [5]. In this paper, we just summarize its main
features for clarification. Fast laser heating is used to
vaporize samples and to form aerosols. With this tech-
nique, extreme heating transients can be achieved, e.g.
reaching temperatures higher than 3000 K, with heating
rates higher than 30000 K/s. The vapour so formed then
condenses rapidly in the colder air environment (at room
temperature), forming aerosols. These are collected by
different systems and on different substrates, depend-
ing on the post-analyses to be performed. By using a
MOUDI impactor for the collection of the aerosols, it
is possible to divide the particles by their AED. This
enables us to perform characterization of the particles
as a 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, morphology
and geometrical size. Raman spectroscopy (Jobin Yvon
T64000 spectrometer) was used for the identification of
the aerosol phases. Such instruments and their applica-
tion in our studies have been described in our previous
work [5]. The sample holder, used in these tests, con-
sisted of a vertical tube in which the sample was posed
on the 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 [5], 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 difficulty in controlling and scaling the
shock wave in our experiments (e.g. detonation shock
waves have an impact pressure up to 450 GPa [9,10]).
However, this system is useful to simulate the process of
rapidly expanding hot gases involved in the detonation
(up to approximately 5500 K in the microsecond range
[9,10]) and to study the gaseous interactions. Following
an explosion, high temperatures can be reached, which
will volatilize part of the source and of the cladding
materials. These hot gases will be ejected in a cooler
environment. In this scenario, supersaturation condi-
tions will be achieved and homogeneous nucleation of
aerosols from the gas 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 pro-
ducing micrometre-size particles which will rapidly set-
tle. The particles produced with our set-up in the nano-
metric size range have been compared to the results of
integral tests by Lee et al. [8] and have showed similar
features. This suggests that our experimental set-up is
able to produce representative aerosols in the nanomet-
ric size range, which are formed by homogeneous nucle-
ation from the vapour phase released during dirty bomb
detonations.

Fast laser heating reproduced a bimodal aerosol size
distribution, as observed also in integral tests[6–8]. Al-
though the fractional release between these two size
ranges cannot reproduce the scenario of a real detona-
tion, the study and comparison of these aerosols can
help in understanding the phenomena taking place, and
the difference between solid and vaporized phases. The
first peak of the size distribution (in the nanometric
size range) is generated, as explained also in [5], by the
condensation of the high temperature vapour released,
followed by their agglomeration. The second peak (in
the micrometre size range) has been related to mechan-
ical shock, similarly to what observed in the prece-
dent integral experiments [6–8]. In the integral tests, the
micrometre-size aerosols were generated by explosive
blasts, while in our tests this was related to a stochas-
tic effect generated by the thermal shock on the un-
melted brittle pellet or on the produced liquid layer, due
to rapid laser heating. Thus, it is not possible to repro-
duce a real mechanical blast and the pressure encoun-
tered in an RDD detonation by the use of laser heat-
ing. As a result, the quantities of these micrometre-size
particles are not representative of the quantities of parti-
cles ejected by the detonation blast, but by analysing and
comparing them to the nanometric particles formed by
the vaporization process, important information can be
obtained.
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Table 1. Radionuclides of concern for RDD production (as reported in [11]).

Radionuclide Typical physiochemical form Application Activity

60Co Metal Sterilization irradiator Up to 400 000 TBq
Nuclear medicine Up to 1000 TBq

90Sr Ceramic (SrTiO3) Thermoelectric generator 1000–10 000 TBq
137Cs Salt (CsCl) Sterilization irradiator Up to 400 000 TBq

Nuclear medicine Up to 1000 TBq
192Ir Metal Industrial radiography Up to 5 TBq
226Ra Salt (RaSO4) Nuclear medicine Up to 5 TBq
238Pu Ceramic (PuO2) Thermoelectric generator Up to 5 TBq
241Am Pressed ceramic powder (AmO2) Well logging source Up to 1 TBq
252Cf Ceramic (Cf2O3) Well logging source Up to 0.1 TBq

2.2. Samples
Thematerials testedwere chosen from themost com-

monly used radioactive sources and tested in their nat-
ural isotopic composition. A list of the sources most
commonly feared to be acquired by terrorists to cre-
ate an RDD is shown in Table 1. From these, the high-
est 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 Ae-
sar) by a hydraulic press. For Co also, solid discs were
tested [5], but no difference was observed for the aerosol
characteristics.

Different laser pulses were tested to rapidly heat part
of the sample surface. However, for the same condi-
tions 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 materi-
als used (shown in Table 3). Temperature was measured
by a rapid high temperature pyrometer [5]. Finally, the
amount of material vaporized varied between the dif-
ferent materials tested, ranging from a few mg to tens
of mg.

Powder mixtures, containing the cladding materi-
als (tungsten and/or stainless steel) and the simulated
source materials to be tested, have been pressed to create
the samples for studying the influence of cladding on the
radioactive aerosols. Powder mixtures have been chosen
to have a 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 heat-
ing of such an inhomogeneous sample could introduce
other variables in our studies, such as the preferential
vaporization of one of the compounds. Different com-
positions of the mixed compounds have been created,
as the variety of commercial radioactive source assem-
blies prevents from defining a unique source composi-
tion. Moreover, depending on the RDD design, and the
explosion characteristics, the contribution to the vapour
phase of cladding and source materials can vary, as re-
ported in [6]. Thus, we have tested first pellets with an
equal amount (in mass) of the materials, and subse-

quently also tested the influence of an excess of one of
the compounds.

A summary of the samples tested is presented in
Table 2 and their characteristics in Table 3. Successive
tests on the same material showed that the aerosol char-
acteristics are reproducible under the same experimen-
tal parameters. Therefore, most experiments were per-
formed once, due to the difficulty of working in a glove
box and extensive time necessary for post-analyses.

For the claddingmaterials, tungsten has been chosen
as it is one of the shields applied in nuclear medicine.
Stainless steel is also applied in nuclear medicine as a
second shield coupled with tungsten, or it is used as
a unique cladding for metallic sources in sterilization
plants or for radiography. The choice of the combina-
tion of cladding and source materials was made consid-
ering their application in the industry or in the medical
facilities. For example, as Co and CsCl are used both in
sterilization and in medical facilities, the cladding ma-
terials tested were both tungsten, stainless steel and a
mixture of the two. Also testing of tungsten alone (with-
out stainless steel) was performed, although this is not
used in real applications, in order to understand the ef-
fect of this material on the aerosol characteristics. Fi-
nally for SrTiO3, a radioactive source used for thermal
generators, a wide range of cladding materials was ap-
plied in the past. These consist mainly of a first tungsten
or lead shield, followed by a stainless steel container (as

Table 2. Samples tested in our studies, and the cladding ma-
terials investigated.

Sample Cladding Composition (%wt.)

Co Tungsten 50/50, 30/70
Stainless steel 50/50, 25/75

Mixture 33/33/33, 22/71/7
CsCl Tungsten 50/50, 25/75

Stainless steel 50/50
Mixture 33/33/33, 25/50/25

Ir Stainless steel 50/50
SrTiO3 Tungsten 50/50, 87.5/12.5

Stainless steel 50/50
Mixture 33/33/33, 25/50/25
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Table 3. Properties of the applied materials in the experiments.

∗Vapour pressure (Pa) at

Sample Purity Grain size (µm) 500 K 1000 K 2000 K 3000 K

Co 99.8 1.6 – 3.1 × 10−6 2.1 × 103 9.5 × 105

CsCl 99.9 3.8 × 10−8 97.3 1.24 × 106 –
Ir 99.9 <44 – 8.1 × 10−25 3.3 × 10−5 –
SrTiO3 99 5 – – 0.22 † 5.0 × 104 †

W 74 < X < 105 – – 2.4 × 10−10 9.5 × 10−3

(1.4 × 10−7) (2.8 × 105)
Steel 99.9 15 – – 37.4 5.6 × 104

∗Vapour pressure data were obtained from literature data [12] and described for the relevant temperature region for our experiments. The values in
parentheses for W refer to WO3.†No data available. SrTiO3 decomposes to SrO and TiO2 during vaporization, as reported for PbTiO3 in [13]. The vapour pressure values refer to
SrO [12].

reported in [14,15]). In our experiments, tungsten and
stainless steel were tested as cladding materials, to be
consistent with the other tests.

3. Results

3.1. Co
Co is one of the materials applied in the feasibility

study of the leaser heating approach, and the first results
have already been presented byDi Lemma et al. [5]. Here
some new results are presented that are important for the
source term evaluation. The Co aerosols collected from
our experiments show a classical bimodal size distribu-
tion (Figure 1). A first concentration maximum is found
for particles with an AED> 10 µm; the other is found at
around 400 nm. By fitting the first peak of the distribu-
tion with a log-normal curve, we obtain the mean mass
diameter μ = 780 nm and its standard deviation (σ =
680 nm). Applying theMOUDI impactor for the collec-
tion of the particles, the aerosol morphology as a func-
tion of the AED could be studied (as shown in Figure 2).
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Figure 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.

It has been observed that spherical micrometre-size par-
ticles are mainly collected in the first stages (with a big-
ger AED cut-off size, which is seen as the first maximum
of the size distribution), while the nanoparticle agglom-
erates are collected in the last stages with a smaller AED
cut-off size (which corresponds to the peak in the nano-
metric range).

These different morphologies depend on the forma-
tion mechanism, as explained above. The micrometre-
size particles are related to the dispersion of part of the
liquid layer due tomechanical forces or shear forces gen-
erated by the thermal shock from the rapid laser energy
transfer to the melted sample surface. The smaller nano-
metric particles are formed by a rapid quenching of the

Figure 2. Examples of aerosols from the Co sample, show-
ing the different types 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 mag-
nified image of these agglomerates is shown in the bottom-left
frame). Nanometric agglomerates were found in the last stages
6–8 (bottom right, AED < 0.56 µm).
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Figure 3. Raman spectrum measured for mixed cobalt–
tungsten aerosols, showing all the typical bands of CoWO4,
as reported in [17–19].

vapour released in contact with the colder gaseous en-
vironment at room temperature. These particles will not
coagulate to form bigger primary particles but will in-
stead agglomerate in complicated structures (fractal-like
structures) [16]. These agglomerates will then fold on
themselves (as shown in Figure 2) due to the high num-
ber of primary particles.

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
nanometric size range to a bigger size was observed for
the sample in the presence of tungsten (corresponding

in the size distribution to a shift of μ = 4.3 µm, with
σ = 480 nm), as shown in Figure 1. This is related to
the higher total mass of the aerosols released in this ex-
periment. This higher quantity of vaporized material re-
sults in higher agglomeration rates, as a higher concen-
tration of primary particles will be present in the sys-
tem. As a result, more agglomerates will be generated,
shifting the peak to a bigger AED (μ = 4.3 µm). This
higher total mass released in the presence of tungsten
was caused by the higher vapour pressure of tungsten
oxide in comparison to cobalt and its oxides (as shown
in Table 3). Tungsten has a stronger tendency to oxida-
tion compared to cobalt, as is evident from Ellingham
diagrams, which causes the difference in their release.

TheRaman spectroscopy analyses of the nanometric
particles (0.18 < AED < 1 µm) also indicated a chemi-
cal interaction between tungsten and cobalt (as observed
in Figure 3), resulting in the formation of CoWO4 (our
spectra were compared with the ones reported in [17–
19]). The formation of CoWO4 could also be inferred by
the EDX analyses, which showed a Co/W ratio of 1 in
these agglomerates. A change in the elemental compo-
sition was observed throughout the impactor stages in
this test by SEM/EDX. Aerosols rich in tungsten were
collected mostly in the stages with AED < 0.32 µm, as
nanometric agglomerates. In these stages also, cobalt–
tungsten mixed aerosols with a Co/W ratio ca. 1 were
observed (as shown in Figure 4). It was not possible
to observe tungsten oxides by Raman spectroscopy, in-
dicating 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 [20]). Mixed Co/W
aerosols were also observed in the stages with 0.56 <

AED < 1.8 µm, while separated spherical particles and

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

Figure 4. Examples of aerosols from a mixed cobalt–tungsten sample (50/50%wt.), showing the different particles collected: top,
aerosols collected from the first stages (1.8 < AED < 18 µm), isolated big particles and externally mixed agglomerates; bottom,
mixed agglomerates containing Co and W, in the smaller particles, a higher content of tungsten was detected by SEM/EDX. The
table shows the average concentration together with the maximum value detectable by EDX.



396 F.G. Di Lemma et al.

irregularly shaped aerosols of the individual startingma-
terials, containing predominantly cobalt, were observed
in the stages with bigger AED (1.8<AED<18 µm, as
observed in Figure 4).

Also for tests conducted with cobalt and stainless
steel, an elemental partitioning in the different size
ranges was observed. Single spherical particles were ob-
served in the stages with a 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 parti-
cle diameter until nanometric agglomerates appeared in
stage 6 (cut-off size: AED of 0.56 µm). These aerosols
contained Fe and Cr, while cobalt was present as a
minor component. Raman analyses showed for these
stages only the presence of steel-related phases, such
as magnetite, ferrite or chromite (comparing our spec-
tra with the ones of Hanesch [21]). This indicates that
stainless steel is the main material vaporized in these
tests.

The mixture of cobalt, tungsten and stainless steel,
intended to simulate a multiple cladding system, finally
showed a peculiar behaviour. Low concentrations of
tungsten were detected by EDX at all impactor stages
(<4%a), and by Raman spectroscopy it was not possi-
ble to detect chemical compounds containing tungsten.
The bands in the Raman spectrum were solely related to
phases formed from steel (such as magnetite, ferrite or
chromite [21]). This mixture had a behaviour as if only
stainless steel was present. This could indicate that tung-
sten is not vaporized in these tests but retained in the
pellet. To check for this possibility, analyses of the pel-
let by EDX were performed after the test. These anal-
yses showed a higher concentration of tungsten in the
laser shot area with respect to the unmelted material.
All of this indicates that tungsten is retained in the pel-
let, possibly by the formation of a stable alloy with iron
and chromium. This alloy could prevent tungsten vapor-
ization. Consequently, cobalt, the source material, be-
haved similarly to the case in which only stainless steel
was present as cladding material, and was found as iso-
lated particles in the first stages. Finally, in these tests the
size distribution shows only a peak in the smaller nano-
metric size range (Figure 1, μ = 256 nm σ = 504 nm),
which can be explained by the fact that a high melting
point material (stainless steel) was vaporized as the ma-
jor compound, whichwas quenched quickly to solid par-
ticles with a small diameter.

The following is a summary of the results for the
cladding–source interaction:

• Tungsten had a strong effect on the release, chang-
ing the size distribution and creating a new com-
pound.

• Stainless steel did not interact with the simulated
source material and was the main material ob-
served in the aerosols.
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Figure 5. Aerosol size distribution for the CsCl sample and
its mixture with the cladding materials, obtained by weighing
theMOUDI 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).

• Finally, when the mixture of tungsten and stain-
less steel as claddingmaterials was tested, the sam-
ple behaved as if only stainless steel was present.
Tungsten was observed to be retained in the pellet,
not participating in the aerosol formation process.

3.3. CsCl
The aerosol characterization from this material was

presented in [5]. This material revealed the highest total
aerosol mass released among the source materials tested
in this study. This is related to the higher vapour pres-
sure of this compound with respect to the other sources
tested (as shown in Table 3). The size distribution of the
collected aerosols showed a bimodal shape (as shown in
Figure 5), the peak in the nanometric size range corre-
sponding to a log-normal size distribution, withμ = 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 lev-
els of humidity were also performed (ca. 20%, 50%, 90%
relative humidity at room temperature) and for theseRa-
man analyses were carried out to verify the presence of
hydrates or hydroxide. These should show a broad peak
between 3000 and 3700 cm−1. However, this peak could
not be detected, indicating that CsOHwas not formed in
these tests. This could be due to the low saturation value
of water in air at room temperature.

3.4. CsCl and the cladding
The influence of cladding on the aerosol character-

istics 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 character-
istic morphology of the aerosols, but a higher mass re-
lease was detected in the presence of tungsten, similar
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Figure 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 modifica-
tion in the spectra (e.g. 320, 700–780 and 900 cm−1 bands) that
are related to the formation of a new chemical compound.

to the cobalt experiments. This higher mass release is re-
lated to the higher temperature reached in the 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 accumu-
lationmode (nanometric size range) to a bigger AED (as
shown in Figure 5, to μ = 1.6 µm, σ = 600 nm), which
can be explained by the faster agglomeration rates, due
to the higher concentration of primary particles.

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

• The first stages (3.2 < AED < 18 µm) showed iso-
lated aerosols containing either CsCl or W.

• In the middle stages (0.56 < AED < 3.2 µm),
mixed agglomerates containing both compounds
were found.

• While in the last stages (0.18 < AED < 0.56 µm),
aerosols with a high concentration of W were
observed.

Also a clear difference in the Raman spectra could
be observed between the different stages, confirming a
chemical partitioning: the stages 7–8 (0.18 < AED <

0.56 µm) contained principally WO3, whereas the AED
stages with a cut off size 0.56 < AED < 1 µm revealed
complex and different spectra (as shown in Figure 6 for
the stages 5 and 8, with a cut-off AED between 1 and
0.18µm).Newbands at 320, 700–780 and 900 cm−1 were
detected. For the stages with a cut-off size 1 < AED <

0.56 µm (as shown in Figure 6 for stage 5), the com-
parison of the Raman spectra appeared difficult. The
aerosols collected revealed intense absorptions (133 w,

268 m, 328 w, 712 m, 806 s cm−1) corresponding toWO3

(using literature data by Haro-Poniatowski et al. [22]),
indicating a high 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 under the atmospheric environ-
mental conditions) in this work.

The mixture of CsCl with tungsten and stainless
steel showed a similar behaviour to that observed for
the case of cobalt, i.e. tungsten was not detected in the
aerosols. Increasing the tungsten content (from 33%wt.
to 50%wt. as shown in Table 2) in the sample did not sig-
nificantly increase the tungsten concentration detected
by SEM/EDX in the aerosols, 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 chem-
ically with CsCl. Variation of the chemical composition
of the aerosols was not detected byRaman spectroscopy,
and the only species observed were stainless steel related
phases. However, when the tungsten content in the sam-
ple was high, it was possible to observe some Raman
bands that could not be assigned to stainless steel phases
and showed characteristics of the Cs2WO4 spectrum.
From this we can conclude that tungsten is mainly re-
tained in the pellet in the 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 (possi-
bly Cs2WO4).

The following is a summary of the results for the
cladding–source interaction for CsCl samples:

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

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

3.5. Ir
The Ir sample showed a strong resistance to oxida-

tion. The vapour pressure of this material, both in the
metal form and in the oxide form, is lower than for all
the other tested compounds (as shown in Table 3). This
resulted in the lowest quantity (total mass) of aerosols
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collected. The aerosols revealed a similar morphology to
the other test materials: micrometre-size spherical parti-
cles and nanometric agglomerates in fractal-like struc-
tures. The size distribution was difficult to measure due
to the low mass collected which resulted in high uncer-
tainties 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 spec-
troscopy of the collected particles also did not reveal the
characteristic bands of IrO2, and showed a high fluo-
rescence. All of this may suggest that the sample is va-
porized as metallic Ir, and in fact this fluorescence be-
haviour has been reported for the Ir metal [23]. On the
other hand, when the pellet was analysed by Raman
spectroscopy, the bands of IrO2 could be detected on the
laser melted area (as reported in [24]). The discrepancy
between aerosols and the oxidation state of the pellet can
be explained by the fact that the oxidation occurs dur-
ing the cooling of the pellet when aerosols are no longer
released. Moreover, iridium oxides are reported to de-
compose to the metal [25] in the temperature range of
our experiments.

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 as a mixture of magnetite, ferrite and chromite
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
aerosols with Fe and Cr.

The possibility of a chemical interaction between
these materials had been excluded by Raman analy-
ses, which showed only the bands of the oxidized steel
phases. It can be concluded that there was no high re-
lease for Ir in our experiments, and also it did not in-
teract chemically with the cladding material tested. This
results in the low total mass released.

3.7. SrTiO3

For SrTiO3 a similar morphology and size distri-
bution of the aerosols were found compared to other
materials tested (Figure 7, μ = 470 µm), showing big
micrometre-size spherical particles and agglomerates of
smaller nanometric aerosols. Moreover, at the pre-stage
(AED > 18 µm) also, solid fragments were observed,
related to the ejection of pieces of the unmelted mate-
rial from the pellet. This phenomenon may be caused by
the high stress in the brittle pellet, caused by the thermal
shock imposed by the laser pulse.

EDX analyses of the aerosols showed no sign of
dissociation of the initial compound, the particles con-
taining always Sr and Ti in equal amount. Finally, Ra-
man spectroscopy permitted to observe differences be-

1 10

0,0

0,1

0,2

0,3

0,4

SrTiO3

SrTiO3+W
+Steel

SrTiO3+W

SrTiO3+SS

M
as

s 
F

ra
ct

io
n

AED / µm

Figure 7. Aerosol size distribution for the SrTiO3 sample and
its mixture with the cladding materials, obtained by weighing
theMOUDI impactor plates before and after the experiments.

tween the pellet and the collected aerosols (as shown in
Figure 8): the former showed the typical broad bands of
the SrTiO3 crystal (as reported in [26] at ca. 200–500
and 600–750 cm−1), while the latter showed bands re-
lated to first-order vibrations (broad bands at ca. 550
and 800 cm−1). As explained in literature [27,28], defects,
size effects or strains can break the symmetry of the crys-
tal and allow the detection of first-order Raman bands.
Moreover, for the particles with a cut-off size AED of 1
µm, the spectrum was similar to that of the SrTiO3 crys-
tal. This shows that this effect is less visible for particles
with a bigger dimension and is related to the nanomet-
ric dimension of the particles in the lower stages of the
MOUDI impactor.

3.8. SrTiO3 and the cladding
The experiments with cladding materials showed

similar results to those in the experiments performed
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order bands related to the nanometric aerosols. In particular,
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similar to the bulk material, indicating that this effect becomes
evident only for smaller particles.
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Figure 9. Typical Raman spectra for the aerosols collected
from an SrTiO3 sample with tungsten, showing a chemical par-
titioning with AED. In the smaller particles, the bands ofWO3
can be observed. The formation of SrWO4 can be inferred from
the band at 922 cm−1.

for the other sources. The morphology of the particles
was not influenced by the presence of the cladding ma-
terial, 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, a shift of the peak in the nano-
metric size range was observed in the presence of tung-
sten (Figure 7, μ = 750 µm) but not when stainless steel
was tested.

When tungsten was included in the sample, the for-
mation of a new compound was detected by Raman
spectroscopy (shown in Figure 9, from the band at 922
cm−1 as compared with the data for SrWO4 by Zhao
et al. [29]). Moreover, an elemental partitioning was ob-
served in the 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 aerosols were found. These aerosols showed
by Raman analyses the bands related to a new
compound.

• Finally, in the bigger particle (AED > 1 µm), iso-
lated 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) were collected as
the main components of the aerosols throughout all the
stages. The Raman spectra showed just the bands of the

stainless steel related phases in all the stages. In the pre-
stage of the impactor, aerosols containing the initial iso-
lated compounds were detected.

Finally, when 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 to those for the stain-
less steel cladding test.

The results for SrTiO3 can be summarized as follows:

• Tungsten showed a chemical interaction with the
source material, and in that case a chemical parti-
tioning with the AED was observed.

• Stainless steel, on the other hand, did not inter-
act with the simulated source material and stain-
less steel related phases were the main materials
detectable in the aerosols.

• Tungstenwas retained and not vaporizedwhen the
mixture of claddingmaterials was tested. The sam-
ple behaved as if only stainless steel was present.

4. Discussion and conclusions

It should be emphasized that the mass and size dis-
tribution of the air-borne material are the main param-
eters for the evaluation of the effects of an RDD explo-
sion. Integral experiments [6,8] using explosives showed
that the particles released from such events could be di-
vided into big micrometre-size particles (related to the
mechanical impact of the explosion) and smaller nano-
metric particles (related to the vaporization process re-
sulting 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 distances. Aerosol release related to the vaporiza-
tion of the sample is consequently the main feature to be
investigated for risk assessment.

In our experiments, these particles were produced by
vaporization of the sample using a laser heating tech-
nique, 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 difficulty in reproducing an explo-
sive wave in the set-up.

We have observed a bimodal size distribution in our
experiments, similar to that reported in literature for in-
tegral experiments [6,8]. Micrometre-size particles were
collected together with nanometric particles in our ex-
periments, related to the ejection of material by the me-
chanical shock of the laser shot. This can be liquid ma-
terial from the laser melted area which creates spheri-
cal micrometre-size particles, or solid irregular-shaped
fragments generated from the unmelted pellet. It was
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possible with our tests to investigate the different charac-
teristics of the particles in these two size ranges, although
the fractional release between the two types of aerosols
cannot reproduce that of an RDD detonation.

Different release characteristics were observed for
the different sources studied:

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

• Co aerosols were collected in lower mass with re-
spect to CsCl, and the particles were mainly com-
posed of cobalt oxides.

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

• SrTiO3 showed a similarmorphology andmass re-
lease to that of cobalt, but the aerosols collected
kept their initial composition.

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

• CsCl particles were collected only in bigger AED
in the presence of stainless steel. In the presence
of tungsten, a different chemical partitioning with
AED was observed. The bigger particles were iso-
lated aerosols containing CsCl or WO3. 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 toW compounds. The
total mass released was higher in the presence of
tungsten.

• Cowas found in low quantity in the aerosols in the
presence of stainless steel. In the presence of tung-
sten, cobalt forms CoWO4 aerosols. These were
collected at all the stages of the impactor, also in
the one with the smallest AED.

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

• SrTiO3 showed a chemical reaction when W was
used as a claddingmaterial with the formation of a
new compound. No interaction with stainless steel
was observed.

From these results, it can be concluded that the
presence of stainless steel does not lead to a chem-
ical interaction with the tested source materials. The
aerosols containing the simulated radioactive materi-
als are concentrated in the higher AED, leading to a
lower probability of inhalation in the lungs. Tungsten in-
stead seems to have a substantial effect, as an increase
of the total mass release was observed. This can be re-
lated to the creation of more volatile compounds but
can also be caused by a heat transfer mechanism typi-
cal for our set-up. Although in this case a shift to big-

ger AED was observed, it was minimal, not affecting
the risk by inhalation in the lungs (AED < 10 µm).
In all cases (except iridium), tungsten showed a chem-
ical interaction with the source materials, creating new
chemical compounds (tungstates). This chemical inter-
action has a strong effect on the aerosol formation pro-
cess as a compound with a different thermo-physical
property is created. This could result in a change of
the coagulation and collision rates, which could con-
centrate the radioactive source material in a particular
size range. Consequently, it must be considered in the
evaluation of the radiological consequences of an RDD
explosion.

When the two cladding materials were tested to-
gether, retention of tungsten was observed in the sample
by the 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 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 vaporization
of tungsten. It must be investigated if this reaction could
occur in a real RDD explosion.

Finally, we can compare our findings to the obser-
vations of the integral tests. In the tests of Harper et al.
[6], no chemical reactions were observed, and the soil en-
trained in the fireball was observed to interact with the
radioactive materials only by agglomeration and/or co-
agulation, affecting the size of the “radioactive” parti-
cles. However, we should point out that minor chemical
analyses were performed on the particles, which did not
exclude chemical interactions. On the other hand, in the
tests of Lee et al. [8] on CsCl, the effect of chemical in-
teraction on the source was clearly observed (such as a
different ratio of Cs to Cl in the aerosols), without iden-
tifying its cause. Our work clearly shows the importance
of detailed characterization of the aerosols and the use-
fulness of separate effect studies to effectively investigate
the mechanisms of aerosol formation from the vapour
phase, the chemical reactions and their 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 investi-
gate the nanometric particles of greatest interest for the
risk assessment of RDD explosions. An important out-
come of our work is the observation of the possibility of
an elemental and chemical partitioning with AEDof 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 contam-
inated area using radioactive dispersion codes which
need 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
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could chemically or physically interact with the source
material.
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