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Chapter 1

Introduction

The existence of more than 9000 different nuclides is predicted by recent nuclear models,
whereas only about 3200 nuclides are presently known and investigated. They can be
distinguished by their different nuclear ground-state properties like masses, half-lives and
spins. About 12% of the known nuclides can be found in nature today with different abun-
dances whereas most of the naturally occurring nuclides being stable [1].
Investigations of the origin of the universe showed that shortly after the Big Bang only
hydrogen, helium and lithium were produced. Thus, the other elements emanate from
nuclear fusion processes in stars, commonly referred to as stellar nucleosynthesis. The fact
that the maximum of the binding energy per nucleon is at 56Fe rises the question [2]: Why
do the heavier elements exist and how were they produced? In the first phase of the pri-
mordial nucleosynthesis proton- as well as neutron-capture processes are assumed, which
are followed by a β+- and β−-decay, respectively. Two different neutron-capture processes
are distinguished: Within a low neutron flux the (slow) s-process takes place, in which
every neutron-capture is directly followed by a decay. At a high neutron flux the nucleus
captures several neutrons and decays afterwards far away from the valley of stability in the
so-called (rapid) r-process, which is alone responsible for the creation of half of the heavy
elements. Each of the capture processes reaches some nuclei, where the reactions (n,γ)
and (γ,n) are in a state of equilibrium. At these so-called waiting points the synthesis is
waiting until a β−-decay enables further captures.
As nuclear ground-state properties reflect the interactions inside the nucleus, they deter-
mine the path of the different processes and thus, high precision data of masses, moments
and half-lives are required to gain reliable interaction models of the nucleons, and a general
understanding of the matter in the universe. Especially the mass is most important since it
reflects the nuclear binding energy via Einsteins formula E = mc2, whereas spins and mo-
ments contain informations about the nuclear shape and the distribution of the nucleons.
High-precision measurements of the quantities, especially on short-lived nuclides far away
from the valley of stability, are performed by mass spectrometric and laser spectroscopic
facilities worldwide [3].
One of these facilities is TRIGA-SPEC, located at the research reactor TRIGA Mainz
at the Institut für Kernchemie, University of Mainz, consisting of two branches, the trap
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2 CHAPTER 1. INTRODUCTION

branch called TRIGA-TRAP, and the laser branch called TRIGA-LASER [4]. The goal of
this facility is the online investigation of short-lived neutron-rich radionuclides produced
by thermal neutron-induced fission of a fissionable target for the improvement of nuclear
models, and a better understanding of the nucleosynthesis processes. In addition the trap
branch extends the range of directly measured high-precision mass data to the transura-
nium region by offline mass measurements on long-lived heavy nuclides up to californium.
TRIGA-TRAP is a double Penning trap mass spectrometer where the mass measurement
of the nuclide of interest is based on the determination of the cyclotron frequency νc of
the stored ion [3]: νc = qB/(2πm). TRIGA-LASER aims for the investigation of nuclear
spins and moments by the measurement of isotope shifts and hyperfine structure splittings
using collinear laser spectroscopy [5].
Since short-lived radionuclides are not available in nature they must be produced in the lab-
oratory. They can be obtained at the research reactor TRIGA Mainz by thermal neutron
induced fission of a target [6], are slowed down and transported out by a gas-jet system.
Chapter 2 gives an overview of the production of radionuclides and the extraction principle
and introduces the TRIGA-SPEC experiment. Due to the relatively low mass of the fission
products a transport medium is needed. Therefore carbon aerosols will be used to which
the fission products attach. The principle of carbon aerosol production is explained in
Chap. 3 including a description of the detection and size classification. Since nearly every
mean of aerosol production can not generate only one single size, it is necessary to examine
the size distribution of the aerosol particles. This requires an explanation of the origin of
the size distribution and the determination of the produced aerosol amount as well as the
mean of the size distribution as function of different parameters. For the use of aerosols
under experimental conditions it is also important to assure the longterm stability of the
aerosol production.
The focus of Chap. 4 is the extraction of the fission products. For a differentiated under-
standing of the extraction it will be pointed out, how it is possible to verify the energy
calibration of a germanium-lithium detector and which fission products can be identified
by the means of gas-jet transport and γ-spectroscopy. Two different ways of spectral data
evaluation will be introduced for the examination of the fission product extraction. Since
the extracted radionuclides decay, the time that is needed to extract the fission products is
an important limiting factor. It is essential to know this time to be able to estimate, which
radioactive species are in principle available for further investigations after extraction. The
production rate is defined by target and reactor properties. Since they can not be changed
easily to gain a several orders of magnitude higher production it is required to extract the
fission products as efficient as possible, which is addressed in detail in Chap. 4. Another
limit is the number of particles that are available for investigation. Thus it is important
to know their absolute number in order to estimate whether enough particles are available
for measurements or not. These numbers will be calculated from the data used for the
transport efficiency measurement to have comparable values, which requires an efficiency
calibration of the detector. In addition some assumptions are made due to target geometry
and absorption processes.



Chapter 2

Principle of production, extraction
and usage of radionuclides at the
research reactor TRIGA Mainz

For the determination of the properties of radionuclides numerous radioactive ion beam
facilities have been set up worldwide [7–12]. In order to gain access to as many nuclides
as possible different production methods have been used: Accelerator facilities produce
mainly neutron-deficient nuclides by the bombardment of a heavy target with light charged
particles like protons [9] or 4He nuclei and by an increase of the projectile mass heavy and
super-heavy elements can be produced [8]. A distinction is drawn between ISOL/IGISOL
[9, 10] and fragmentation [13] facilities where the radionuclide production is realized by
the bombardment of a thick and a thin target, respectively. In opposition to accelerators
nuclear reactors deliver neutrons and thus provide access to the neutron-rich area of the
nuclide chart by induced fission of a fissionable target. As the fission yield depends on
the material [14] different nuclides from 227Th to 249Cf can be used as targets to gain
the maximum yield for different mass regions. Instead of the radionuclide production by
thermal neutron-induced fission it is possible to use a material that fissions spontaneously
as it was realized with 252Cf at the CARIBU experiment [15].
In this chapter the fission process and the function of the research reactor TRIGA Mainz
are introduced and the TRIGA-SPEC experiment for investigations of nuclear ground-state
properties is presented [4] . The main focus is on the helium gas-jet and aerosol generator
system, which was built up and characterized in the context of this thesis and is used for
extraction of fission products from the reactor.

2.1 The fission process

In order to explain why fission of a nucleus can occur, it is necessary to understand the
composition of the binding energy of a nucleus. Therefore the liquid drop model, the first
developed nuclear model, is introduced here before the neutron induced fission process is
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4 CHAPTER 2. PRINCIPLE OF PRODUCTION AND EXTRACTION

discussed. Despite the development of numerous nuclear models, as e.g. Duflo-Zuker [16],
the liquid drop model describes the nuclei still most precisely [17].
The liquid drop model describes the nucleus as an analogy to an incompressible homoge-
neously charged liquid drop. Its binding energy is described by Weizsäcker’s semi-empirical
formula consisting of five different terms: [18]

E = EV − ES − EC − ESym + EP . (2.1)

The nucleus is hold together by nuclear forces with a small range that allow only interac-
tions of the nucleons with their closest neighbors. Therefore, the estimation EV ∝ A of the
volume energy is made with A being the atomic mass number, i.e. the number of nucleons.
The surface correction ES ∝ A2/3 is necessary as nucleons at the surface of the sphere
have less neighbors than the ones inside. Due to the charge of the protons the repulsive
coulomb correction EC ∝ Z(Z−1)A−1/3 represents the interactions of one proton with the
others. Both remaining terms are the result of observations that showed that nuclides i)
with the same number of neutrons and protons are more stable than others, which results
in the symmetry correction ESym ∝ (N − Z)2 /4A, and that ii) an even number of protons
or neutrons stabilizes the nucleus in addition. This is represented by the pairing term

EP ∝ δ A1/2 (2.2)

with δ being +1 for nuclei with even numbers of protons and neutrons, −1 for nuclei with
odd numbers of protons and neutrons and otherwise 0.
A small deformation of the nucleus increases the surface and therefore reduces the binding
energy. At the same time the distance of the protons is increased and thus the Coulomb
repulsion decreased. In this case fission is impossible as long as EC and ES compensate
each other as the binding energy did not change and the nucleus is still stable. According
to Bohr and Wheeler [19] spherical drops can be parameterized by the radius vector R(θ)
in terms of Legendre polynomials due to a multipolar expansion:

R(θ) = R0

(
1 +

∞∑
n=1

αnPn(cos(θ))

)
. (2.3)

For the examination of small distortions they found that ∆EC = −1
5
α2

2 EC and ∆ES =
2
5
α2

2 ES, where ∆EC is the change in the Coulomb correction, ∆EC is the change in the
surface correction and α2 is the quadrupolar coefficient of P2(cos(θ)) from Eq. (2.3). Thus,
they showed that nuclei will be unstable if

EC
2ES

> 1 . (2.4)

According to this equation the liquid drop model predicts one saddle point in the potential
as a function of the deformation of the nucleus and in addition a spherical shape for all
stable nuclei. Observations showed that this is an inadequate description as both are not
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Figure 2.1: Potential energy of a heavy nucleus as a function of the deformation. The fission
barrier is marked with the two thresholds A and B, respectively. A can be explained with
the liquid drop model, B is introduced with the shell corrections.

consistent with observations for actinide nuclides. This problem can be solved with the so-
called shell corrections [20] that predict a double potential barrier [21] as shown in Fig. 2.1.
As thermal neutron fission is the dominating process for the fission in a nuclear reactor at
which TRIGA-SPEC is situated, the focus will be on this process for further explanations.
In the case of nuclides that are fissionable by thermal neutrons the energy that is released
by the bond of the neutron to the nucleus is sufficiently high to excite the nucleus to an
energy above the fission barriers A and B shown in Fig. 2.1, since the kinetic energy of
the neutron is very low. According to Weizsäcker’s formula Eq. (2.1) and Eq. (2.2), the
binding energy is especially for odd numbers of protons and neutrons very low and thus,
heavy nuclides with an odd number of neutrons are fissionable since additional energy is
released due to the pairing term after neutron capture. Due to the shell corrections to the
liquid drop model nuclides with an even number of neutrons can be fissioned as well by
thermal neutrons but with orders of magnitude smaller cross sections [24].
A general formulation for the low-energy fission is

A + n→ B + D + λn + ∆E , (2.5)

which expresses that by the fission of a nuclide A induced by the capture of one neutron
n, the two nuclides B and D as well as λ neutrons are generated and the energy ∆E is
emitted. λ is a statistical value and is typical for the fissioned material (e.g. λ = 2.4 for
235U, λ = 2.9 for 239Pu). The illustration of the fission process is shown in detail in Fig 2.2.
Fission is initiated by the capture of a neutron as an energy of about 6 MeV is released after
its bond to the nucleus. This causes an excitation of the nucleus with strong deformation
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Figure 2.2: Different steps during nuclear fission. If energy is supplied to a fissionable
nucleus, e.g. by neutron capture, the nucleus is excited, constricts after ≈ 10−15 s until the
fission takes place. The fission products gain kinetic energies up to 100 MeV, emit neutrons
and γs until they end as stable nuclei.

vibrations while the nuclear forces constrain the nucleus to the ground state shape. After
approximately 10−15 s the deformation has reached the saddle point of the potential and
the nucleus is separated after additional 10−20 s. Due to the Coulomb repulsion the two
fragments are separated and lower their energies by the emission of prompt neutrons and
γ-radiation. After a series of β−-decays these nuclides reach the valley of stability [25]. A
small fraction of neutrons, about 0.7% for 235U [26], is emitted after a delay of 0.08 s to
100 s when a nucleus reaches an highly excited state after a β−-decay.
Generally the mass distribution of fission products is asymmetric for thermal neutron
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Figure 2.3: Thermal neutron fission yields of (a) 235U and (b) 249Cf. The maximum yield of
the lighter fission products deviate to heavier masses by an increase of the mass of the fis-
sioned nuclide whereas the maximum of the heavy fission products remains approximately
the same [22,23]. The production rates for the test target that was used within this thesis
is presented later.

induced fission [27]. As shown in Fig. 2.3(a), where the colors indicate the relative fission
yields of the nuclides, there are two maxima for the fission of 235U, one around mass
number A=100 the second at about A=138. Since nuclides apart from the maxima are
produced with an orders of magnitude less amount, symmetric fission is about three orders
of magnitude smaller than asymmetric fission. In Fig. 2.3(b) the fission yields for 249Cf
are shown and it becomes apparent that the maximum of the light fission products are
shifted towards heavier masses whereas the maximum of the heavy fission products remains
at the same position. Its position is at about A = 138 near the doubly magic nucleus
132Sn. Experimental data showed in general that the maximum of the light fission products
increases with the mass of the fissioned nuclide until symmetric fission as dominating
process is reached for 258Fm [22]. Thus, in case of the light branch the yield of the nuclide
of interest can be increased by selection of an appropriate target material. The fission of
light nuclides with Z ≤ 85 results in symmetric fission as well.
If other projectiles as e.g. high energetic neutrons are available, the fission yields become
symmetric due to the faster direct fission process at higher energies. In addition, other
nuclear reaction processes like the emission of a proton or an α-particle can occur. Fission
induced with protons or heavier charged particles show a similar behavior but with lower
fission yields since high energies are required due to the Coulomb repulsion.
At the research reactor TRIGA Mainz uranium, plutonium and californium targets are
used routinely as targets for fission induced by thermal neutrons. In the following the
reactor is described.
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2.2 The research reactor TRIGA Mainz

The research reactor TRIGA1 Mainz was built in 1965 by the company General Atomic
[28] and is a freestanding reactor located at the Institut für Kernchemie at the Johannes
Gutenberg-Universität in Mainz. It is a light water cooled reactor equipped with 76 fuel
moderator elements of an alloy of uranium-zirconium-hydride (UZrH) with an enrichment
of about 20 % in 235U. The cylindrical elements with a length of 72.2 cm and a diameter
of 3.5 cm are placed inside a 20 m3 aluminium tank surrounded by a concrete shield. Two
control rods and one pulse rod made of boron carbide or boron nitride, respectively, are
used for power regulation.
Two different operation modes are possible: (i) In the steady-state mode the reactor can
be operated at power levels from 100 mWth to 100 kWth, which corresponds to thermal
neutron fluxes in the order of 105n/ (cm2 s) to 1011n/ (cm2 s). The maximum fluxes of
thermal neutrons are shown in detail in Tab. 2.1 for different irradiation positions. (ii)
The TRIGA reactor can also be operated overcritical, i.e. in the so-called pulse mode [29]
with a maximum allowed power of 250 MWth. Under these conditions the pulse width
is about 30 ms. The inherent safety of the reactor allows the safe operation in the pulse
mode. Due to composition of the fuel matrix [30], the neutrons are mainly moderated by
interactions with the hydrogen in the UZrH alloy. If the fuel temperature increases, e.g. if
one moderator rod is removed very fast, the neutrons lose less energy in collision with the
hydrogen atoms due to the high thermal energy of the hydrogen. Thus the neutrons cause
less fissions due to smaller cross sections at higher energies and escape to the water where
they are moderated. If such a thermal neutron penetrates a fuel element, its energy is
increased again due to the higher temperature of the rod. Hence, the chain reaction is
aborted within a few milliseconds, faster than any engineered device can operate. By the
consideration of the activity A after an irradiation of N atoms for a time t

A = σΦN
(
1− eλt

)
, (2.6)

with the neutron capture cross section σ, the neutron flux Φ, and the decay constant
λ = ln 2

T1/2
, it is obvious that a short irradiation time suppresses activity of long-lived ra-

dionuclides. Thus the pulse mode is ideal for investigations on short-lived radionuclides up
to half-lives of 55 s due to the high neutron flux and the short irradiation time [29].
Sufficient radiation protection is provided by the surrounding concrete shielding and the

Irradiation position thermal neutron flux / n/ (cm2 s)
rotary specimen rack 7× 1011

pneumatic transfer system 1.6× 1012 − 1.8× 1012

beam tubes 1.0× 1011 − 5.4× 1011

Table 2.1: Thermal neutron fluxes at different irradiation positions at TRIGA Mainz for
a power of 100 kWth.

1Training Research Isotope production General Atomic
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D is substantially higher, since the beam tube points directly to the reactor core through
a hole in the graphite reflector. The TRIGA-SPEC experiment is located at beamport B
with a maximal neutron flux of 1.8× 1011 n

cm2 s
at 100 kWth. Beamport A serves as a test

station for the studies of the radionuclide transport and detection with aerosols performed
within this thesis and for further tests concerning the on-line coupling of TRIGA-SPEC to
the reactor.

approximately 5 m shielding water, which provides the opportunity to work near and on
the reactor or to place and remove samples during full power operation.
The TRIGA reactor offers different positions that can be used for irradiations. For isotope
production and neutron activation analysis a rotary specimen rack with 80 irradiation po-
sitions can be used at a rather constant neutron flux due to the continuous rotation of a
sample around the reactor core. As the samples have to be inserted and removed manually
it is impossible to extract them in a sufficient time for the work with short-lived radionu-
clides. Therefore the reactor is equipped with pneumatic transfer systems, which achieve
transport times of one to five seconds. For a very low epithermal neutron flux the ther-
mal column can be used, which is a huge graphite block with an irradiation position that
ensures a very good moderation. As an advantage of a freestanding reactor the TRIGA
Mainz is equipped with four beam tubes, which are located in the arrangement shown in
Fig. 2.4, pointing to the reactor core. In beam port B different targets can be irradiated to
produce short-lived nuclides for further investigations at the TRIGA-SPEC facility, which
is presented in section 2.4.
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2.3 Gas-jet transport systems

Gas jets are in use since the 1960s [31] to transport radioactive nuclides from the production
site to an accessible region with a low background count rate. The method is based on
the principle that nuclear reaction products recoiling out of a thin target are thermalized
in a gas cell, attach to the aerosol particles that are continuously fed in with a carrier gas
and are flushed out through a capillary to the experimental area. After the production
radionuclides have energies up to a few 100 MeV and therefore a maximum range of several
ten centimeters in light gas at atmospheric pressure. To avoid losing the fission products
by attaching to the walls of the target chamber it is necessary to reduce their range in
the gas by increasing the density of the gas. The energy loss can be estimated with the
Bethe-Bloch-Formula [32]

− dE

dx
=

z2e4ne
4πε2

0c
2meβ2

(
ln

2mec
2β2

I(1− β2)
− β2

)
(2.7)

with the electron density of the material ne, the charge number of the particle z and the
average ionization potential of the material I. The energy loss is proportional to the density
of the material for the non-relativistic case and due to ne = Z

A
ρNa:

− dE

dx
∝ ρ . (2.8)

Thus an increase of the gas density increases the energy loss of the fission products as well
and therefore their range in the gas is reduced. This can either be assured by the use of a
heavier non-reactive gas like argon or by an increase of the pressure, which is according to
the law of Boyle and Mariotte

p V = mp/ρ = const. (2.9)

directly proportional to the pressure. Typical ranges of fission products for different pres-
sures and gases are presented in Tab. 2.2. As the whole system is flushed with gas, an
increase of the pressure can just be assured by an increase of the gas flow.
For short distances and therefore short capillaries of a few centimeters length the trans-
port can be realized with pure gases especially helium but is rather impossible for longer
distances [34] as the particles attach to the capillary when they reach its walls due to
diffusion and are lost. According to [35] the distance between a particle and the center of
the capillary after a certain time t is given by

d = tNl = tvD = t
√

2E/m (2.10)

with the mean free path l, the number of collisions per second N = vD/l and the diffusion
velocity vD. As the velocity of a particle can be expressed with its mass m and energy
E = f

2
kB T with temperature T , degrees of freedom f and Boltzmann constant kB, the

distance is proportional to

d ∝
√
T/m . (2.11)
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Pressure / bar Range in N2 / mm Range in 4He / mm Range in 40Ar / mm
1.0 26.0 144 26.7
1.5 17.3 96 17.8
2.0 13.0 72 13.4
2.5 10.4 58 10.7
3.0 8.7 48 8.9

Table 2.2: Ranges of 102Mo in different gases at different pressures [33]. The range of
particles in nitrogen and argon are almost equal although their atomic masses are 14 amu
and 40 amu respectively. This is due to the formation of nitrogen molecules as they have
a low ionization potential, which increases the energy loss during transmission through
matter according to Eq. (2.7)

Usually the decrease of the gas temperature is not an option because of the capillary length.
Hence, the diffusion can only be damped by an increase of the mass of the particles the
radionuclides attach to. This is realized by the insertion of aerosols into the gas. These
aerosols are produced in the gas flow and have typical sizes of about 10 nm− 1000 nm, so
that their mass is in the order of (105 − 1011) amu to avoid attaching to the capillary due
to diffusion.
According to Stokes’ law the sedimentation of heavy aerosols due to gravity is analogous
to Eq. (2.11)

d ∝ m . (2.12)

Hence, light aerosols attach to the capillary due to diffusion, heavy aerosols sediment due
to the influence of gravity or inertia. Thus, neither light nor heavy aerosols can transport
the fission products sufficiently, which means that medium-heavy particles are required.
Different materials like carbon, KCl or NaCl can be used due to the intended application.
A detailed description of the production and investigation of carbon aerosols and their use
is given in the next chapter as they have been used for the first time at TRIGA Mainz
within this thesis. A sketch of the principle is shown in Fig. 2.5.
After the thermalization it is assumed that two processes effect the attachment of ra-
dionuclides to the aerosols, diffusion and impaction. Impaction into the aerosols is a very
improbable process because the geometric cross section of the aerosols is very small due
to their density of about 106 cm−3 and their average size of approximately 100 nm. As
the energy of the fission products is high before thermalization electrostatic effects can be
neglected and thus it is sufficient to estimate the geometric cross section, which is compa-
rably small. Therefore diffusion is the dominating process for which it is assumed that the
nuclides attach to the aerosols with the first physical contact whereas the exact process is
still unknown [36].
In the case of spherical particles it is possible to estimate the diffusion agglomeration. The
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Gas
Aerosol
Generator

ExperimentThermalization
chamber

Tube filter

Figure 2.5: Sketch of the gas-jet principle. Aerosols are produced in a gas atmosphere
and guided to the target chamber where thermalized radionuclides attach to them and are
flushed out through a capillary to the experiment.

attachment coefficient for a neutral atom to a large particle can be expressed as [37]

β0 =
π v R2

P

1 + v RP
4D
× 1

1+
λD
RP

(2.13)

with the diffusion constant of an atom D, the radius of the aerosol RP , the average thermal
velocity of the atom v and the mean free path of the atom λD. This expression can be
approximated for large mean free paths and small velocities with

β ≈ π v R2
P (2.14)

and is thus approximately proportional to the surface of the aerosols. The coefficient for
ions is given by

β± =
π v R2

P

(
1±√π y

)
1 + v RP

4D

(2.15)

with y = q2/2RkT and therefore also the attachment of ions is proportional to the aerosol
surface for small velocities. This is an important fact because due to the ionizing β- and
γ-radiation in accelerator facilities or nuclear reactors it is necessary to know the influence
charges cause on the attachment process. For low charge states the relation β ∝ R2

P is still
valid.
During the transport it is necessary to preserve a laminar flow in the system as occurring
turbulences can force the aerosols to touch the wall of the thermalization cell. Therefore
crucial points are at positions where the laminar flow is expanded or compressed, e.g. at
the entrance of the capillary. The transport time through the capillary is determined by
the pressure gradient between its beginning and end. With a large gradient it is possible
to increase the gas flow up to the sonic speed in the gas under laminar flow conditions.
At higher speeds the flow will become turbulent due to developing shock waves and thus
a large amount of aerosols will be lost. As aerosols and gas have the same velocity in the
capillary the minimum of the transport time is determined by the used gas [38].
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F
B

Figure 2.6: The parabolic velocity distribution across the cylindric shape causes a force
FB on the particles, which points to the center of the capillary.

Though there are many effects that decrease the transport efficiency by forcing the aerosols
to touch the wall, there is also one effect which causes the return of the aerosols to the
center of the capillary: According to inner friction of different layers in fluids and gases
under laminar flow conditions, the velocity is parabolically distributed in a cylinder with
the maximum in the center. That implies considering Bernoulli’s law a force directed to the
center (see Fig. 2.6). Another effect is the occurrence of so-called dead water turbulences
at the entrance of the capillary. They cause that the gas containing the aerosols can only
enter at the center [35].

2.4 The TRIGA-SPEC experiment

The reactor TRIGA Mainz, where the TRIGA-SPEC experiment is located [4], is an ideal
facility to get access to short-lived neutron-rich radionuclides. For mass spectrometric and
laser spectroscopic studies a double Penning trap mass spectrometer as well as a collinear
laser spectroscopy beamline are being installed. A sketch of the planned experimental setup
is shown in Fig. 2.7, a photo of the already existing TRIGA-SPEC experiment is presented
in Fig. 2.8. It consists of two branches, the trap branch called TRIGA-TRAP and the laser
branch called TRIGA-LASER. The TRIGA-TRAP beamline has been completed and cur-
rently offline mass measurements are performed, whereas the TRIGA-LASER experiment
is under construction but first fluorescence signals have been obtained recently. The online
coupling of TRIGA-SPEC is still incomplete whereas the ECR ion source is already in
position. The separator magnet and the radiofrequency quadrupole ion beam cooler and
buncher will be installed in 2010.
In order to produce the nuclides of interest a chamber containing a heavy-element target,

that is fissionable by thermal neutrons, is placed inside the reactor near the core. Three
different targets are presently available for radioactive isotope production: 310µg of 235U,
300µg of 239Pu and 310µg of 249Cf, which provide different amounts of fission products due
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Figure 2.7: TRIGA-SPEC setup with the mass spectrometry experiment TRIGA-TRAP
and the laser spectroscopy beamline TRIGA-LASER.

to different fission cross sections and fission yields. Inside the target chamber the radionu-
clides created by fission are thermalized in a helium gas atmosphere at an overpressure of
about 1.7 bars and attach to the provided carbon aerosols. The gas-jet system and the
aerosol generator were set up and tested within this thesis. The aerosols with attached
fission products are flushed out through a capillary into a vacuum region where the helium
is pumped away by a 275 m3/h roots pump down to a pressure of about 10−1 mbar. In the
expanding gas-jet the aerosols with the fission products remain in the center due to their
inertia. Thus, the helium can be efficiently separated from the aerosols by using a skimmer.
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1

2

3

4

5

Figure 2.8: Photography of the TRIGA-SPEC setup. On the right the TRIGA-TRAP
experiment with the superconducting magnet (1) is located. A laser ablation ion source [39]
and a surface ion source (2) provide a variety of ion species for offline studies. The TRIGA-
LASER setup on the left is being set up, whereas an offline ion source (3), a charge exchange
cell (4), a 10◦ deflector and the detection system are already visible. Also the ECR ion
source (5) is in position.

After the separation the particles will be injected into an ECR ion source [40, 41] where
the fission products get detached from the aerosols and ionized by electron impact. For
this purpose a plasma is confined in a magnetic field minimum due to the magnetic mirror
effect. The electrons in the plasma are heated by a 2.45 GHz microwave on a closed sur-
face of constant magnetic field strength, where the radiofrequency matches the cyclotron
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frequency of the electrons. Thereby, high energetic electrons for the ionization process are
provided. Ions will be extracted from the plasma by an electrode of Pierce geometry, which
is on negative potential with respect to the plasma tube. Isobaric selection of the fission
products with a mass resolution ∆m/ m = 1000 is foreseen by a 90◦ dipole magnet with a
bending radius of 0.5 m and a magnetic field up to 1.12 T, which allows the mass selection
for isotopes up to californium with acceleration voltages up to 60 kV. The selected iso-
topes will be guided to an electrostatic 45◦ switchyard, similar to the one at ISOLDE [9],
and finally delivered either to the Penning trap mass spectrometer TRIGA-TRAP or the
collinear laser spectroscopy beamline TRIGA-LASER. In case carbon cluster ions can be
extracted from the ECR source they could be used for calibration purposes in precision
mass spectrometry.
After first online tests, techniques to improve the sensitivity will be integrated to the setup
such as beam cooling and bunching. Therefore a radiofrequency quadrupole (RFQ) ion
beam cooler and buncher will be placed in front of the switchyard. It consists of a lin-
ear Paul trap with segmented electrodes, which is filled with helium buffer-gas. Ions are
stored in the RFQ in a superposition of a time-independent and an oscillating electric field.
While the RFQ is continuously loaded with ions they accumulate after a cooling time of a
few milliseconds in the potential minimum in the RFQ due to interactions with the buffer
gas [42]. Nuclides with low production rates can be collected before they are transferred
to the experiment. In case of the Penning trap experiment a bunched beam is anyhow
preferred, and for the collinear laser spectroscopy the benefit is that the particle density
increases compared to the continuous beam. In addition background events can be sup-
pressed adjusting the detection interval to the ejection trigger of the RFQ. Furthermore,
the emittance of the beam decreases due to the cooling, which improves the transport effi-
ciency through the setup. This is especially important for loading the ions into the Penning
traps as they need to be decelerated from 30 or 60 keV to a few 10 eV in order to be able
to trap them. During the deceleration the emittance increases by a factor

√
Ekin,1/Ekin,2

and therefore buffer gas cooling is applied in the RFQ to make the ion transport to the
traps more efficient.
TRIGA-SPEC serves also as a test facility for the experiments MATS and LaSpec at the
future facility FAIR [43]. On a shorter timescale TRIGA-TRAP is used in addition as a
test facility for SHIPTRAP [44], which is installed behind the velocity filter SHIP [8] at
GSI Darmstadt. At SHIPTRAP mass measurements of heavy and super heavy elements
are performed and will therefore benefit from developments at TRIGA-TRAP such as the
non-destructive single-ion FT-ICR detection, which can be tested with heavy elements
like uranium, americium or californium before the final installation at SHIPTRAP. At the
TRIGA-LASER setup new techniques for a precision increase of collinear laser spectroscopy
will be tested by an accurate determination of acceleration voltages up to 60 kV. In addi-
tion absolute frequency measurements of transitions are planned by locking the system to
a fiber-laser based frequency comb. These techniques are important for investigations on
light isotopes and are additionally of interest for the COLLAPS/ISOLDE experiment at
CERN [45].
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2.4.1 The laser spectroscopy setup TRIGA-LASER

The collinear laser spectroscopy (CLS) method to be applied at TRIGA-LASER is well
known for optical spectroscopy studies. In general a continuous-wave (cw) laser is over-
lapped with a fast singly-charged ion or neutral atom (after charge exchange) beam at
energies of 30− 60 kV in collinear or anti-collinear geometry. This allows to study nuclear
ground state properties like charge radii, moments and spins of short-lived radionuclides
by isotope shift and hyperfine structure measurements [5]. The high kinetic energy reduces
the velocity spread of the beam. Considering Fig. 2.9 the decrease of the velocity spread
is obvious. At higher beam energies the energy spread remains the same while the velocity
spread decreases. As fine tuning of the laser frequency is often difficult it is possible in
this case to use a fixed-frequency laser and tune the accelerating voltage to change the
Doppler-shift, so that a transition of the ions is resonant to the laser wavelength.
Model independent high precision data about nuclear ground and isomeric states are re-
quired for accurate nuclear structure studies. Measurements that are performed in combi-
nation with an online coupling to an isotope production facility like TRIGA Mainz allow
even investigations on short-lived rarely produced radionuclides. The properties that can
be studied are the nuclear spin I, the magnetic moment µI , the spectroscopic quadrupo-
lar moment QS, and the difference of mean-square nuclear charge radii between isotopes
δ 〈r2〉. These parameters are measured directly and therefore the collected data is com-
pletely model independent.
A detailed description about the extraction of nuclear data from optical spectra is given
in [46] and will be summarized here. Between two isotopes the transition frequency of an
electronic transition is shifted. Two components contribute to the shift of the transition
frequency: the so-called mass shift (MS) and the field shift (FS). The mass shift is caused
by the difference in nuclear mass and thus different center-of-mass motions:

δνMM ′

MS = (KNMS +KSMS)
M ′ −M
M ′M

. (2.16)

KNMS denotes the constant for the normal mass shift, which is due to the interaction of
nucleus and electrons, and KSMS denotes the constant of the specific mass shift, which
is due to the interactions of the electrons among each other. The shift in the charge
distribution δ 〈r2〉 causes the field shift between two isotopes with the masses M and M ′

δνMM ′

FS =
2π Z

3
∆|Ψ(0)|2 δ

〈
r2
〉

(2.17)

and effects the transition frequency as well as the mass shift. ∆|Ψ(0)|2 is the change of the
electron density at the nucleus in the transition. For the hyperfine structure information the
Casimir formula connects the electronic spins J and the nuclear spin I, the magnetic dipole
moment µi and the spectroscopic quadrupole moment QS with the hyperfine correction of
the transition frequency

∆νHFS =
A

2
C +

B

4

3
2
C(C + 1)− 2I(I + 1) J(J + 1)

(2I − 1)(2J − 1) I J
. (2.18)
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Figure 2.9: Principle of decreasing the velocity spread. When particles are accelerated in
one specific direction their velocity spread decreases while the energy spread remains the
same (a). During acceleration the number of particles and therefore the area under the
Lorentzian function that describes the velocity spread are constant. Thus the amplitude
of the peak increases when the velocity spread is decreased (b).

Here C = F (F + 1) − I(I + 1) − J(J + 1), A = µIBe(0)
I J

is the magnetic dipole coupling
constant and B = eQsVzz is the electric quadrupolar coupling constant with the magnetic
field created by the electron motion Be(0) and the electric field gradient Vzz at the nuclear
site. The present sensitivity limit for CLS [47, 48] is in the order of 100 ions/s and a
minimum half-life of T1/2 = 8.8 ms, which has been obtained with 11Li [49,50].
At TRIGA-LASER, which is shown in Fig. 2.10, a 10◦ deflector overlaps the ion beam
either coming from an offline surface ion source or from the ECR ion source with the laser
beam. To bring the ions in resonance with the laser beam the velocity of the ions is tuned
by changing their kinetic energy. As most ions and atoms do not have a closed two-level
transition outside the ground state, a decay into a state without interaction with the laser
light will follow excitation. This would result in a very weak signal, thus interactions of
light and particles have to be avoided until the detection region is reached. Therefore the
particle velocity can be fine-tuned by applying a potential to a metal tube in the detection
region for ions or to the charge exchange cell (CEC) for neutral atoms, which is needed if
transitions in the ionic spectrum are disadvantageous for cw lasers to neutralize them and
perform spectroscopy on neutral atoms. At present only optical ion detection is planned
in a section that is designed to reflect the fluorescence light via a lens to an adjacent pair
of photomultipliers. Operation is possible in a wide spectrum from 200 nm to 750 nm with
a quantum efficiency up to 20 %.
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At the first stage of TRIGA-LASER limits for the fluorescence detection of 105−106 ions/s
are expected but even this limited sensitivity should provide the opportunity to investigate
some fission products of 249Cf, e.g. rhodium isotopes of which neither isotope shifts nor
hyperfine structures have ever been measured. For measurements far away from stability
cooling and bunching of the ion beam is a method to increase the signal-to-noise ratio and
thus the sensitivity limit to about 100 ions/s [47, 51].

2.4.2 The mass spectrometry setup TRIGA-TRAP

Mass measurements with Penning traps is a well-established procedure. Unrivaled precision
can be reached on stable as well as on short-lived nuclides [3]. A detailed description of a
Penning trap, which is shown in Fig. 2.11(a), is given in [52] and only a brief summary is
provided here.
The trap electrodes are placed in a strong homogeneous magnetic field with the end caps
pointing in B-field direction defining the z-axis, and a weak quadrupolar electric field is
generated by applying a voltage to the trap electrodes. The motion of ions with charge-
to-mass ratio q/m in an ideal trap can be separated in three independent eigenmotions as
shown in Fig. 2.11(b), which are characterized by their frequencies

z0

B

r0

z

V r

rz

r+

r-

z

x y

(a) (b)

End cap

End cap

Ring

Figure 2.11: Sketch of a hyperbolic Penning trap (a) and the ion motion in the trap (b).
The trap electrodes are placed inside a homogeneous magnetic field and a quadrupolar
field is created by applying a proper voltage to them. The ion motion can be separated
into three eigenmotions, reduced cyclotron motion with radius ρ+, magnetron motion ρ−
and axial motion ρz.
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ν+ =
1

2

(
νc +

√
ν2
c − 2ν2

z

)
(2.19)

ν− =
1

2

(
νc −

√
ν2
c − 2ν2

z

)
(2.20)

νz =
1

2π

√
qV

mD2
, (2.21)

the reduced cyclotron frequency ν+, the magnetron frequency ν− and the axial frequency
νz. Here B denotes the strength of the magnetic field and V the electric potential inside a
trap with the characteristic parameter

D =

√
1

2

(
z2

0 +
ρ2

0

2

)
(2.22)

defined by the minimum distance of the end caps 2z0 and the minimum radius of the ring
electrode ρ0. The eigenfrequencies in the trap are connected to the free cyclotron frequency

νc =
1

2π

q

m
B (2.23)

via the invariance theorem

ν2
c = ν2

+ + ν2
− + ν2

z , (2.24)

which can be simplified to νc = ν+ + ν− for an ideal Penning trap [52]. Assuming singly
charged ions, the atomic mass matom of the ion of interest can be calculated from the
cyclotron frequency of the reference ion νc,ref , used for the calibration of the magnetic field
strength, the cyclotron frequency of the ion of interest νc, the atomic mass of the reference
ion mref and the electron mass me:

matom =
νc,ref

νc
(mref −me) +me . (2.25)

Adequate references are carbon cluster ions as they are integer multiples of the atomic
mass unit2. At TRIGA-TRAP a laser ablation ion source was built, which produces carbon
clusters up to C+

27 and which allows to perform absolute mass measurements [39].
Under experimental conditions the radioactive ion beam is guided through the switchyard
in straight direction to the TRIGA-TRAP experiment. A detailed drawing of the TRIGA-
TRAP setup is presented in Fig. 2.12. The online produced ions enter the beamline on
axis, the two offline ion sources have each a 90◦ electrostatic deflector to bend the beam
into the beamline. MCP1 is a movable detector to optimize the beam before injection into
the strong magnetic field. The optimized ion beam is guided to the first trap, which is
a cylindrical trap used for preparation and purification processes. After ion preparation
the ions of interest pass the pumping barrier and can be stored in the second trap, which

2Electron and cluster binding energies are neglected here.
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is a hyperbolic trap, where the actual mass measurement is performed, either by a non-
destructive detection technique or by the TOF-ICR technique, which involves measuring
the flight time to a detector at the end of the beamline. Presently measurements are
performed at room temperature and at a pressure of 10−8 mbar, which is generated by
a set of turbo pumps. By cooling the trap tube down to 77 K a pressure of 10−9 mbar
can be reached. The detection electronics can be cooled down to 4.2 K in the liquid
helium cryostat for low noise measurements with superconducting circuits. Investigations
on the magnetic field inside the magnet showed a very homogeneous field for the Penning
traps with a homogeneity of ∆B/B ≈ 0.14 ppm/cm3 in the inner volume [53]. Inside
the homogeneous magnetic field two Penning traps are in use for mass measurements.
In the cylindrical purification trap the mass-selective buffer-gas cooling technique [54] is
applied. The ion motions are cooled by collisions with helium buffer gas at a pressure of
about 10−4 mbar. First, a dipolar excitation is applied to increase the magnetron radius
of all particles mass independently. With the subsequent application of a quadrupolar
excitation at νc ions of one selected mass are centered due to the conversion of magnetron
to modified cyclotron motion, which is cooled much faster than the magnetron motion.
Thus the ions of interest are centered in the trap while all other species remain on their
initial magnetron radius. Therefore a mass-selective extraction is possible as only centered
ions can pass the pumping barrier between the purification and the precision trap. With
this procedure a mass resolving power of ∆m/m = 105 has been demonstrated at TRIGA-
TRAP. The pumping barrier is also necessary for lowering the gas pressure in the precision
trap by limiting the helium flow, which is necessary as a high gas pressure is needed for
ion cooling in the first trap and a low pressure for high-precision measurements in the
second trap [55]. As a non-destructive detection method of the ions in the purification
trap, a broadband Fourier transform-ion cyclotron resonance (FT-ICR) detection system
is being developed [53, 56]. This offers the advantage to analyze all ion species inside the
trap without losing the trapped ions. A detection limit of a few ten ions is envisaged.
The FT-ICR detection method is based on the detection of the image current in the ring
electrode segments induced by oscillating ions. Hence, the measurement is only limited by
the storage time and the lifetime of the ion of interest. In addition the number of required
ions to gain sufficient statistics is very low since the ions are not lost during detection. By
the assumption of an oscillating ion inside a parallel-plate capacitor with infinite size, the
image current can be calculated as [57]:

i(t) =
2πqνionrion(t)

d
(2.26)

where νion is any of the eigenfrequencies and d the modified distance between two opposite
electrodes [58]. The FT-ICR detection principle is presented in Fig. 2.13. The induced
current is converted into a voltage drop by external circuits, which is amplified and subse-
quently converted from time into frequency space. Thus, the Fourier transformation of the
detected signal yields the frequency νion. For the mentioned broadband FT-ICR detection
it is sufficient to use conventional amplifiers as the current induced by the large number
of trapped ions is sufficiently high. In order to define a radius and a coherent motion the
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Figure 2.13: Detection scheme of the non-destructive FT-ICR detection. The ion motion
in the trap induces an image current in the electrodes, which is converted into a voltage
drop, amplified and Fourier transformed into frequency space. The narrowband FT-ICR
for single ion detection requires a cryogenic amplifier.

ions are excited by a dipolar excitation at the eigenfrequency to be observed. In the pre-
cision trap the narrowband FT-ICR technique is implemented for the high precision mass
measurement of singly charged ions. Since it is aimed for single ion detection the image
current is typically in the range of 10 to 100 fA depending on the motional amplitudes.
Hence, compared to the broadband FT-ICR a different detection is required. Due to the
low signal of a single ion a superconducting transformer and a helical resonator is used
to increase the signal-to-noise ratio [53]. In addition the circuit has to be resonant to the
ion motion to amplify the signal sufficiently. In the TRIGA-TRAP experiment only the
reduced cyclotron frequency ν+ is determined to obtain the mass value of the stored ion.
The precision trap is a hyperbolic trap followed by a system of drift tubes and therefore the
key part of the time-of-flight ion cyclotron resonance (TOF-ICR) and FT-ICR measure-
ment as well. For the frequency determination of short-lived nuclides in a Penning-trap
the TOF-ICR method is the ideal choice [59]. In Fig. 2.14(a) a sketch of the measurement
principle with the ion flying from the trap to the detector is shown. Fig. 2.14(b) shows
the theoretical curve of the time of flight as function of (ωq − ωc)Tq with the excitation
frequency ωq, the excitation time Tq, and the cyclotron frequency ωc [59]. Here the fre-
quencies are given as angular frequencies. For an excitation frequency ωq = ωc the time
of flight is minimal. For the TOF-ICR measurement an electric quadrupolar field with
the frequency ν+ + ν− is used to couple the radial eigenmotions. The radial energy, which
determines a magnetic moment, is mainly determined by ν+. A force depending on the
energy and the magnetic field gradient effects the ions:

#„

F = −Erad

B
∂B
∂z

#„ez. Thus, if they



2.4. THE TRIGA-SPEC EXPERIMENT 25

B

z

Penning trap
(quadrupolar excitation)

detector

Time-of-Flight

( - )w w ×q c qT

(a) (b)

p p p p p p

M
ea

n
T

im
e-

o
f-

F
li

g
h
t 

/ 
µ

s

Figure 2.14: Sketch of the time-of-flight measurement principle (a). Ions are excited in
the trap with different frequencies and fly to the detector where their time-of-flight is
measured. The time of flight as function of (ωq − ωc)Tq (b) with the excitation frequency
ωq, the excitation time Tq, and the cyclotron frequency ωc is minimal for an excitation with
the frequency ωq = ωc [59].

are ejected from the trap with different energies, their time of flight deviates for different
excitation frequencies around a minimum for νc. A higher precision can be gained by the
so-called Ramsey excitation technique, where instead of a continuous excitation the exci-
tation signal is separated by waiting times, leading to multiple fringes, and a decreased
line width of the TOF resonance as shown in Fig. 2.15 [60,61].
A limitation for high-precision mass measurements is the time variation of the magnetic
field, especially for longer measurements of several hours. For the correction of the nearly
linear drift of the magnet a cyclotron frequency measurement of a reference ion is carried
out before and after the actual measurement of the ion of interest [62, 63]. Also misalign-
ments of the position of the trap electrodes in the magnetic field, the inhomogeneity of the
field and imperfections of the electrodes, like their segmentation, limit the precision [3].
For measurements of exotic short-lived nuclides limiting factors for TOF-ICR technique
are the relatively slow buffer gas cooling in the purification trap and the excitation in the
precision trap, which can last from milliseconds up to several seconds depending on the
desired resolving power. The shortest-lived nuclide that has ever been investigated in a
Penning trap is 11Li with a half-life of 8.8 ms [64]. In the FT-ICR mode the observation
time is the limiting factor. It has to be 1 to 10 s for a sufficient long detection of the image
current in the precision trap [65, 66]. Summing up, the TOF method allows the detection
of short-lived radionuclides down to half-lives of a few milliseconds depending on the pro-
duction rate, whereas the FT-ICR method can only be used for nuclides with half-lives
down to 1 s. The strength of the latter method is that it can work in principle with one
single ion. Thus it can be applied also when production rates are very low, even down
to one per minute and less. TRIGA-TRAP aims for single ion detection with FT-ICR to
investigate particles with very low production rates but sufficiently long half-lives. The
implementation of TOF-ICR and FT-ICR detection techniques in the same Penning trap
mass spectrometer is unique and offers the chance to measure the cyclotron frequency in
two different ways for the comparison of both methods and to benefit from the advantage
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Figure 2.15: Time-of-flight resonance of C+
20 using the Ramsey excitation technique of time

separated oscillatory fields at TRIGA-TRAP. The red line is a fit of the theoretical line
shape to the measured values [60, 61].

of both techniques.
First offline mass measurements at TRIGA-TRAP have already been performed on 241Am.
Together with the results of 252−254No from SHIPTRAP these are the very first direct
mass measurements of transuranium nuclides. Since all nuclides heavier than uranium are
linked by alpha-decay chains to the known masses, direct mass measurements on these
nuclides can confirm the result of the decay spectroscopy experiments and provide new
anchor points in the region of transuranium elements for the super heavy isotopes.



Chapter 3

Aerosol classification

TRIGA-SPEC aims for the investigation of neutron-rich nuclides. Therefore fission prod-
ucts have to be extracted from the reactor TRIGA Mainz and guided to the setup [4]. As
the transport capillary has an approximate length of 7 m, it is not possible to transfer them
in pure gas and hence, aerosols are used as means of transport. Aerosols are small solid or
fluid airborne particles inside a carrier gas in which they usually are produced under differ-
ent experimental conditions. Usually they consist of single atoms that form conglomerates
in a chaotic way. In the case of TRIGA-SPEC it is sufficient to use solid aerosols for the
transport as they have already been tested [36] and the aerosol generators are available.
Aerosols have been used in the Institut für Kernchemie at the HELIOS experiment for
the extraction of fission products from the reactor [67]. As carbon aerosols shall be used
at TRIGA-SPEC, which is the first use of this kind of aerosols at the TRIGA reactor,
investigations on the size distribution of the aerosols as well as the influence of external
parameters on the production are necessary. Especially the time dependent behavior of the
aerosol production over long periods is important as investigations on radionuclides with
low production rates can take several hours, in which a stable fission fragment transport
is required.

3.1 Principles of aerosol production and detection

The production of e.g. KCl aerosols can be realized by heating up the salt inside a tube
furnace within a gas flow for aerosol transport and better temperature control. At temper-
atures of about 600◦C (melting point 770◦C) KCl starts to sublimate from the salt surface
into the gas and aerosols are produced [67]. For the use of fluid aerosols the gas has just to
be guided through a fluid. This causes turbulences in which liquid aerosols are generated
and flushed out with the gas. By adding solid particles of one single size to water and
drying the gas after the generation process, which means removing the fluid aerosols by
guiding the gas through silica gel, it is even possible to produce monodisperse aerosols in a
gas. This thesis deals with the production and investigation of carbon aerosols. Although
this is a known technique it was applied for the first time at the reactor TRIGA Mainz.

27
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3.1.1 The carbon aerosol generator

For the carbon aerosol production an aerosol generator that has been built at the Paul
Scherrer-Institut is in use. It’s principle is shown in Fig 3.1. The capacitor C, which is
connected to two pure graphite electrodes having a distance of about one millimeter, is
charged by a constant current source. When the breakdown voltage of about 1.5 kV is
reached a discharge takes place between the electrodes and carbon is evaporated into the
helium gas flow. Immediately after the discharge the vapor cools down and condenses to
particles of a few nanometers size due to the present supersaturation. Due to Brownian
motion and absorption of smaller particles they grow to aerosols with diameters between
10 nm and 1µm [68] and can be guided to the experiment.
It is possible to decrease the breakdown voltage and thus to increase the discharge frequency
by adding a small amount of nitrogen to the gas as the binding energy of the electrons are
lower for nitrogen than for noble gases. Depending on the experiment other noble gases
like argon and krypton or even methane and butane can be used as carrier gas.

He

R

C
Current

Source

1 mm

Figure 3.1: Sketch of the carbon aerosol generator. The capacitor C, which is connected to
the pure graphite electrodes, is charged by a constant current source. When the breakdown
voltage is reached a discharge takes place and graphite is evaporated.

3.1.2 Determination of the aerosol size

To determine the size of an aerosol particle a commercial Scanning Mobility Particle Sizer
(SMPS) is used. It is in fact a combination of two devices: The Electrostatic Classifier
(EC) and the Condensation Particle Counter (CPC). A detailed sketch of the setup for
an aerosol size measurement is presented in Fig. 3.2. Particles of different q/m can be
separated by the EC. Before the particles reach the classifier, they are guided through the
so-called impactor, a small nozzle, where the gas is accelerated in front of an impaction
plate, to which the heaviest particles attach due to their inertia. Then the aerosols enter
the EC and are guided through an 85Kr source, which charges the smallest particles by
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Figure 3.2: Sketch of a test setup to determine the aerosol size. The aerosols are produced
inside the aerosol generator and guided to the Electrostatic Classifier, in which aerosols of
one mass are selected. These selected particles are guided to the Condensation Particle
Counter, where their number is determined. With the assumption that the aerosols are
spheres their size distribution can be calculated. A detailed description is presented in the
text.

β−−radiation in a bipolar equilibrium [69,70] and particles with a diameter of more than
10 nm according to the Boltzmann distribution, respectively. The observable particles
with diameters from about 10 nm to at least 400 nm are mainly singly charged whereas
larger particles have a higher probability to be multiple charged, which would falsify the
classification. As particles with diameters larger than 800 nm are removed by the impactor
it is assured that the measurement is done correctly.
A particle with the charge q = n e in an electric field E will move through the field due to

the electric force. As the motion is inside a gas atmosphere the Stokes’ friction counteracts
the electric force. Hence, both forces can be equalized and the electric mobility, a measure
for the ability to move in an electric field, can be calculated as shown in [71, 72]. In the
following, the result of the calculations is presented. The electrical mobility is

Zp =
n eC

3πη Dp

(3.1)
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for spherical particles with diameter Dp, the viscosity η and the slip correction factor C,
which is a function of Dp. However, instead of particles with a certain mass-to-charge ratio
the EC selects only an electrical mobility class in dependency of the applied voltage U :

Zp(U) =
ln r2

r1

2πUL

(
Qt −

1

2
(Qa +Qm)

)
(3.2)

with the radius of the inner electrode r1 = 9.37 mm, the diameter of the outer electrode
r2 = 19.58 mm, the length of the collector rod L = 444.4 mm, the polydisperse gas flow
Qa, the monodisperse gas flow Qm and the total gas flow into the EC Qt. The finite width
of the slit for the monodisperse aerosols causes a mobility bandwidth to pass [72]:

∆Zp(U) =
ln r2

r1

2πUL
(Qa +Qm) . (3.3)

Thus, the EC separates the charged aerosol particles only by their electrical mobility,
whereas the exact shape of the aerosols can not be determined. Therefore the aerosols
are assumed to be spherical with diameter Dp and a constant density. Hence, the particle
diameter has to be considered as a lower limit.
In order to analyze the aerosol size distribution the gas flow is guided to a tube with a
collector rod in the center, to which a negative voltage is applied. The collector rod is
surrounded by laminar flowing particle-free sheath gas, typically air or nitrogen, to assure
that unwanted particles can not reach the monodisperse outlet due to turbulences and
particles of the selected size will reach it. Thus, the gas containing the aerosols has to flow
laminar as well. The charged aerosols are attracted by the collector rod and the aerosols of
the requested q/m are guided to the small monodisperse outlet, whereas the others either
attach to the rod or leave the EC via the exhaust outlet.
After the separation of aerosols of one class these particles are guided to the Condensation
Particle Counter (CPC) for the determination of the particle density. They pass a region
with a reservoir of butanol that is kept at 35◦C to saturate the gas with butanol vapor and
subsequently reach a condensation region where the butanol condenses to the aerosols due
to a lower temperature of 10◦C according to the Kelvin equation [73]

p

ps
= exp

4σVm
kTDp

(3.4)

with the vapor pressure p, the saturation vapor pressure ps, the surface tension of butanol
σ, and the molar volume of the vapor Vm. The saturation S = p/ps determines the critical
diameter, which is approximately 10 nm in the CPC. Smaller particles can not be regis-
tered as no condensation takes place whereas all particles of sufficient large diameters are
increased up to several micrometers. These enlarged particles are counted in the detec-
tion region by light scattering. Thereby the light intensity is measured by a photo diode,
whereas the calibration is given by TSI Inc.
By varying the voltage applied to the collector rod and measuring the correspondent num-
ber of particles the Scanning Mobility Particle Sizer (SMPS) calculates the numbers of
particles per size interval and returns the size distribution of the aerosols.
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3.2 Aerosol size distribution

Particle size distributions are important means to describe the properties of finely divided
systems like aerosols. For the description of properties like electric charges, light scattering
and their behavior in processes like diffusion and condensation a detailed knowledge of
the size distribution is important [74, 75]. As already described in Sect. 3.1.1 the aerosols
that are available for investigations grow by the absorption of small carbon particles in a
vapor. The size distribution of the aerosols can be determined by measuring the number
of aerosols in various mobility classes. Whereas measurements show very precise the log-
normal shape of the distribution, an entire description of the growth process has not been
achieved yet. In the following the theoretical model of the growth process is discussed and
the experimentally determined size distribution of the carbon aerosols at TRIGA-SPEC
presented.

3.2.1 Theory of lognormal growth processes

Theoretical investigations on the particle size distribution are performed since the begin-
ning of the 20th century with the achievement of general theories [76, 77]. For the carbon
aerosols, which evolve from a vapor, the initial growing is due to vapor absorption and
continued by coagulation, whereas the coagulation process is not verified theoretically.
Very detailed studies on the growing process have been performed with metal aerosols,
which were therefore evaporated and cooled in helium. It was shown that after the gas
evaporation the diameter x of the aerosols was lognormally distributed [78]

f(x) =
1√

2πσx
e−

(ln(x)−xa)2

2σ2 . (3.5)

With xa being the mean diameter and σ the standard deviation. Due to these investigations
it has been criticized the first time that models, which are based only on Brownian motion,
could never explain the fundamental reason for lognormal size distributions as they are
based on the theory of Smoluchowski [76] and thus assume the lognormal size distribution
[79]. Another problem is that Smoluchowskis investigations consider a closed system of
particles, which is not the case for most experimental setups including the aerosol generator
at TRIGA-SPEC, as always particles are added and removed. A more recent model is
proposed by Söderlund et al. [80], which shows how the lognormal distribution can be
motivated without coagulation. It is introduced in the following.
The size distribution model by Söderlund et al. describes the growth of ultrafine particles
in a growth zone. In this one-dimensional model the particles are only transported by
diffusion and drift to the growth zone, which has a distance L to the production place.
Diffusion is the normal random motion of a particle, whereas the drift is due to convection
and flow around the point of origin of the ultrafine particles caused by the flowing gas.
In the case of the previously described carbon aerosol generator convection is the major
drift process due to the abrupt cooling of the vapor after the discharge. The assumption
of a linear relation between growth time and size is legitimated by considering a spherical
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Figure 3.3: Description of the model introduced in Eq. (3.7). The particle starts at x = 0
moves by means of diffusion and drift ±δ and is absorbed at x = ±L. The time steps
needed to reach the absorption barrier are counted and shown in Fig. 3.4.

particle with surface A located in atomic vapor absorbing atoms with a constant rate γ
per surface area and time. Thus, the volume V increases with

dV

dt
= γA , (3.6)

with V ∝ d3, A ∝ d2 and therefore d ∝ t. d denotes the particle diameter. Now it becomes
clear that the size distribution is lognormal if the time distribution is also lognormal.
Hence, the time an atom needs to be absorbed by the particle and thus the first passage
time of a random walk in one dimension has to be investigated next [81].
It is considered that a particle starts at the reflecting boundary x = 0 and the time it needs
to be absorbed at x = L can be measured. As the reflecting boundary can be simulated
by a second absorbing one at x = −L the time of a particle propagating to x = ±L is
determined. Therefore a random walk has been implemented:

xt+1 = xt + εt + δs . (3.7)

Here δ is the drift speed, s = sign(x) its direction and ε the diffusion term, which is
uniformly distributed on the interval [-1,1]. This means that the position of the wandering
atom after t + 1 time steps is deviated from the position after t steps by a diffusion term
and a directed drift term, see Fig. 3.3. The motivation for the drift direction is obvious as
the first approach for the model contained the reflecting barrier, which has been simplified
with a second absorbing barrier.
As diffusion and drift are opposed processes some estimations can be made. The diffusion
equation 〈x2〉 = Dt, with the mean-square displacement 〈x2〉 and the diffusion constant
D, results in the fact that particles travel the distance L in the mean passage time 〈t〉
expressed by L2 = D 〈t〉, which can be extracted from diffusion theory. The drift motion
is considered to be a linear uniform motion with the drift velocity δ. In case the velocity
of drift motion and diffusion are in the same range the corresponding drift is called critical
drift with the critical drift velocity δ0:

δ0 :=
D

L
=

1

3L
, (3.8)

with the diffusion constant assumed to be D = 1/3 in this model. Simulations have
been done by Söderlund et al. [80] and have been reproduced within this thesis. For
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Figure 3.4: Distribution of the particle number a function of the absorption time of an
atom by a huge particle. The distribution has been recorded with a drift speed to critical
drift speed ratio of (a) δ/δ0 = 270 and (b) δ/δ0 = 0.27. A high drift speed causes a perfect
lognormal distribution whereas a dominating diffusion deforms the lognormal distribution.

a representative simulation of the random walk a very uniformly pseudorandom number
generator is necessary. Thus, the faster Mersenne Twister has been used [82] instead of the
previously used RANLUX [83]. The result is presented in Fig. 3.4. According to [80] units
have been neglected. Each simulation has been performed with 107 particles and the same
distance L = 300 to the growth zone. The drift has been varied according to [80] and two
representative results are presented. Fig. 3.4(a) has been performed with a drift to critical
drift ratio of δ/δ0 = 270 and fits perfectly to a lognormal distribution as demonstrated by
χ2 = 1.0, whereas the simulation shown in Fig. 3.4(b) with a drift to critical drift ratio
of δ/δ0 = 0.27 clearly deviates from the lognormal distribution (χ2 = 54.3). In addition,
mean and standard deviation of the distribution increase for lower δ/δ0. This is an expected
effect, especially the increase of the mean, as a decrease of the drift lowers the influence
of the only directed motion. Hence, one can conclude that as the time distribution for
absorption is lognormal for high drift velocities, the size distribution is lognormal as well.

3.2.2 Size distribution of the carbon aerosols

For the measurement of the size distribution the experimental setup shown in Fig. 3.2 was
developed. A photography of the test setup is shown in Fig. 3.5. The voltage applied to
the collector rod was varied to count the number of particles in all mobility classes. This
has been done at a helium gas flow of 2.0 l/min and a loading current of the capacitor of
IC = 1.25 mA. The particle motion is a superposition of convection and uniform motion
directed by the gas flow. As the gas flow accelerates all particles to the same velocity [38]
this motion is not expected to effect the lognormal character of the size distribution. Thus,
the lognormal size distribution is due to the convection caused by the fast cooling after the
discharge, as discussed in the previous section. A first result of this kind of measurements
is presented in Fig. 3.6. The plotted values are the numbers of aerosols N that arrived at
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Figure 3.5: Photography of the experimental setup realized within this thesis for investi-
gations of the aerosols.

the Condensation Particle Counter in dependency of the previously selected size. This is
based on the already mentioned assumption that the aerosols are spheres.
A lognormal size distribution of the carbon aerosols was observed with the maximum
at (112.9 ± 0.3) nm. The measurement of the whole size range that is available with
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Figure 3.6: A typical measured size distribution of the carbon aerosols produced by the
aerosol generator with a maximum intensity at (112.9± 0.3) nm. The helium gas flow was
2.0 l/min and the loading current of the capacitor was IC = 1.25 mA. The statistical un-
certainties are given by

√
N as a Poisson distribution for the number of measured particles

is assumed. The solid line is a fit of a lognormal function to the data points.
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the Electrostatic Classifier lasts 120 s and consists of 120 data points. The average over
several measurement cycles has been recorded. As the detected size distribution is perfectly
lognormal a high drift to critical drift ratio δ/δ0 is achieved in this experiment. This shows
the perfect match of experiment and theory and indicates the drift caused by convection
to be high enough to generate a lognormal size distribution.

3.3 Experimental results

Variation of operation parameters of the aerosol generator like gas flow and loading current
might be needed for the extraction and investigation of different radionuclides from the
TRIGA reactor. Thus, it is important to know, which parameters have to be varied to tune
the properties of the emitted aerosols to maximize the transport efficiency. It is important
to know the influence of the production parameters on the most important properties like
the mean of the size distribution, the width of the size distribution and especially the
variation of the aerosol number. It is also advantageous to know the real shape of the
aerosols because this helps to understand and estimate errors made in the classification
process. Thus, several investigations have been performed within this thesis to understand
the function and properties of the carbon aerosol generator. Procedure and results of these
tests are presented in the following section.

3.3.1 Test of the particle size calibration

In order to validate the particle size scale of the Electrostatic Classifier standard particles
of a well-defined size were used. The functionality of the device is assured if the size of
these particles can be reproduced, otherwise a recalibration is necessary.

For the injection in the gas two devices were used, first the gas is guided into a closed
bottle, which contains a mixture of water and an emulsion of polystyrene standard particles
with a diameter of (105±0.1) nm. While the gas is passing through the liquid water aerosols
as well as standard particles are solved in the gas flow. Due to the size of the standard
particles, they mainly do not form aerosols in combination with water but exist in the gas
as single aerosols of a defined size. Gas and aerosols are guided out of the bottle through
a small hole and into a gas dryer, which is an about 30 cm long tube filled with silica gel.
Inside this tube a second perforated tube is located, which allows interactions between
aerosols and silica gel. Due to the hygroscopy of silica gel the water is mainly removed
from the gas and in the ideal case only monodisperse aerosols, the standard particles, are
transported and registered afterwards in the Classifier.
First the background, as presented in Fig. 3.7(a), has been measured to ensure that it
is sufficiently low and does not contain significant peaks. Afterwards is was necessary
to determine the signal caused by pure water without the dryer to investigate possible
contaminations. Therefore the distribution in Fig. 3.7(b) has been recorded and it has
been observed that pure water induces a very high and in addition broad distribution with
a particle size maximum at about 20 nm. But as the standard particles have a certified
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Figure 3.7: Background measurement of (a) gas and (b) pure water without previous
drying. Afterwards the standard particles have been added (c). A significant peak appears
at 105 nm, the size of the standard particles. For more details see text.
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size of 105 nm, the size distributions of water and standard particles will not interfere
with each other. Finally the standard particles were added to the water. Although no
overlap has been expected the gas was guided through the dryer to the Classifier. In
the result shown in Fig. 3.7(c) a significant peak with a maximum at a particle size of
(104.2 ± 0.9) nm appeared, which is perfectly in agreement with the calibrated size of the
standard particles. The two smaller peaks could not be identified, but it is assumed that
they are caused by contaminations or multiple charged polystyrene particles as they only
appeared after adding the particles to the water. But nevertheless it is verified due to the
position of the largest peak that the calibration of the Classifier is correct. It has been
observed as well that the maximum of the size distribution according to water shifted from
Fig. 3.7(b) to (c). This is due to the gas dryer, which has been added after the measurement
of the size distribution of water since the silica gel absorbs larger water particles with a
higher efficiency in this size range.

3.3.2 Aerosol production in dependency on the loading current

The loading current of the capacitor C (see Fig. 3.1) can be changed at the power supply
in a range from 0 to 2.5 mA. An increase of the current causes an increase of the discharge
frequency, which is expected to result in an increase of the amount of generated aerosols
as more carbon is evaporated.
The voltage at the capacitor that is loaded via a resistor R is given as

U(t) = I0R
(
1− e−t/(RC)

)
(3.9)

as the current source delivers a constant current I0. Thus the time tB it lasts to reach the
breakdown voltage UB is

tB =
− ln

[
1− UB

I0R

]
RC

. (3.10)

With a series expansion of the logarithm this can be approximated as

tB = − 1

RC

∞∑
k=1

(−1)k

(
− UB
I0R

)k
k

≈ UB
I0C R2

, (3.11)

which indicates that the discharge frequency is proportional to the loading current in first
order approximation. As it is assumed that the same amount of carbon is vaporized in
every discharge if neither gas pressure nor flow are varied, a linear dependency between the
generated carbon aerosols and the loading current is expected. To characterize the behavior
of the carbon aerosol generator the produced mass per time was chosen as measure, which is
calculated from the measured size distribution of the aerosols with the approximation that
the aerosols are massive spheres. The so produced amount describes the behavior better
than the number of aerosols as deviations of the maximum size and therefore the whole
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Figure 3.8: Aerosol amount produced per second as a function of the loading current of
the capacitor C shown in Fig. 3.1. The amount was calculated from the measured size
distribution with the assumption that the aerosols are spheres. The solid line is a linear
fit to the data points with χ2 = 3.85.

size distribution can cause deviations of the number of aerosols but not their overall mass.
It has been demonstrated with KCl aerosols that fluctuations in the generated number can
appear without fluctuations in the overall mass [36] by collecting the aerosols on a filter
and determine their overall mass with a chemical analysis. These kind of measurements
are impossible for carbon because all filters with a sufficient pore size contain carbon and
are thus inappropriate for these analytical methods.
As shown in Fig. 3.8 the result fits very well to the expectations, which is indicated by
the fit. The presented values are the weighted mean of three measurements and the errors
accordingly the weighted standard deviation of these values. Since the breakdown voltage
fluctuates in every discharge because the shape of the electrodes changes continuously
and the amount of evaporated carbon particles in their environment fluctuates as well, a
fluctuation of the discharge frequency and the produced mass are observed. Due to these
fluctuations the errors vary in a wide range as well. From the statistical uncertainty the
magnitude of these fluctuations can be estimated to about 10 to 20 %. But in correlation
with Eq. (3.11) the expected linear relationship between loading current and produced
amount of aerosols has been proven. The uncertainties of loading current, helium flow and
therefore gas pressure can be neglected in all further measurements since current and flow
are controlled by current source and flowmeter, respectively.

3.3.3 Aerosol production in dependency on the helium gas flow

The variation of the gas flow follows the fact that different flows through tubes with a
defined diameter cause different pressures. This effect can be minimized by using a large
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Figure 3.9: Maximum of the size distribution (a) and produced amount of aerosols per unit
time (b) as a function of the helium flow. The maximum of the size distribution and thus
the whole distribution shifts to lower particle diameters. But also the produced amount of
aerosols decreased significantly with increasing flow.

tube. Due to the design of the aerosol generator a tube with a diameter of 2.5 mm has
been chosen and kept as short as possible in order to guarantee that no pressure can build
up due to its length. The diameter matches the size of the outlet of the aerosol generator.
An increase of the pressure could not be avoided completely but the maximum pressure
difference was only 160 mbar in the full measurement range from 0.5 l

min
to 2 l

min
with a

pressure of 1045 mbar and 1255 mbar, respectively.
It is expected that the variation of the flow has no significant influence on the discharge
and therefore on the produced amount of aerosols. In addition the increasing flow increases
the effect of the turbulences inside the aerosol generator and thus it is not astonishing if
less aerosols are flushed out of the generator at higher flows. Additionally it has to be
assured that the flow in the tubes is not supersonic as the occurring turbulences would
also decrease the detected number of aerosols. But this effect is irrelevant in this case
due to the diameter of the used tubes and the high sonic velocity of helium of 981 m/s
under normal conditions. It was also observed that an increase of the flow causes a shift
of the maximum of the size distribution to smaller diameters [84]. Since less carbon is
evaporated per unit of gas volume at higher gas flows the probability that particles absorb
each other decreases. This effect has already been tested for flows from 10 l

min
to 40 l

min
. As

shown in Fig. 3.9(a) the maximum of the size distribution and thus the whole distribution
behaves as expected since the maximum of the size distribution shifts to smaller diameters
for an increasing flow. Concerning the amount of produced aerosols it was observed, as
shown in Fig. 3.9(b), that the produced mass decreases with an increase of the flow as well.
But this is not as unexpected as it seems because the measurement range decreases with
an increasing flow rate as the Electrostatic Classifier can not handle large aerosols at high
flows. The largest detectable size decreases from 526 nm at 0.5 l

min
to 198 nm at 2 l

min
. Thus

a smaller fraction of the generated aerosols is detected at higher flow rates. Furthermore
it is not possible to compare single particle size intervals since the maximum also shifts
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# of filter flow / l/min ∆m/mg
I 0.5 0.5± 0.2
II 0.5 0.7± 0.2
III 1.8 0.7± 0.2
IV 4.0 0.6± 0.2

Table 3.1: Measured aerosol amount in dependency of the flow. Aerosols have been col-
lected on a filter for seven hours. By weighing the filter before and after the collection the
aerosol mass has been determined.

in the measurement. Hence, this has to be tested independently from the Classifier and
thus independently from the aerosol size. As already mentioned before, it is not possible to
perform a chemical analysis since the filter and the aerosols both consist of carbon. Thus,
the aerosols have been collected on a filter with a sufficient small pore size and a high
durability as behind the filter a low-pressure has to be created to prevent turbulences as
much as possible. Aerosols have been collected for seven hours on a filter at different flows
and its weight has been measured to determine the amount of the collected carbon.
With the result shown in Tab. 3.1 it is clear that the mass of the vaporized carbon is
the same for all helium gas flows. The large error of the measured weight is due to the
method itself: As it is not possible to separate filter and aerosols, the mass of the filter is
weighted, which causes an error of 0.1 mg due to the precision of the balance. After each
day of operation the aerosol generator has to be cleaned and therefore dismounted. As it is
not possible to adjust exactly the same distance between the two electrodes, the discharge
frequency and therefore the evaporated mass can not be exactly reproduced keeping all
other settings identical. Nevertheless, the independency of the produced mass from the
gas flow was verified within the given uncertainties with this method.

3.3.4 Aerosol production in dependency on the gas pressure

For the thermalization of fission products an overpressure of 1.7 bar is required inside
the target chamber. Hence, also the aerosol generator is operated at overpressure under
experimental conditions and therefore investigations on the aerosol production process at
different pressures are necessary. To avoid effects of a changing flow it is necessary to
obtain different pressures at the same flow. This has been realized by using a capillary
with an inner diameter of 0.86 mm and a length varying from 0.1 m to 5.2 m mounted
between aerosol generator and SMPS. To reach the lowest pressure the capillary has been
entirely removed. Particles can get lost due to sedimentation in case of large particles and
for very small aerosols due to collisions with the capillary wall caused by Brownian motion.
After the experiment was continuously performed for several hours it was observed that the
capillary was blocked by aerosols, which attached themselves to the wall of the capillary.
The ideal solution is a tube-filter, which is a rolled-up tube of about 10 to 15 meters length
and a diameter of several millimeters, mounted between aerosol generator and capillary in
order to give the light and heavy aerosols enough time to attach to the tube wall. Hence,



3.3. EXPERIMENTAL RESULTS 41

65

70

75

80

85

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

m
ax

im
u

m
 o

f 
si

ze
 d

is
tr

ib
u

ti
o

n
 /

 n
m

pressure / bar

(a)

10

15

20

25

30

35

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

p
ro

d
u

ce
d

 a
er

o
so

l 
am

o
u

n
t 

/ 
n

g
/s

pressure / bar

(b)

Figure 3.10: Maximum of the size distribution (a) and produced amount of aerosols per
unit time (b) in dependency of the helium gas pressure. The measurements have been
performed at a flow of 1.8 l

min
and a loading current of IC = 2.35 mA. The maximum of

the size distribution fluctuates in a range of about 10 nm with a calculated mean value of
(76.0 ± 3.9) nm, whereas the produced amount of aerosols decreases down to 12 ng/s by
increasing the pressure.

most of these aerosols are cut off in this tube and can not block the capillary, which causes
a decreasing transport efficiency.
The values shown in Fig. 3.10 are in both cases the weighted means of two measurements
whereas the maxima are calculated from a fit to the size distributions with the errors being
the calculated weighted standard deviations. The measurements have been performed at
a flow of 1.8 l

min
and a loading current of IC = 2.35 mA. In Fig. 3.10(a) the position of the

maxima of the aerosol size distribution is presented. The values fluctuate around a mean
size of (76.0± 3.9) nm, which means in conclusion that the size is as expected not effected
by the pressure.
The produced mass per unit time is shown in Fig. 3.10(b). It has been observed that the
number of aerosols decreased at higher pressures. However, since the length of the capillary
was changed as well for each data point it is most likely that the transport efficiency of
the aerosols to the SMPS is less for longer capillaries, since the possibility that an aerosol
particle attaches to the wall of the capillary due to diffusion processes increases with the
capillary length. Therefore it was not possible to investigate whether the produced amount
of aerosols depends on the gas pressure or not. As the pressure only fluctuates in a small
range this has no effect on the experiment and according to the required pressure inside
the target chamber only the increase of the loading current can increase the number of
aerosols.

3.3.5 Structure of the aerosols

The determination of the aerosol size distribution is based on the assumption that they
form spheres. Thus, it is interesting to know the real shape of the aerosols, which can
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Figure 3.11: TEM pictures of different aerosol particles. As the particles are tridimensional,
the darkness of a region indicates the amount of carbon in the third dimension, whereas
the gray background belongs to the lattice. An overview of a larger region is presented in
(a) containing particles with sizes between 50 nm and 500 nm. In (b) a single particle with
a mean diameter of about 100 nm is shown with a non-spherical shape. Photo (c) shows
the structure of a larger particle, which is neither massive nor spherical.

be investigated with transmission electron microscopy (TEM). Therefore the aerosols are
collected on copper lattices with a diameter of 3 mm covered with a thin carbon layer.
Several of these lattices are fixed on a filter with 27 mm diameter and placed inside a small
chamber with a filter holder. The gas containing the aerosols is guided into the chamber in
such a way that the aerosols hit it perpendicular to their direction of motion. A collection
time for the aerosols of one minute was used to provide a sufficient particle density on the
samples and in order to locate them faster with the TEM. In case of longer collection times
the aerosols agglomerate to larger particles if they touch each other on the lattice and the
particles become indistinguishable. A loading current of IC = 1.25 mA and a helium gas
flow of 1.4 l

min
were used for collection.

Some representative pictures taken with the TEM are presented in Fig. 3.11. The gray
scale is an indicator for the amount of carbon in this region, the darker the spots the
higher is the amount of carbon, whereas the brighter background belongs to the lattice.
The overview in Fig. 3.11(a) shows several aerosols with sizes from less than 100 nm to
nearly 1 µm. In Fig. 3.11(b) a particle with a size of about 100 nm is shown, which is
according to Fig. 3.9(a) the maximum of the size distribution for the chosen helium flow.
In order to analyze the structure of the aerosols Fig. 3.11(c) shows a photography of a large
particle. The conglomerates are not massive spherical particles as indicated by the gray
areas within the aerosol. In comparison with Fig. 3.11(a) and Fig. 3.11(b) it was observed
that smaller particles are mainly massive but most likely no spheres as well.
This raises the question to what extent the made assumptions are correct. Since the shape
of small particles is partially spherical and the shape of large particles deviates significantly
from a sphere the deviation between the real non-spherical and the assumed spherical shape
is small for small particles up to diameters of about 100 nm. In addition, the properties
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of the Electrostatic Classifier do not allow to detect large particles with a size > 500 nm.
Thus, the spherical assumption represents the reality in a sufficient way for the detected
aerosol sizes.
For KCl aerosols the result has been different as they do not form agglomerates like carbon.
It was investigated that the KCl particles form small crystals of cubic or rectangular shape
with a mean diameter between 50 and 200 nm [36].

3.3.6 Long-time stability of the aerosol production

Laser spectroscopic and mass spectrometric investigations on fission products with low
production rates can last several hours. As the aerosol generator has to run continuously
during the experiment it is important to know, whether the aerosol production process is
stable enough on a long timescale. Thus a long-time stability test has been performed with
a helium gas flow of 0.6 l

min
and a loading current of IC = 2.35 mA. In order to assure ideal

conditions the electrodes have been sharpened and the aerosol generator has been cleaned

1mm

1mm1mm

1mm

(a)

(b)

(c)

(d)

Figure 3.12: Photographies of the electrodes. The upper (a) and lower electrode (b) after
maintenance are sharp and clean. In figure (c) and (d) the electrodes are shown after eight
hours of continuous operation. Due to the evaporation of carbon during operation the
electrodes are slightly deformed especially the upper electrode (c).
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Figure 3.13: Long-time measurement of the produced aerosol amount at a helium flow of
0.6 l/min and a loading current of IC = 2.35 mA. The mass flow remains (81.6± 6.5) ng/s
during the whole measurement period.

properly. It is expected that produced amount of aerosols fluctuates around a certain value
and decreases due to deformations of the electrode tips and an increase of their distance
due to constant erosion of the electrodes by the carbon evaporation in discharges. Also a
sudden increase might happen if the shape of the tips changes due to mechanical changes
like truncations.
Photographies of the sharpened upper and lower electrodes, respectively, are shown in
Fig. 3.12(a) and (b), Fig. 3.12(c) and (d) show the same electrodes after about 8 hours
of continuous operation with about two discharges per second. A deformation is clearly
visible at the upper electrode (see Fig. 3.12(c)) but not at the lower one (see Fig. 3.12(d)).
The produced mass flow of aerosols is presented in Fig. 3.13. An average production rate
represented by the mass flow of (81.6± 6.5) ng/s was observed. As one measurement cycle
takes about 10 min the measured value is the average amount produced in this time and
the points are placed in the center of this time interval. The error of the values result from
the counting error of the number of aerosols, from which the mass is calculated.
One can conclude that the aerosol production is at least stable for eight hours and it is

possible to run the experiments TRIGA-TRAP and TRIGA-LASER for this time without
maintenance of the aerosol generator. As instead of the capillary only a short tube has been
used the measured production is almost completely free of losses. This is an important
result as it provides the possibility to get a constant rate of aerosol particles for a long
time. Furthermore the aerosol generator itself is not the source of larger fluctuations or
decrease of the transmission rate in case that this is observed during the experiment since
the production rate is constant.
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3.3.7 Offline tests of the aerosol transport under experimental
conditions

During the investigations of fission products the target chamber containing the fissionable
material is placed inside the reactor. Thus, target chamber, beam tube, and gas tubes are
irradiated by neutrons as well during irradiation of the target. For radiation safety issues
the following test construction has been chosen: The target chamber is made of titanium
and the tubes are made of polyethylene containing mainly carbon, which are by neutron
capture only transformed into short-lived radionuclides. The connectors between tubes and
target chamber contain steel, which is activated by neutron capture and contains thus nu-
clides with half-lives of several years. The beam tube, a huge three meters long aluminum
pipe, contributes as strongest source to the overall activity due to activated material impu-
rities. Additional radiation coming from the irradiated target is not dominating. Therefore
the target chamber and the beam tube are not accessible for any maintenance for at least
two days if they were once irradiated. Thus, offline tests for the fission product transport
are important to study the behavior of the aerosols in the setup as occurring blockages can
not be removed and maintenance is impossible for all pieces in the beam tube during the
decay time. It is expected that the aerosols block the capillary during operation as this
has been observed during the investigation of the effect of a pressure variation.
Therefore the general setup shown in Fig. 2.5 has been used outside the reactor. As the
target chamber which will be used inside the reactor has already been activated, a Plexi-
glas model has been used to have access during operation. The aerosols were produced in
the aerosol generator and guided to the target chamber through a tube filter, which was
in this case a 13 m long polyethylene tube with an inner diameter of 4 mm rolled up in
20 windings to let the major part of the heavy and the light ones sediment and diffuse to
the wall, respectively. The gas flow of 2 l

min
has been chosen, which is the maximum flow

that is accepted by the Classifier. At this flow the pressure in the target chamber is not
always 1.7 bar, which is necessary for efficient thermalization in helium. Thus, the flow
is increased until the thermalization pressure is reached. The aerosols were flushed out of
the target chamber through an 8 m long capillary, which has been placed in straight line
with an 180◦ turn after 4 m, to the classifier where they are counted. Directly in front of
the classifier the gas flow is reduced by removing the additional gas in a direction being
perpendicular to the aerosol flow to remove as less aerosols as possible. The turn repre-
sents the curve, when the capillary leaves the concrete shielding of the reactor and goes to
the experiment. One measurement has been performed for each of the three capillaries of
inner diameters 0.86 mm, 1.0 mm and 1.4 mm. During the measurement only the aerosol
generator has been maintained to simulate real experimental conditions.
The result is presented in Fig. 3.14, in which the surface of the aerosols produced per
second is plotted as a function of the operation time. This is a measure of the transport
efficiency as the attachment of the fission products to the aerosols depends on their surface
(see Eq. (2.14)). In Fig. 3.14(a) the transport through the small capillary with a diam-
eter of 0.86 mm is presented. The surface flow and thus the efficiency decreases during
operation. Some fluctuations were observed but maintenance of the aerosol generator like



46 CHAPTER 3. AEROSOL CLASSIFICATION

el
ec

tr
od

e
sh

ar
pe

ne
d

el
ec

tr
od

e
sh

ar
pe

ne
d

HaL

0 5 10 15

0.05

0.10

0.15

0.20

Time � h

Su
rf

ac
e

fl
ow

of
ae

ro
so

ls
�Μ

m
2 �s

el
ec

tr
od

e
sh

ar
pe

ne
d

el
ec

tr
od

e
sh

ar
pe

ne
dHbL

0 5 10 15
0.00

0.05

0.10

0.15

0.20

Time � h

Su
rf

ac
e

fl
ow

of
ae

ro
so

ls
�Μ

m
2 �s

el
ec

tr
od

e
sh

ar
pe

ne
d

el
ec

tr
od

e
sh

ar
pe

ne
d

cl
ea

ne
d

HcL

0 5 10 15 20
0.00

0.05

0.10

0.15

0.20

0.25

Time � h

Su
rf

ac
e

fl
ow

of
ae

ro
so

ls
�Μ

m
2 �s

Figure 3.14: The surface flow of aerosols is plotted as function of time for capillaries with
diameters of (a) 0.86 mm, (b) 1.0 mm, and (c) 1.4 mm. The surface is a measure of the
transport efficiency as the attachment is proportional to the surface of the aerosols. A
detailed description of the method and the drawn conclusions are presented in the text.
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sharpening of the electrodes did not have any effect. The decrease of the produced aerosol
surface is due to the deposition of aerosols inside the capillary during operation, especially
at the entrance, which causes a decrease of the entrance diameter. Capillaries with an inner
diameter of 0.86 mm have been used several times before [36, 67, 85] as they provide the
necessary pressure inside the target chamber for efficient stopping of the fission products
with a helium gas flow of about 1.4 l

min
. Thus a capillary with this diameter has also been

used later for the determination of the transport efficiency and several other investigations.
Fig. 3.14(b) shows the trend of aerosol production for the capillary with an inner diameter
of 1 mm. The decrease of the transport was observed as well within the first hours but
with a smaller slope than for the smaller capillary. After a few hours the decrease became
almost constant, whereas maintenances did not have any significant effects. This behavior
has been in principle observed as well for the capillary with the largest diameter of 1.4 mm,
as shown in Fig. 3.14(c). The difference is that after the first decrease, which lasted about
eight hours, the transport has been more or less constant for additional 16 hours. So it has
been demonstrated that it is possible to gain a rather constant flow with a capillary of a di-
ameter of 1.4 mm for about 24 hours, which means in conclusion that this capillary is ideal
for the experiment as a constant and sufficient high transport efficiency of fission products
can be expected. For usage of the largest capillary a gas flow of about 7 l

min
is required to

generate the pressure of 1.7 bar that is necessary for thermalization of the fission products.
Hence, the gas load increases and a higher pumping capacity is required. Thus, the pres-
sure inside the ECR ion source increases as well and the ionization efficiency decreases.
Therefore the smaller capillary may be more useful under experimental conditions despite
the decreasing transport efficiency. Before these tests it is required to investigate the ex-
traction of the fission products through capillaries with different diameters to investigate
parameters for efficient and fast transmission on a long timescale.





Chapter 4

Extraction of fission products

In the previous chapters the production method of the fission products as well as the
transport mechanism were introduced and the properties of the aerosol generator were
presented. In this chapter the results of online experiments are discussed, which aimed at
the test of the extraction of fission products from the TRIGA reactor with a carbon aerosol
gas-jet for the first time. The most important properties of the extraction process are
transport efficiency, transport time and the absolute number of transported radionuclides.
These parameters are of high interest for the experiments, since they determine which
nuclides are available for later measurements at TRIGA-SPEC. The transport time to the
ion source limits the accessibility of short-lived nuclides, whereas the transport efficiency
limits the accessibility of nuclides with low production rates.
To determine the above mentioned specifications investigations with a 235U target were
performed, which required the operation of the TRIGA reactor in pulsed as well as in
continuous mode. For optimization purposes it has been investigated how the transport of
the fission products depends on the gas-jet parameters and which fission products could
already be observed by a simple detection method used for the investigations presented in
the following.

4.1 Experimental setup

A sketch of the setup for the extraction of fission products is shown in Fig. 4.1. A de-
tailed description of the setup, which has been used within this thesis to characterize the
extraction, is presented in the following. The carbon aerosols are produced inside a carrier
gas within an electric discharge between two graphite electrodes as described in detail in
Sect. 3.1.1. After the production they are guided through a 7 m long polyethylene tube
to the target chamber. A detailed sketch of the chamber is presented in Fig. 4.2(a), a
photography in Fig. 4.2(b).

The fissionable target material has been deposited on a titanium substrate and is fixed
in the target chamber with an aluminum holder. The target chamber is inserted at beam
port A and irradiated with a neutron flux of 9.8 × 1010 n/(cm2 s). During the irradiation

49
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He
Aerosol
Generator

Direct-catch
setup

Target-
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Pump Exhaust

TRIGA-ReactorTube filter

Figure 4.1: Setup used for investigations on the extraction of fission products. The carbon
aerosols produced in a discharge within a helium gas atmosphere are guided to the target
chamber close to the reactor core, where the fission products thermalize and attach to them.
Afterwards they are extracted through a capillary to a chamber with a filter on which all
particles are collected and subsequently identified by measuring the energy and intensity of
their γ-radiation with a germanium-lithium detector (direct-catch setup). Further details
are given in the text.

the fission products leave the target with kinetic energies of about 100 MeV and are ther-
malized inside a helium atmosphere at a pressure of 2.7 bar. The target has been covered
with a thin aluminum foil in order to prevent heavy nuclides to leave the target since they
are completely stopped inside the foil while a fraction of the light nuclides is transmitted
partly losing their initial energies [86]. In this way the foil prevents the contamination of
the setup with long-lived nuclides since most of the light radionuclides have half-lives of less
than one day. The fission products coming from an uncovered target have to be thermal-
ized in heavier gases, i.e. with nitrogen or argon, since the pressure needed to thermalize
the fission products with helium would be too high for the target chamber. Thus some of
the results presented here are only valid for covered targets. A list of the available targets
is shown in Tab. 4.1. For all tests performed within this thesis the 235U one covered with

Nuclide Mass µg Fission cross section / barn
235U 310 586

239Pu 300 752
249Cf 300 1700

Table 4.1: Standard available targets for irradiation at the research reactor TRIGA Mainz.
For all tests performed within this thesis the 235U target covered with a 13µm thick alu-
minum foil has been used. The fission cross sections are given as well [24].
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Figure 4.2: Sketch (a) and photography (b) of the target chamber. The target is placed
inside the target chamber at a gas pressure of 2.7 bar. The aerosols pass the target as close
as possible. This ensures that most of the radionuclides attach to the aerosols and leave
the chamber through a capillary. Aerosols are marked blue and aerosols with attached
fission products are marked red.

a 13µm thick aluminum foil has been used.
After the production the aerosols are guided through the tube filter, a rolled up tube in
which the heavy aerosols sediment due to gravity and their inertia and the light aerosols
attach to the wall of the tube due to diffusion. The aerosols enter the target chamber
through an inlet with a large diameter as shown in Fig. 4.2, are guided around the target
and enter the thermalization area through small holes at the edge of the target holder.
This ensures that the aerosols pass the target as close as possible to increase the possibility
that fission products attach to them. The optimal shape of the target chamber, which is
shown in Fig. 4.2(a), provides the highest efficiency and the fastest extraction as the gas is
directed to the outlet without turbulences. This shape has been considered optimal after
comparison with other designs [36]. During operation the pressure in the target chamber
has to be controlled as it has to be high enough to ensure thermalization before the fis-
sion products reach the wall and low enough to prevent damaging the target chamber as
radionuclides can exit through a leak. Therefore the flow is monitored by a pressure gauge
that is directly connected to the thermalization region. As the pressure is dependent on
the length and the diameter of the capillary at the outlet the pressure inside the chamber
is regulated by changing the helium flow.
After thermalization and attachment to the aerosols the particles are flushed out through a
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7 m long polyethylene capillary with an inner diameter that can be selected from 0.86 mm
to 1.4 mm. The capillary guides the fission products to a small chamber, in which a fil-
ter with a very small pore size is placed to collect all transported particles. A vacuum
pump is connected to the other side of the chamber. Thereby, turbulences inside the
chamber are suppressed as well and thus the collection of all fission products on the filter
is assured. After a short decay time of two minutes the filter with the collected fission
products is placed in front of a germanium-lithium detector with an energy resolution of
E/∆E = 8000 to measure the intensity and the energy of the emitted radiation. This
waiting time is necessary to ensure that the short-lived radionuclides do not contribute to
the following measurement, which is important because their presence disturbs the detec-
tion as they decay to observed long-lived species and thus even differences of milliseconds
in the measurement cycle of collection, decay and detection can cause large differences in
the measured result. This is in addition important if their emitted γ-quanta have energies
near the ones of the observed fission products. Hence, it has to be waited until most of the
short-lived fission products are decayed. As the radiation emitted during the decay of an
excited nuclear state has a characteristic energy, the radionuclides inside the sample can
be identified. For the observation time of the fission products investigated here a cycle of
two minutes collection time, two minutes decay time and five minutes measurement was
used.

4.2 Detection of fission products

Considering the production rates of fission products from the 235U target, which are pre-
sented in Fig. 4.3, the radionuclides in the production rate maximum of the light masses are
most likely detectable. These are nuclides of krypton, rubidium, strontium, yttrium and
zirconium. Krypton can be neglected as it is a noble gas and therefore will rarely attach to
the aerosols. Thus its characteristic γ-lines will be hidden in the background. The short
half-life of some of the fission products, e.g. 101Nb with 7.1 seconds, has to be considered
as well. It is clear that only radionuclides with a sufficient high production rate and a
half-life of more than approximately thirty seconds are observable as it is not possible to
remove the filter from the chamber and place it in front of the detector in a shorter time.
In addition radionuclides with a very long half-life, e.g. 97Zr with 16.9 hours, will not be
detected as their γ-activity is so low that they are hidden in the background. This could
be realized by an extension of the measurement time but is most likely not possible due to
the background radiation emitted by the reactor and the other collected fission products as
well. Other parameters are important for the observation of fission products as well. The
experimental limitations are that only nuclides that emit γ-radiation of a certain energy
with a sufficient high intensity can be detected. Another crucial point is the detector itself
as it is possible that some lines overlap due to its resolution of E/∆E = 8000 and that the
efficiency of the radiation detection is too low in a certain energy region to count enough
quanta.
After the fission products have been collected on a filter, which has been placed in front



4.2. DETECTION OF FISSION PRODUCTS 53

N=50

Z=50

N=82

Ru

Sn

Cs

Sr

As

Ni

Production rate / 1/sProduction rate / 1/s
E > 10

6

10
6

> E > 10
5

10
5

> E > 10
3

10
3

> E > 10
1

10
1

> E > 10
-1

10
-1

> E > 10
-3

10
-3

> E > 10
-5

10
-5

> E
not produced

Figure 4.3: Individual production rates of fission products from the 235U target at beam
port A at a steady state power of 100 kWth. According to Fig. 2.3 the production rate
has been calculated for the uncovered 235U target with a mass of 310µg irradiated with a
neutron flux of 9.8× 1010 n/(cm2 s).

of a germanium-lithium detector, the emitted radiation was detected and its energy has
been determined in order to identify the transported radionuclides. The number of emitted
γ-quanta in dependency of their energy has been counted by the detector and is presented
in Fig. 4.4. The identified γ-lines are presented in the plot and belong to 84Se, 93Sr, 94,95Y,
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Figure 4.4: γ-spectrum of the fission products of 235U. Activity in dependency of energy
has been recorded and the identified radionuclides have been marked. The peaks without
marks could not be identified with fission products extracted from the reactor.
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Relative
Mass uncertainty mass uncertainty

Nuclide Half-life γ-line / keV ∆m / keV ∆m/m/ 10−8 Ref.
84Se 3.1 min 408 2 2.6 [87]
93Sr 7.45 min 168, 590, 710 8 8.5 [1]
94Y 18.7 min 918 7 8.5 [1]
95Y 10.3 min 954 7 8.4 [88]

101Mo 14.6 min 192 6 6.0 [1]
102Mo 11.3 min 211.5 10 21.6 [89]
103Mo 67.5 s 308.5 10 68.0 [89]
104Mo 60 s 69 10 57.7 [89]
105Mo 35.6 s 148 10 76.3 [89]
104Tc 18.2 min 358 50 48.1 [1]
105Tc 7.6 min 108 60 57.2 [1]

Table 4.2: Properties of the observed fission products. The values for half-life and γ-
energy were taken from [90]. The mass values are taken from the references given in the
last column.

101−105Mo and 104,105Tc (see Tab. 4.2). Since the mass uncertainties of the detected molyb-
denum and technetium isotopes are about 6 · 10−7, it is expected that their masses can be
measured at TRIGA-TRAP with higher precision. In addition high-precision laser spec-
troscopic data is not existing for these isotopes, which can be obtained at TRIGA-LASER.
With T1/2 = 35.6 s 105Mo is the shortest-lived nuclide that has been identified with this
method, which has only been possible due to its high cumulative production rate1. In the
low energy region background lines are observed, which belong to characteristic X-rays
emitted by other fission products on the filter or to radiation emitted by fission products
inside the fuel rods of the reactor.

4.2.1 Verification of the calibration of the γ-detector

To confirm the identity of the detected radionuclides it is necessary to verify the energy
calibration of the detector. Therefore, the same measurement cycle has been used as for
the identification of the fission products in order to associate a nuclide to a γ-line by the
determination of its half-life considering the decrease of the radiation intensity. In this case
a line at Eγ = 192 keV was investigated, which should correspond to 101Mo with a half-life
of (14.61 ± 0.03) min. The 192-keV line of 101Mo provides ideal conditions for this test,
since there is no line of other expected fission products close in energy and the half-life of
101Mo is long enough to record a sufficient number of data points.
First a Gaussian distribution modified with a stretching factor A reflecting the area under
the curve has been fitted to the recorded peak at 192 keV in each recorded spectrum as

1The cumulative production rate of a nuclide is the sum of the individual production rate of the nuclide
of interest and the individual production rates of its mother nuclides.
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Figure 4.5: Fit of a modified Gaussian distribution to the 101Mo γ-peak at Eγ = 192 keV.

shown in Fig. 4.5. A straight line with offset respects the background, which is approxi-
mated to be linear on a small scale:

f(x) =
A√
2πσ

exp

(
−(x− xa)2

2σ2

)
+ s · x+ ya . (4.1)

In this equation xa denotes the position of the line maximum, σ the line width, s and ya the
slope and offset of the straight line, respectively. The number of decay events is calculated
by integration of the Gaussian distribution after subtracting the background. Considering
the decay law the number of counts N1 in the first measurement interval is the difference
of the nuclides at the beginning t = 0 and the number of nuclides remaining at the end of
the interval t = ∆T , which leads to

N1 = N0

(
1− e

− ln 2
T1/2

∆T
)

. (4.2)

Dead time effects and the detector efficiency can be neglected as the absolute number of
particles is unimportant for this calculation. A generalization to any other interval can
easily be done by the integration of the decay law:

Ni =

∫ i∆T

(i−1)∆T

dt λN0 e
−λt = N0 e

−(i−1)λ∆T
(
1− e−λ∆T

) Eq. (4.2)
= N1 e

−(i−1)λ∆T (4.3)

with the decay constant λ = ln 2
T1/2

, the length of the detection intervals ∆T and the total

number of nuclides at the beginning N0, which is here a modified value due to the neglected
dead time and detector efficiency. Thus, the decay law is fitted to the data to obtain the
half-life T1/2 of the 192 keV line. In Fig. 4.6 the experimental data and the fit curve
are shown. A half-life of (14.56 ± 0.26) min has been determined, which is in excellent
agreement with the published value of (14.61 ± 0.03) min. Hence, it has been verified that
the peak at Eγ = 192 keV belongs to 101Mo and thus the energy calibration is correct.
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Figure 4.6: Fit of the decay law to the data. The half-life of the nuclide corresponding to
the 192-keV line was determined to be (14.56 ± 0.26) min. This is in excellent agreement
with the published value of (14.61± 0.03) min [90].

4.2.2 Extracted fission products as a function of the number of
aerosols

The number of aerosols is a crucial parameter for the transport of the fission products,
since a higher aerosol density increases the probability that fission products attach to the
aerosols and are transported to the detector. As aerosols deposit themselves at the capil-
lary walls and block the route of transport at critical positions like the outlet of the target
chamber, a too high aerosol density can also decrease the transport efficiency. This shows
that it is important to investigate the dependency of the transport of the fission products
on the number of aerosols, which is represented by the loading current applied to the ca-
pacitor of the aerosol generator, to find a compromise between the number of transported
fission products and used amount of aerosols.
For these investigations the number of aerosols has been varied by setting different values
of the loading current of the capacitor and recording the associated γ-spectra. In order
to assure comparability of the individual spectra, the measurement cycle, which was iden-
tical with the one used for the fission product identification, has been kept equal for all
measurements. Before the data evaluation the number of counts has to be corrected for
dead-time effects with the formula

ctrue = cmeas
1

1− Tsat/Tmeas

(4.4)

where ctrue denotes the true count rate, cmeas the measured count rate, Tmeas the measure-
ment time and Tsat = Nmeas · τ the saturation time of the detector with the measured
number of counts Nmeas and the dead time of the detector τ . The rest of the evaluation
has been done in two different ways to verify that they yield the same result.
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Figure 4.7: Typical background spectrum in the reactor hall during the operation of the
reactor in continuous mode at 100 kWth. The maximum of X-ray and Compton radiation
is determined to be at an energy of approximately 120 keV. The peaks at Eγ = 511 keV
and Eγ = 1461 keV are due to the positron-electron annihilation and the decay of 40K,
respectively. The peak at Eγ = 1294 keV is due to the decay of 41Ar, which is produced
during the reactor operation from the naturally existing argon.

The first method compares the sum of all counts in the spectra. During the previous
measurements the appearance of a γ-line at Eγ = 1294 keV was observed. Thus, it has
been decided to determine the background before the first, after the last measurement
and sometimes between two measurement cycles while the reactor was running to exam-
ine its change during the day. A typical background spectrum is shown in Fig. 4.7. The
major part of the background consists of X-ray and Compton radiation, which is mainly
constant and only present when the reactor is running. In addition a γ-line at 511 keV
from positron-electron annihilation is visible. The positrons appear due to pair produc-
tion from photons having higher energies than 1022 keV. The only directly visible change
during the day is the increase of the line at Eγ = 1294 keV, which was identified as 41Ar.
Due to the activation of naturally existing argon in the air by neutron capture, 41Ar is
continuously produced during the operation of the reactor and decays with a half-life of
1.83 h. According to the sensitivity of the measurement, which is limited due to the emis-
sion of γ-radiation from the filter in front of the detector, only the line at 511 keV can
be observed under experimental conditions. In addition a straight line has been fitted to
the total amount of background counts in dependency of the time and its slope has been
found to be negligible. Thus only a mean background spectrum has been subtracted from
each γ-spectrum of the fission products. The second method is basically the same as the
one described in Sect. 4.2.1, which makes a background correction unnecessary as it is
included in the fit of the Gaussian distribution. The now confirmed peak of 101Mo has
been integrated to calculate the numbers of counts as before.
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Figure 4.8: Sum of all counts in the overall spectrum (a) and sum of the counts in the
integrated 101Mo peak at Eγ = 192 keV (b) in dependency of the number of aerosols
reflected by the loading current. Each data point is the weighted mean of two to three
integrated γ-spectra with statistical uncertainties. A total online running time of about
four hours was used for these measurements. The errors given here are the weighted
standard deviations of these values.

To gain better statistics two to three measurements have been performed for each data
point. The result of these measurements evaluated with the first and the second method is
presented in Fig. 4.8(a) and (b), respectively, where each data point is the weighted mean
of its associated measurements and the errors are their weighted standard deviations.
As one can see, Fig. 4.8(a) and (b) are very similar and the tendency is clearly visible.
Currents of approximately 0.75 mA and higher result in the same transported amount of
fission products. The uncertainty of the first value is very huge with about 33% due to the
limited statistics. In addition it is remarkable that the errors in Fig. 4.8(b) vary in a large
range and in addition the errors are a little bit smaller than in Fig. 4.8(a) since the second
method does not depend on small variations in the background or in other γ-lines. The
difference of the error of the first value is an indication for mechanical changings of the
electrodes during one measurement or it is due to the very unstable discharge frequency
for low currents. Thus, the produced aerosol amount per unit time can vary in a wide
range. This indicates the severe problem of fluctuations of the transport efficiency already
observed and discussed by Wollnik et al. [91]. Thus, the conclusion is drawn that both
methods produce qualitative equal results for investigations concerning the whole energy
range at high activities.
Since the aerosols deposit themselves inside the capillary it is necessary to guide as less
aerosols as possible through the setup. Thus, a loading current of about 0.8 mA seems
to be optimal for the aerosol under experimental conditions as the transported amount of
fission products saturates at this point.
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4.2.3 Extracted fission products as a function of the aerosol size

It has been demonstrated in Sect. 2.3 and 3.3.3 that the attachment of fission products
to aerosols depends on their surface and that it is possible to vary the maximum of the
aerosol size distribution by the variation of the helium flow. Thus investigations on the
transport with aerosols of different sizes are required to prove this behavior. For this
purpose the setup was modified. As indicated in Fig. 4.9 the classifier has been attached
between the target chamber and the direct catch setup in order to select one single size
interval of particles after the attachment of the fission products (see Sect. 3.1.1). The
aerosols of the selected size have been collected on a filter to measure their radiation. The
remaining aerosols have been guided to a second filter, which has the function to clean the
gas before reaching the exhaust. During the selection process aerosols that are smaller and
thus lighter than the ones in the selected size interval attach themselves to the collector
rod. Hence, during the whole measurement cycle fission products are deposited inside the
Electrostatic Classifier. Therefore this kind of investigation is only suitable in combination
with a covered target as almost none of the fission products has a half-life of more than a
few days. In addition the few light long-lived radionuclides have very low production rates.
Since only short-lived radionuclides have been investigated a contamination of the classifier
is of no concern after a couple of hours waiting time. If this test would be performed with
an uncovered target it would be necessary to provide a monodisperse aerosol to the fission
products. Thus the size selection would have to be mounted in the overpressure region in
front of the target chamber, which is complicated as the flowmeters inside the classifier are
calibrated to normal pressure and the selection would have to be done at approximately
1.7 bar overpressure. A calibration for that pressure is not available and thus a proper
selection of the aerosol size in this configuration is not possible.
Thus, for this measurement it was required to extend the collection time as the number of
particles in one size interval is at least two orders of magnitude less than the total number
of particles. On the other hand the collection time is limited as 101Mo, which is used again
as a test candidate, has only a half-life of about 14.6 minutes. To determine a sufficient
collection time it has to be considered that the existing 101Mo-nuclides decay according to
the decay law while a constant rate k is collected assuming that the gas jet efficiency is
constant. Thus the change of the particle number N(t) on the filter is

Ṅ(t) = −λN(t) + k (4.5)

with the decay constant λ = ln 2
T1/2

. Solving this differential equation results in the number

of particles at a time t

N(t) =
k

λ

(
1− e−λt

)
=
k T1/2

ln 2

(
1− e

− ln 2
T1/2

t
)

, (4.6)

which converges to a constant value and thus to a constant maximum activity for long
collection times. Hence, it is not necessary to collect longer than 3.5 · T1/2 since already
more than 90% of the maximum number is reached then. This implies a collection time
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Figure 4.9: Sketch of the setup for the aerosol size selective activity measurement. Fission
products attach to the aerosols in the target chamber and are guided to the particle classifier
where one size interval is selected. Particles of the selected size are collected on a filter for
later investigations whereas the others are guided to the waste.

of about 52 minutes for 101Mo, which was considered to be too long due to limited online
running time. It has been decided to extend the collection time only to 20 minutes while
the time for decay and measurement remained two and five minutes, respectively. Accord-
ing to Eq. (4.6) about 60% of the maximum activity is reached within this time. Due to
the very low expected activity the detector has been shielded with lead from the reactor
radiation in order to decrease the background activity.
It is assumed that the number of transported fission products is proportional to the number
of aerosols in the size interval selected by the classifier, which is valid until the saturation
region is reached (see Sect. 4.2.2). Furthermore, it was observed in case of KCl aerosols
that the number of attached fission products is proportional to the aerosol surface and thus
to the square of their diameters [36] and proved by theoretical calculations as well [37].
The activity of the 101Mo peak at Eγ = 192 keV has been determined and is shown in
Fig. 4.10.
In Fig. 4.10(a) the measured counts as function of the aerosol surface are presented as-
suming that the aerosols are spheres. The distribution of the activity is determined by the
lognormal distribution of the aerosol quantity. Thus one has to account for the number
of aerosols, which is done by the calculation of the average counts per aerosol particle for
each surface interval as presented in Fig. 4.10(b). The presented values are the weighted
mean of three measurements and the errors the weighted standard deviation. The errors
in both figures are very large, which is due to the long measurement time and thus due to
fluctuations and decrease of the transport efficiency, as will be discussed in Sect. 4.4. The
errors in Fig. 4.10(b) are even larger as size distribution and activity cannot be recorded



4.3. MEASUREMENT OF THE TRANSPORT TIME 61

20

40

60

80

100

120

140

160

180

10000 100000

C
o
u
n
ts

Aerosol surface / nm
2

(a)

0.05

0.1

0.15

0.2

0.25

10000 100000

A
v
er

ag
e 

ac
ti

v
it

y
 p

er
 a

er
o
so

l 
/ 

1
/s

Aerosol surface / nm
2

(b)

Figure 4.10: Counts (a) and average transported activity per aerosol (b) in dependency of
the aerosol surface assuming that the aerosols are spheres. The activity is the area under
the peak of 101Mo at Eγ = 192 keV. With the fitted number of counts the presented values
have been determined by calculation of the weighted mean and standard deviation of three
measurements using identical parameters.

at the same time and the errors here indicate mechanical changes of the electrodes or large
fluctuations of the discharge frequency. The presented information verifies the linear cor-
relation between aerosol surface and transported fission products. Thus, a certain aerosol
size interval can be selected if it will be investigated that the chemical bond cannot be re-
leased sufficiently for all intervals in the ECR ion source to increase the number of ionized
radionuclides.

4.3 Measurement of the transport time

Long transportation times from the target chamber to the ion source decrease the possibil-
ity to access very short-lived radionuclides as they may decay before they can be investi-
gated. To estimate the accessible half-life, the extraction time for the fission products has
been studied. This can most easily be performed when the reactor is pulsed while aerosols
are guided through the target chamber to the detector. During the pulse the reactor emits
γ-radiation, which is detected by the germanium-lithium detector. Therefore, the experi-
mental setup as shown in Fig. 4.1 has been chosen whereas the filter, on which the aerosols
are collected, was mounted directly in front of the detector [67]. The detector had to be
shielded with lead as it would otherwise become saturated during a reactor pulse. Due to
this change in the setup the filter had not to be changed during the whole measurement.
One representative measurement of the recorded activity as a function of time is shown
in Fig. 4.11. The shape of the immediately emitted radiation by the reactor pulse can
be approximated with a Gaussian distribution due to the time dependency of the neutron
flux in the reactor. After a few hundred milliseconds the first fission products arrive and
the intensity of the radiation increases a second time until no fission products arrive any
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Figure 4.11: γ-radiation recorded during and after a reactor pulse. The first peak is related
to radiation emitted from the reactor, the second increase of the radiation intensity is due
to the deposition of fission products on the filter in front of the detector. The dashed line is
a Gaussian fit to the pulse shape, the dotted line is a parabola fit to the increasing activity
during the arrival of the fission products. For more details see text.

longer and the deposited fission products decay within about two minutes until their activ-
ity reaches the background level again. This is not shown as the measurement time could
not be chosen so long with the necessary resolution. The start of the measurement t = 0
has been chosen arbitrarily as it does not effect the determination of the transport time.
It is well known that the shape of the pulse is not exactly a Gaussian distribution as the
radiation is emitted by a great variety of radionuclides. But nevertheless it is also verified
that the approximation is sufficient as can be seen from Fig. 4.11. It is more difficult to
find an appropriate function to fit the second increase of activity.
An analytical solution of the differential equations, which describe the arrival and decay
of the particles, is very complicated and contains too many degrees of freedom to calculate
a fitting function to the data. According to the shape of the second rising edge at about
t = 500 ms it seems to be appropriate to fit an empirical function, in this case a parabola,
to the data to describe the arrival of the radionuclides on the filter:

A(t) = at2 + bt+ c (4.7)

with a, b and c being fit parameters. Eq. (4.7) fits very well to the data as presented in
Fig. 4.11, which is confirmed by a χ2 value of 0.74.
After the determination of the functions describing the time evolution of the recorded
radiation triggered by a reactor pulse, the transport time has been defined as the time
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difference between the maximum of the activity of the reactor pulse and the time when the
activity that is caused by the fission products reaches 50% of its maximum (see. Fig. 4.11).
With this definition the transport time has been determined from four measurements to
be

Ttrans = 390± 90 ms , (4.8)

which is less than the approximately 0.8 s that has been observed in other experiments [67].
This means that fission products with half-lives down to about 400 ms can be investigated
if the overall efficiency is sufficiently high. Shorter-lived radionuclides can be detected
as well if their production rate is high enough that a sufficient number of ions reaches
the experiment before they decay. However, the transport time in Eq. (4.8) should be
considered as an average transport time, since the first fission products arrive already after
about 250 ms on the filter.

4.4 Measurement of the transport efficiency

Other crucial parameters, which limit investigations of radionuclides, are their production
rates and transport efficiencies. The production rate of the radionuclides in thermal neu-
tron induced fission of the available 235U target under experimental conditions inside beam
port A is shown in Fig. 4.3. It is determined by the target properties and the neutron flux
for every radionuclide, while the transport efficiency of the fission products is determined
by the properties of the gas-jet system.
The transport efficiency is determined relatively by the comparison of γ-lines at equal
energies from a standard sample and samples of extracted fission products. Since the stan-
dard has to represent all available fission products, a 0.5 mm thick Teflon foil has been
positioned directly in front of the target inside the target chamber. The thickness of the
foil ensures the collection of all fission products that are in principle available for trans-
portation. Afterwards the target chamber has been placed inside the reactor, irradiated for
twenty minutes with a power of 10 kWth, which is equal to a neutron flux of 9.8 · 109 n

cm2s
,

and removed after an additional waiting time of 24 minutes. Subsequently the γ-spectrum
has been measured and can be regarded as a standard measurement. After the removal
of the Teflon foil the target chamber has been returned into the reactor and the helium
including the carbon aerosols is guided through the target chamber and the capillary as in
the previous measurements. Afterwards the aerosols with attached fission products were
collected on a filter and the equal measurement cycle of 20 minutes collection, 24 minutes
of waiting, and 15 minutes of detection has been used. Due to the equal experimental
conditions the γ-spectra are comparable and the transport efficiency can be calculated by
the comparison of the fitted areas of one γ-line with the associated one of the standard
spectrum for all measurements.
In order to test the principle, the first three measurements have been done at 10 kWth reac-
tor power. An increase of the reactor power to 100 kWth, which is directly proportional to
the neutron flux, increases the number of fissions by a factor of ten as well as the number
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Half-life of
Nuclide Half-life Mother nuclide mother nuclide

93Sr 7.45 min 93Rb 5.8 s
94Y 18.7 min 94Sr 74 s
95Y 10.3 min 95Sr 24.4 s

101Mo 14.6 min 101Nb 7.1 s
104Tc 18.2 min 104Mo 1.0 min

Table 4.3: Investigated fission products with a sufficient long half-life and short-lived
mother nuclides. Values are taken from [90].

of fission products being available for transportation due to the isotropy of their emission.
In order to increase statistics the irradiation power has been subsequently increased to
100 kWth, which was not possible for the standard measurement due to radiation safety
issues. As the production rate R is proportional to the number of fissionable atoms Nfiss,
the fission cross section σn, and the neutron flux φn, described by

R = φn σnNfiss , (4.9)

the areas of the standard γ-lines can be multiplied with factor ten to be comparable with
the other determined values. It is expected that the transport efficiency is equal for all
different species besides the noble gases.
It is important to investigate only γ-lines of radionuclides with sufficient long half-lives and
mother nuclides with a half-life of less than 2.4 min as after 10 ·T1/2 more than 99% of the
nuclides are decayed. These parameters are very important as it has to be assured that all
mother nuclides are decayed when the radiation measurement is started. Otherwise even
short variations of collection, decay or detection time have a significant influence on the
result due to the fast decay of the nuclide of interest and the decay of the mother nuclides
into a nuclide of interest, respectively. On the other hand a too long half-life results in a
small amount of decays, which would require longer detection times. Radionuclides with
these properties, which could be identified in the spectrum, are listed in Tab. 4.3.
According to Sect. 3.3.7 the transport efficiency has been recorded for a capillary with an
inner diameter of 0.86 mm and for one with an inner diameter of 1.4 mm. It is expected
that the transport efficiency is almost constant for long time periods for the thicker cap-
illary as the surface flow of the aerosols has been constant as shown in Fig. 3.14(c). The
transport efficiency for the smaller capillary is expected to decrease during operation, as
shown in Fig. 3.14(a), but as this capillary has been used several times before for gas jet
extraction [36,67,85], its transport efficiency has been tested and compared to the efficiency
of the thicker capillary. This comparison is anyhow necessary as it is not yet tested, at
which gas pressures the ECR ion source can be operated.
The areas of the γ-lines under investigation have been determined by fitting a modified
Gaussian distribution (see Eq. (4.1)) to the data. Afterwards the areas have been compared
with the standard measurement and were plotted in dependency of the time. The time
evolution of the transport efficiency has been examined for the five radionuclides listed in
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Figure 4.12: Transport efficiency of 104Tc through a capillary with an inner diameter of
0.86 mm as a function of operation time. IC is the capacitor loading current. Further
details are given in the text.

Tab. 4.3. A representative measurement of 104Tc is shown in Fig. 4.12 for a polyethylene
capillary with an inner diameter of 0.86 mm recorded with a gas flow of 1.4 l

min
and a load-

ing current of IC = 2.35 mA at the beginning. Every time when a parameter was changed
it is marked. For the first three hours the transport efficiency was measured to be about
70% and decreased in the following five hours down to about 50%. Since the decrease of
the transport efficiency is most likely caused by deposited aerosols in the capillary and
especially at its inlet, the capillary was flushed with clean helium and the loading current
has been decreased to IC = 1.25 mA. Thereby the amount of aerosols, which attach to the
walls, is expected to be reduced while the amount of transported fission products remains
the same (see Sect. 4.2.2). At first an increase of the transport efficiency was observed
after the decrease of the loading current, but as strong fluctuations are observed in the
preceeding and following data points it is probably not correlated to the flushing of the
system. Also flushing and variation of the loading current had no influence on the trans-
port efficiency as can be seen in Fig. 4.12. In general the transport efficiency continued
to decrease. The subsequent change of the aerosol material to potassium chloride did not
show any difference as well. For the transport efficiencies of the other radionuclides a simi-
lar decreasing behaviour has been observed. The presented time evolution of the transport
efficiency can be explained by the time dependency of the transported aerosols shown in
Fig. 3.14(a) due to the similar behavior of the decrease of the surface flow in the first eight
hours, with similar experimental conditions to the online experiment.
As already mentioned the transport efficiencies presented in Fig. 4.12 are calculated by
the comparison of the fitted areas of the γ-lines of the radionuclides. Thus the error bars
in Fig. 4.12 are determined by Gaussian error propagation. The errors of the first three
values are very large. This is due to the fact that for the collection of aerosols with fis-
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Figure 4.13: Transport efficiency of 104Tc through a capillary with an inner diameter of
1.4 mm. In the first two hours the efficiency increases from less than 30% to about 60%
and stays constant for about eight hours without maintenance. IC is the capacitor loading
current.

sion products the reactor has been operated at the beginning with a power of 10 kWth to
record spectra, which are directly comparable to the standard. Therefore the activity of
the collected sample and the peak-to-background ratio are very low. It has been decided
to operate the reactor in the following with 100 kWth in order to improve statistics. The
uncertainties of the last four values are larger than the others as well. This is due to an
increase of the background radiation caused by 18F from another experiment in the PET-
Lab near beam port A.
Afterwards the capillary has been replaced by another polyethylene tube with an inner
diameter of 1.4 mm. With this capillary it was expected that the transport efficiency stays
constant for a longer time since previously the aerosol transport was stable for a longer time
compared to the 0.86 mm capillary under similar experimental conditions (see Fig. 3.14).
Due to the larger diameter a helium gas flow of about 7 l

min
is required to generate the

thermalization pressure of 1.7 bar. A loading current of 1.25 mA has been used and the
reactor has been operated at 100 kWth. Other variations of parameters are indicated in the
plot. The values of the transport efficiency of 104Tc are exemplarily presented in Fig. 4.13.
An increase of the transport efficiency has been observed during the first two hours from
about 30% up to 60%. Subsequently, the loading current was shortly increased to 2.35 mA
to demonstrate that it is in principle possible to increase the transport efficiency up to
the values reached with the smaller capillary before. With IC = 1.25 mA the transport
efficiency was constant over a long time period of about 8 hours, which is in agreement with
Fig. 3.14(c). After a total operation time of about 11.5 hours the loading current has been
increased again to 2.35 mA and an increase of the efficiency has been observed followed by
a slow decrease. This important measurement shows that it is possible to transport fission
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Figure 4.14: Transport efficiency of 101Mo (a) and 94Y (b) through a capillary with an
inner diameter of 1.4 mm. The observed time evolution is similar to the one observed for
104Tc.

products with a constant efficiency of (51 ± 3) % for several hours. Due to the observed
increase for higher loading currents it is possible to compensate decreases and keep the
efficiency constant for even longer times.
It was expected that the transport efficiency is similar for all radionuclides besides noble

gases. This has been tested by the comparison of the transport efficiencies of all nuclides
mentioned in Tab. 4.3. For comparison the transport efficiency as a function of time is
shown for 101Mo and 94Y in Fig. 4.14. It has been observed that the qualitative behavior
of the time evolution is similar to the one of 104Tc, only the absolute efficiency is different
(see Tab. 4.4). For the examination of the transport efficiencies of other fission products
it is necessary to make a faster standard measurement.
This result shows that the transport of the extracted fission products is qualitatively sim-
ilar, whereas the absolute values deviate. Furthermore it has been shown that the gas-jet
system can be operated with a constant transport efficiency of about 50% for at least eight
hours of operation, which is necessary for a constant ion production. Also small changes
can be compensated with an increase of the number of aerosols and therefore the loading
current. The stability of the gas-jet system is good enough to enable investigations on
nuclides with low yields, which require continuous production for several hours.

Nuclide Average transport efficiency / %
93Sr 68± 4
94Y 58± 4
95Y 72± 7

101Mo 53± 4
104Tc 51± 3

Table 4.4: Average transport efficiency of the investigated nuclides .
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4.5 Determination of the absolute transport rate

For later experiments on radionuclides provided from the reactor with the TRIGA-SPEC
facility it is important to know how many particles will finally be available after extraction.
Besides the fission yields this number is mainly determined by the overall transport effi-
ciency of the setup, including the efficiency of the helium gas jet, the ionization efficiency
of the ECR ion source, the efficiency of the subsequent ion transport to the experiments,
and their detection efficiency.
For the determination of the absolute number of transported particles behind the gas-jet
system, the germanium-lithium detector has to be calibrated as the efficiency of the γ-
detection is characteristic for each device. Therefore, a filter of the type that has been
used for aerosol collection has been prepared. A fluid activity standard containing several
long-lived radionuclides, whose decay energies cover the whole detection range from 60 keV
up to 1836 keV, has been used. To this end 80µl of the activity standard have been de-
posited on the filter in a circular shape to imitate the area covered by the aerosols during
collection and subsequently the γ-spectra were recorded for three times 24 hours. Due to
the necessary efficiency calculation the data was evaluated with the radiation acquisition
and analysis software GenieTM2000 [92]. Since the activity of the nuclides in the activity
standard is well-known at its creation time, it is possible to correct the activity of the stan-
dard due to the half-life of the contained radionuclides and to calculate the efficiency of the
detector as a function of the energy of the detected radiation. The calibration procedure
was performed for the detector used in the measurements described below.
With the calibrated detector it was possible to determine the absolute number of particles
that are transported per unit time through the capillary. Therefore the measured activity
of one γ-line was corrected for the decay losses during the decay and measurement time
as well as due to the relative occurrence of the emitted radiation. In addition, the data
was corrected for the dead time of the detector. The determination of the absolute trans-
port rate requires the solution of Eq. (4.6). With the number of particles N =

AT1/2

ln 2
the

transport rate k can be calculated as:

k = A

(
1− e− ln 2

T1/2
Tcoll

)
. (4.10)

T1/2 denotes the half-life of the considered nuclide and A its activity after the collection at
the time Tcoll. As shown in Fig. 4.13 the transport efficiency is not constant for the whole
observation time due to the change of gas-jet parameters. Thus, the absolute numbers
of transported particles have been calculated from the time period of constant transport
efficiency. Due to the long waiting time of 24 minutes this value is a cumulative transport
rate, which includes also all nuclides produced by the decay of the mother nuclides. Assum-
ing that the mother nuclides are all transported with the same efficiency, the individual
transport rate can be determined by the multiplication with the factor kind

prod/k
cum
prod with

the values taken from [22, 23]. Here kind
prod denotes the individual and kcum

prod the cumulative
production rate of the considered nuclide. To increase statistics the weighted mean of 15
measurements has been taken. The values kind

trans presented in Tab. 4.5 are the numbers
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of the considered radionuclides that exit the capillary and are available in the skimmer
region.
It was indicated in Fig. 4.3 that the individual production rate of the fission products
increases up to 106 per second, which rises the question why the absolute number of de-
tected particles is about two orders of magnitude smaller although the transport efficiency
has been measured to be more than 50%. Therefore the geometry of the target has to
be considered. As the fission products are emitted in a 4π angle the sketch of the target
chamber in Fig. 4.2(a) indicates that 50% of the fission products are transmitted in the
wrong direction and are absorbed by the wall of the target holder. In addition the target
is surrounded by a 1 mm high edge of the target holder, which decreases the amount of
available fission products as well. As the target is not pointshaped the fraction of produced
fission products that are available for transport has been simulated by particle propagation
simulations. Therefore it has been assumed that they are completely absorbed by the edge
of the capillary holder and that their trajectory is straight. In several simulations it has
been determined that 41.4(1)% of the produced fission products enter the thermalization
region for a cylindrical target. The fraction is the mean value of 100 simulations each
with 2 · 109 simulated particles with the error being the standard deviation. The target
material has been assumed to be distributed on an area with the same diameter as the
opening of the target holder - 20 mm, which increases the error as the diameter is a little
bit smaller and the shape is not exactly circular. Thus the fraction has been determined
to be (42± 2)%.
In addition the 13µm thick aluminum foil that covered the target has been considered. In
the mass range of the detected fission products only 3% to 6% are transmitted through
the foil [86]. This fraction has been considered to be approximately a linear function of
the atomic mass in the small range between A = 93 and A = 104 as only a little amount
of experimental transmission data is available [86]. kcum

trans denotes the cumulative transport
rate of radionuclides presented in Tab. 4.5, σgeo respects the reduction of the transmission
due to geometry and σfoil is the absorption factor of the aluminum foil. kprod denotes the
production rate calculated from the relative fission yield [22, 23], target properties and
neutron flux, whereas here the cumulative fission yield has been considered since during
the waiting time all mother nuclides have been decayed. With the consideration of these

Nuclide kcum
prod / 105/s kind

prod / 105/s kcum
trans / 103/s kind

trans / 103/s
93Sr 28.5 11.7 40.6± 6.0 16.7± 2.5
94Y 29.4 1.78 15.3± 1.1 0.9± 0.1
95Y 29.1 5.11 26.9± 5.0 5.2± 1.0

101Mo 23.6 0.85 21.6± 1.8 0.8± 0.2
104Tc 8.6 0.42 4.1± 0.4 0.2± 0.1

Table 4.5: Measured transport rates of the observed radionuclides. The cumulative trans-
port rate includes all mother nuclides.
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Nuclide kprod / 106/s σfoil / % Rtrans / %
93Sr 2.85 5.0± 1.2 66±19
94Y 2.94 4.8± 1.2 25±7
95Y 2.91 4.6± 1.3 47±16

101Mo 2.36 3.3± 1.3 66±26
104Tc 0.86 2.6± 1.3 43±22

Table 4.6: Transport efficiency calculated from the absolute transport rate. kprod denotes
the cumulative production rate calculated from the relative fission yield [22,23]

parameters the transport efficiency Rtrans can be calculated:

Rtrans =
kcum

trans

kprod · σgeo · σfoil

. (4.11)

The resulting transport efficiencies are presented in Tab. 4.6. In comparison with Tab. 4.4
three values are equal within the given uncertainties and only the transport efficiency of
94Y differs significantly. The large errors for the transport efficiency shown in Tab. 4.6
are due to the fact that the uncertainty of the transmission through the aluminum foil
and of the absolute transport rate as well as the assumption that the target has a circular
shape increase the uncertainty significantly. On the other hand the direct comparison of
the spectra contains no assumptions as the uncertainties are only statistical errors. By
collecting the fission products directly after leaving the target it is possible to determine
the denominator in Eq. (4.11) more precisely than by calculating it with the available
literature data. Thus, the absolute transport rates have been verified.
Considering Eq. (4.11) the transport rate can be increased by a factor of 20-40 (see Tab. 4.6)
by removing the aluminum foil that covers the target. As this foil prevents the heavy fission
products to leave the target this will be anyhow necessary for investigations in this mass
region. In contrast, the foil prevents the setup to be contaminated with long-lived fission
products. Thus, it is better to perform first tests with the covered target as mechanical
work may be necessary on skimmer and ECR ion source, which would require for an
uncovered target a huge effort due to radiation safety issues. The number of available
fission products can be increased as well by increasing the amount of fissionable material,
which increases the production rate. In addition it is possible to use another material with
a higher fission cross section. Hence, a 235U target and the available 300µg 249Cf target
are considered. Based on the maximum diameter of the target, which is about 2 cm, the
maximum uranium density of about 0.8 mg/cm2, and the determined transport efficiency
in Tab. 4.4, a prediction of the transport rate is made for an uncovered 2.5 mg 235U target.
Based on the determined transport efficiency a prediction of the transport rate is made for
the available 249Cf target as well. The results are listed in Tab. 4.7. In comparison with
the production of fission products from the californium target it is clear that the number
of available particles depends as well on the choice of the target material. This shows that
it is possible to achieve transport rates in the range of (105 − 106) s−1 as an upper limit
with uranium, whereas the low production rates between the fission yield maxima can be
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Nuclide
kind

prod(235U) kpredicted
trans (235U) kind

prod(249Cf) kpredicted
trans (249Cf)

/ 106/s / 105/s / 105/s / 105/s
93Sr 17.4 50.1±4.0 10.6 3.1± 0.2
94Y 2.5 6.4±0.6 4.0 1.0± 0.1
95Y 7.5 22.8±2.5 13.5 3.9± 0.4

101Mo 1.2 2.8±0.2 9.6 2.1± 0.2
104Tc 0.6 1.3±0.2 15.6 3.3± 0.3

Table 4.7: Predicted transport rate for an uncovered 2.5 mg 235U and the available 300µg
249Cf target based on the results presented in the text. The prediction is based on the
transport efficiency shown in Tab. 4.4 and the calculation of the production rates from
target and the neutron flux in beam port B.

compensated using a californium target due to the shift of the lower maximum to higher
masses, as it is shown in Fig. 2.3. To reach higher rates with uranium a new target chamber
has to be designed for the usage of a larger target. A larger californium target can most
likely not be prepared since the material is not available and very expensive.
With the calibration of the γ-detector it was possible to determine absolute transport rates
of the gas-jet system for the long-lived nuclides 93Sr, 94,95Y, 101Mo and 104Tc. For these
nuclides transport rates from 2 · 102 s−1 (104Tc) up to 1.7 · 104 s−1 (93Sr) have been reached
and can be fed into the ion source. As a maximum for a new uncovered target transport
rates from 1.3 · 105 s−1 (104Tc) up to 5 · 106 s−1 (93Sr) are predicted. An increase of the
numbers of available particles is possible by using more fissionable material or by using the
californium target depending on the wanted ion species.
Depending on the element, ionization efficiencies between 40% (sulfur) and 90% (noble
gases) are expected for the ECR ion source [93]. However, that still needs to be confirmed
after installation and operation of the ion source. Thus, it is apparently possible to perform
mass measurement of the frequently produced fission products with the covered target using
the TOF-ICR technique, whereas FT-ICR measurements are most likely only limited by
the half-life of the particles. Due to the fast decrease of the production rate apart the
maximum it is necessary to use an uncovered target with more fissionable material for
studies of rarely produced nuclides. Since for collinear laser spectroscopy studies transport
rates of about 105 s−1 without an RFQ are needed, it depends on the efficiency of the ECR
ion source whether a new target has to be prepared.





Chapter 5

Summary and Outlook

Nuclear models aim for the description of known and the prediction of unknown nuclear
properties. Thus, experimental investigations of radionuclides far away from the valley of
stability are necessary for the test and the improvement of these models. Investigations
of neutron-induced fission products push the border of direct measurements further into
the neutron-rich area of the nuclear chart. Direct measurements of nuclear ground-state
properties of these nuclides are the main goals of the TRIGA-SPEC facility, which consists
of the double Penning trap mass spectrometer TRIGA-TRAP and the collinear laser spec-
troscopy beamline TRIGA-LASER. The nuclides are produced by thermal neutron induced
fission of a fissionable target placed inside the research reactor TRIGA Mainz. For the ex-
traction a helium gas-jet containing carbon aerosols needed as transport medium has been
developed and aerosol production as well as transport properties have been characterized
within this thesis.
It has been verified in agreement with theory [80] and previous experiments [36,84] that the
size of the aerosols is lognormally distributed. In a number of measurements it has been
investigated how their mean size can be varied under experimental conditions. Within this
thesis it has been demonstrated for the first time at TRIGA Mainz that fission products
can be transported with the gas-jet recoil-transport method using carbon aerosols. Some
of the extracted fission products have been identified by means of γ-spectroscopy as the
nuclides 84Se, 93Sr, 94,95Y, 103−105Mo and 104,105Tc. These are the nuclides with the high-
est production rate having the required properties to be detected with the method used
within this thesis. The transport time of the radionuclides is a limiting factor for online
investigations due to their half-life and the finite measurement time. Thus, it is required
to determine the transport time of the fission products as it marks the limit of observable
radionuclides at a given production rate and transport efficiency. The extraction time of
fission products has been determined to (390± 90) ms.
An efficient transport is important as well for investigations of rarely produced nuclides.
Thus, the efficiency of the transport out of the target chamber through the capillary has
been recorded for some of the detected fission products and it has been demonstrated
that values up to 80% can be reached. It has been clearly demonstrated by the efficiency
measurement that it is possible to operate the gas-jet with a constant efficiency of more
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Figure 5.1: Detailed drawing of the skimmer system. The nozzle in the movable capillary
holder ensures the alignment of capillary and skimmer, which is required for ideal aerosol
transmission to the ECR ion source.

than 50% for at least eight hours, which is a very important result as data collection in
a typical experiment is up to a few hours. In addition the absolute transport rate was
determined for the radionuclides observed during a period of constant efficiency. Rates
from (2± 1)102 s−1 for 104Tc up to (16.7± 2.5)103 s−1 for 93Sr have been measured with a
300µg target 235U covered with a 13µm thick aluminum foil.
This target has been used for all experiments within this thesis, whereas 239Pu and 249Cf
targets are also available. This offers the opportunity to investigate very rarely produced
fission products as the production rates can be increased by using the other targets in-
stead of 235U due to their higher thermal-neutron fission cross sections and different fission
yields. Especially the determination of the transport time and the transport efficiency were
big steps forward since it is now clearly known, which numbers of particles per unit time
can be expected for the different fission products after the calculation of their production
rates, and it can be estimated down to which half-life it will be possible to perform mass
spectrometric and laser spectroscopic measurements.
The next step will be the preparation of a target with more material that will be in addition
used uncovered to gain higher transport rates. The use of helium as carrier gas requires the
target to be covered with a thin aluminum foil as the pressure inside the target chamber
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can not be increased until the particles emitted by the uncovered target are thermalized.
Thus, for investigations of the heavy fission products it is necessary to use argon or nitrogen
as carrier gas as the mean free path of a particle is smaller than in helium. In preparation
for these investigations it is necessary to measure the transport time since the maximum
laminar velocity in a gas depends on its sonic speed. Due to the longer transport time in
argon and nitrogen it is also necessary to determine the transport efficiency for this gases.
After the extraction the aerosols have to be guided into the ion source region for ioniza-
tion. When carrier gas and aerosols exit the capillary into a region of lower pressure the
gas expands turbulently with the so-called zone of silence, a region without turbulences,
in the center. As the aerosols are very heavy compared to helium they exit the capillary
in the center of the beam. For the separation of helium and aerosols a skimmer is placed
inside the expanding gas with its tip inside the zone of silence and its hole aligned to the
exit of the capillary [38, 94]. While the aerosols pass the skimmer inside the laminar flow
region the helium is pumped away by a roots pump. A skimmer has been designed [41] to
transmit the aerosols into the ECR-ion source and to remove the helium without reflections
into the aerosol beam simultaneously. In Fig. 5.1 a sketch of the skimmer is presented. A
certain optimal angle of the outer wall of the skimmer has been found in empirical inves-
tigations [94], whereas its opening in the tip must have at least the same diameter as the
capillary outlet for efficient aerosol transmission. A larger hole increases the transmission
of aerosols and thus also the pressure inside the ion source. Therefore it has to be tested,
up to which pressure efficient ionization is possible.
The next steps for the online coupling of TRIGA-SPEC to the reactor are offline tests with
the skimmer system to investigate its properties for a sufficient high transmission with a
sufficient low pressure inside the ECR ion source. The transmission can be tested with
sodium aerosols, which are guided through the skimmer system and subsequently collected
on a filter with the simultaneous determination of the pressure inside the ion source. The
amount of sodium on the filter can be investigated with neutron activation analysis, which
requires the irradiation of the filter with the aerosols inside the reactor and a subsequent
analysis of the emitted γ-radiation. Then a plasma has to be created inside the ECR ion
source, which requires a reflection free guide of the microwave from the magnetron into the
plasma chamber where the fission products will be separated from the aerosols. Therefore
it is important to know the maximum operation pressure to create singly charged ions
inside the plasma. Furthermore, the magnetic mass separator will be included in the setup
in order to mass separate the ions of interest from the unwanted species. Here a resolv-
ing power of a few hundred is foreseen at a transport energy of 30 keV. Finally the mass
separated beam will be electrostatically guided through a switchyard to the two experi-
mental beamlines. For the TRIGA-TRAP experiment the ion beam has to be bunched
and the energy has to be lowered to a few hundred eV, which will be done by a pulsed
drift tube. First tests will be performed with the already mentioned covered 235U target.
Thus, the first radionuclides that will be investigated online are the already detected 84Se,
93Sr, 94,95Y, 101−105Mo and 104,105Tc and other zirconium, strontium, niobium and yttrium
isotopes with high production rates.
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beiten.
Ich danke Christian Smorra, Szilard Nagy und Jens Ketelaer, dass sie immer für Fragen zur
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