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Introduction and scientific applications 

L. Zanini, N. Baluc, R. Eichler, M. Pouchon, D. Schumann, K. Zhernosekov 

 

Based on the scientific cases presented, and on neutronic calculations, we think that a 
new irradiation station inside the SINQ target would be relevant to several scientific 
applications at PSI. Such facility would give the opportunity to perform irradiation of 
strong relevance for testing materials for fission, fusion, ADS, and for isotope 
production for radiochemistry and medical applications. The cost of the facility should 
be reasonably low, compared to the benefits, and to the expected cost of similar 
facilities (such as MTS) which need to be built from scratch. The impact on the 
operation of the SINQ facility would be not significant. 

Scope of the work 

An irradiation station is proposed to address the needs from two broad sectors: materials testing 
using fast neutrons, and isotope production using high energy neutrons and/or protons. 
 
The need for fast neutron irradiation in the world has increased in later years, in particular for  
testing materials for fusion, generation IV reactors and accelerator driven systems . Examples of 
facilities being built or under proposal for the three sectors are IFMIF in Japan, the Materials Test 
Station and HFIR in USA, and MYRRHA in Belgium. These facilities are under study and some of 
them are in the approval process. On the other hand, fast neutron reactors are less and less available, 
the latest example being the PHENIX reactor which was shut down in 2009. 
 
At PSI, the proton accelerator complex has had a relevant set of material irradiation facilities [1] 
where materials are or have been irradiated under high-dose irradiation conditions. Such facilities 
operate under proton irradiation (LiSor loop), mixed proton/neutron spectrum (STIP program at 
SINQ), thermal neutron spectrum (NAA station at SINQ). The main applications of the existing 
programs are tests of materials for accelerator-driven systems (which includes also the MEGAPIE 
program) and isotope production using thermal neutron capture. 
 
Although the SINQ facility is a source of thermal and cold neutrons for various experiments, the 
spallation neutrons generated by the interaction of the 575 MeV proton beam with the target could 
be exploited for a fast neutron irradiation facility placed  inside the spallation target. A fast neutron 
irradiation station with a neutron flux greater than 1014 n/cm2/s would then be possible. Several 
possible applications are investigated, such as irradiation of materials for innovative reactors and for 
fusion, and production of radioisotopes for use in nuclear medicine or research. At present, no fast 
neutron irradiation facility exists at SINQ, the only possibility being the NAA and PNA stations in 
the SINQ heavy water tank, where however the fast neutron component is strongly suppressed and 
the neutrons are mostly moderated (the component of the neutron spectrum above 1 MeV is of 
about 1 %). 
 
Besides materials testing for innovative reactors, another possible application of fast neutrons is 
isotope production for various applications, such as R&D in nuclear medicine. In this case, 
generally isotopes are produced in reactors or in cyclotrons. There is a growing interest in 
production using fast neutrons, since by using threshold reactions such as (n,p) one can produce 



 4 

carrier-free radioisotopes, and spallation neutrons have been suggested as the best way to produce 
such radioisotopes [2].  
 
We consider the possibility of using SINQ as a fast neutron irradiation facility. It has been 
previously shown [3] that in the vicinity of the spallation target the neutron flux has still a strong 
fast component (the spallation neutrons), despite having the heavy water tank around the target. In 
the present report we consider a fast neutron irradiation station inserted in a target like the presently 
operating Target 8, with only minor modifications. 

This irradiation of facility would have the following important features that would make it unique at 
PSI: 

- a fast neutron flux, higher than 1014 n/cm2/s, with a non negligible proton component which 
could be exploited for additional irradiation or isotope production; 

- the possibility to irradiate at variable irradiation times, from short term (seconds or more) to 
long term irradiations (up to two years) thanks to an appropriate insertion/extraction system. 

These two features together would open the applications to medical, isotope production for basic 
studies in radiochemistry, and test of materials for future fission and fusion reactors. We briefly 
describe the main possible applications if such facility was available. 

Isotope production 

The Heavy Elements group of LCH is world leading in preparation and performance of chemical 
investigations of transactinide elements. Recently, those elements are investigated on a one-atom-
at-a-time level with availabilities from several atoms per minute (Rf) down to some atoms per week 
(e.g. element 114). Hence, research is going on regarding the design of improved production 
equipment and more sensitive experimental chemical techniques. The production involves intense 
heavy ion beams provided by large accelerators onto target arrays. The easiest way to improve the 
statistics of the experiments with transactinides is to increase the ion beam intensities. For the near 
future an intensity doubling and for the longer future an intensity increase of a factor 5 to 10 are 
suggested. However, the nowadays available target technology can almost not stand the recently 
available beam intensities. Therefore, future research is devoted to the development of new high 
power target setups. This work comprises a complete screening of all kinds of target and backing 
material combinations regarding their thermal and mechanical stability. With the availability of 
various radioactive tracer isotopes the investigation of thermal and mechanical and chemical 
destruction is very easy and complementary to structure investigations and chemical analysis. The 
widening of the field of available radionuclides as tracers is highly welcome here. The other part of 
the work is the development of fast and efficient chemical investigation techniques for 
transactinides. This work requires the availability of short-lived carrier-free (atom-at-a-time) 
isotopes of the homologues in the corresponding groups of the periodic table. The currently 
available nuclide sources such as SINQ gas-jet yield only the 5-th row elements which are typical 
fission products. The activation reactions with thermal and epithermal neutrons at the SINQ-NAA 
and PNA facilities provide only a limited number of carrier-free isotopes. The near future shut-
down of the Phillips Injector cyclotron is cutting down the today available isotope portfolio 
considerably. Therefore, a future possibility of using an isotope production facility with high energy 
neutrons or protons (in spallation reactions) will obviously open again our way to the homologues 
in the 6-th row of the periodic table, hence to the elements which are the closes homologues of 
transactinides. The production rates of spallation products at the intensities of scattered protons and 
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high energy protons (>100 MeV) are expected to be high enough for a laboratory scale tracer 
production. 

Tracer production for RadWaste Analytics 

Studies on the physico-chemical behaviour of radionuclides in materials to be used as targets in 
neutron spallation sources require suitable samples, which represent models of the real material, but 
with lower activity for an easier handling. The implantation of tracers into the non-active heavy 
metal or alloy had been proved but was not found to be suitable, because the chemical behaviour of 
the used radionuclides is different for every single element and, therefore, complicates the 
homogenization within the sample. The best method to produce such specimen is short irradiation 
under similar conditions like in real operation. Since the neutron energy in the newly proposed 
station contains also considerable parts of high-energetic neutrons and, moreover, a high content of 
high-energetic protons is available at the offered position, spallation reactions can be used for the 
production of the desired samples. With the proposed boundary conditions, the new station will be 
perfectly suited for these studies. This is of special importance, when the newly proposed 
alternative target material Lead-Gold-Eutectic (LGE) is beheld, where data are very scarce, and 
irradiated sample material does not exist at all. But not only LGE is interesting here, but all possible 
target materials, which are considered in the just recently finished ESS-PP study, like LBE, pure 
lead and solid tungsten. Since PSI plays a leading role in the future ESS target design due to its 
outstanding experience gained during the MEGAPIE experiment and related studies, these 
investigations will have a high impact worldwide during the upcoming next 10-15 years in the field 
of spallation neutron source development. 

Production of medical isotopes 

Contrary to the available irradiation positions, a new irradiation station at SINQ would have a 
strong fast neutron component. This would open the possibility to perform R&D in radionuclides 
which receive at present strong attention by the nuclear medicine community. Some examples are 
the following: 

64Cu is a diagnostic positron emitter. It is produced at the PSI cyclotron by irradiation of 64Ni. The 
64Ni(p,n) cross section is of about 0.7 barn around 10 MeV, therefore a degrader is used for 64Cu 
production. The present production is of about 20 GBq/g of 64Cu per day of irradiation, even though 
the theoretical production rate is 10 times higher. A similar production rate could be achieved by 
irradiating 64Zn via 64Zn(n,p) reaction, which has a peak cross section of about 0.3 barn at 10 MeV. 

67Cu is the corresponding therapeutic nuclide, with only limited availability. This radionuclide is 
produced with higher difficulty via 68Zn(p,2p) (cross section of 10 mb at > 50 MeV). At SINQ it 
would be possible to produce via 67Zn(n,p) which has a cross section of about 100 mb above 
15 MeV. Production at the cyclotron is of about 2.5 GBq/g for 3 days irradiation at 70 mA. 
Production at SINQ would be of about 14 GBq/g. 47Sc is a therapeutic, currently not available 
radionuclide which can be produced via 47Ti(n,p) which has a cross section above 0.1 barns above 5 
MeV neutron energy. About 70 GBq/g could be produced with a 7 days irradiation. Other 
radioisotopes of great interest are 169Er (low-energy beta emitter for radionuclide therapy) which 
can be produced only via 169Tm(n,p), and 225Ac, a therapeutic alpha emitter which can be produced 
via 226Ra(n,2n) 225Ra, and subsequent beta decay. So far only 64Cu is available for clinical studies. 
There are some positive experiences in therapeutic applications of 67Cu- and 225Ac-labeled 
compounds, but clinical trials are limited by the poor availability of the nuclides. 
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Fission reactor technology 

NES has shown strong interest in a possible fast neutron irradiation facility at SINQ.  At present the 
Jules Horowitz reactor is in construction in France, and a fast neutron irradiation station is in 
program there. However, it will only be available in several years. A similar station in SINQ 
available at an earlier time would easily attract a strong market.  

Unlike for fusion applications, ideally a pure fast neutron spectrum is needed. Like for fusion 
applications, it would be necessary to heat the samples (up to 800 °C).  

From the point of view of NES, a big step in the quality of the irradiation in SINQ would come 
from the possibility to insert and extract samples. Clearly the high dpa irradiation is important. 
However, for materials studies it is also important to consider variable degrees of damage: for 
instance from samples irradiated at 0.01, 0.1, 1 and 10 dpa and analyzed by TEM it is possible to 
validate models and extrapolate results at higher dpa. It is therefore important to have the possibility 
to insert and extract samples at different times, unlike the present situation of the STIP samples, 
which are extracted at the end of the target irradiation (typically 2 years). 

It would be of interest also to irradiate fuels. For this application, the available flux at SINQ would 
not be comparable to the one of a power station, but should be as much as possible. This would also 
open the opportunity to collaborate with the industry (i.e., fuel producers such as AREVA and 
Westinghouse). 

Fusion reactor technology 

The main strategy for the development of fusion energy is at present the built of the ITER facility 
and the IFMIF irradiation facility, and then a DEMO-type reactor. The planned start of operation of 
ITER is about 2018, at which time the IFMIF irradiation facility should also be operating to test 
materials to be used for DEMO-type, which should start operation around 2035. 

IFMIF (International Fusion Materials Irradiation Facility) will be an intense source of fusion 
neutrons, with a spectrum that should reproduce as closely as possible the neutron energy spectrum 
at the level of the first wall in a DEMO-type reactor. The mission of IFMIF is to calibrate and 
validate the data generated using fission reactors and accelerator-based facilities such as spallation 
neutron sources, and to qualify materials up to about the full lifetime of anticipated use in a DEMO-
type reactor. The irradiation conditions in IFMIF should be as close as possible as those expected in 
a DEMO-type reactor. 

Candidate materials should be tested at different temperatures up to 1100 °C. Damage doses should 
be up to 150 dpa. At present, irradiation of fusion materials is done in various facilities. A summary 
of irradiation conditions reached at different facilities is shown in Table 1. 

The SINQ irradiation station should be close to the ones of IFMIF. The temperature of the samples 
should be between 300 °C and 800 °C (possibly 1000 °C). As high doses are needed, frequent 
change of specimens is not a requirement. 

Table 1. Comparison of irradiation conditions at different facilities. 

Defect 
production in 

steels 

Fusion 
neutrons (3-4 
GW reactors, 

first wall) 

Fission 
neutrons 
(BOR 60 
reactor) 

High energy 
protons 

(590 MeV 
accelerator) 

Mixed 
spectrum 
(STIP @ 
SINQ) 

IFMIF high flux 
test module 
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Damage rate 
[dpa/year] 20-30 ~20 ~10 ~10 20-55 

Helium 
[appm/dpa] 10-15 !1 ~130 ~50 10-12 

Hydrogen 
[appm/dpa] 40-50 !10 ~800 ~450 40-50 

It is important that there is little impurity creation in the specimens, which could be a problem in 
SINQ due to the high transmutation rate by spallation reactions or neutron capture.  

Characteristics of the neutron spectrum in SINQ 

The neutron spectrum from a spallation source is relatively similar to the spectrum from the fission 
process in a reactor. Consisting in “fast” neutrons with average kinetic energy of 1-2 MeV. There is 
however the notable difference of a high energy tail above 10 MeV, comprising approximately 5% 
of the total flux, which is not present in a fast reactor (see Fig. 1).  

 

 

Figure 1. Comparison between a typical fast reactor spectrum and a spallation 
neutron spectrum from SINQ. 

The required applications could not be achived by using the two present irradiation capabilities at 
SINQ, which are the STIP, and the NAA/PNA stations. 

The STIP is a very important program, with the advantage of irradiation samples with high flux of 
protons and neutrons, under reasonably well controlled conditions. Samples are placed inside some 
target rods, which are therefore not filled with lead, and are irradiated for two years, the typical 
duration of irradiation of a SINQ target. After irradiation, the whole target is extracted and placed in 
a storage area; it is only after about two years that the specimen rods can be opened in the PSI hot 
lab and then analyzed. Thus between sample insertion and sample analysis a period of at least  four 
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years occurs. The delay must be  considered of only two years, if the whole irradiation period is of 
interest, as it is usually the case for  the STIP samples.  

In material irradiation two essential parameters are the dpa, a unit of measure of the radiation 
damage, and the He production (He is responsible for bubble production in the irradiate material 
which greatly affects the material stability). Also, it is important their ratio He/dpa, which is 
different in different context: it is about 1 for fast reactors, about 10 for fusion reactors, about 100 in 
accelerator driven systems. Typically STIP samples reach a peak dpa of about 15 dpa/year, with 
peak values of He/dpa of about 90 appmHe/dpa. These conditions are not good for irradiation of 
fusion, and especially fission materials. Irradiating materials in positions in the target where the fast 
neutron flux is high, but the proton flux is almost negligible, may lower this He/dpa ratio to 
acceptable values. 

The NAA and PNA stations, on the other hand, offer the possibility to irradiate for a period of time 
chosen by the users. Samples are sent to the irradiation positions, which are placed at about 40 and 
80 cm from the target center, using a pneumatic rabbit system. After irradiation samples are 
extracted to the hot cell of sector 60 (PNA) or at a laboratory placed next to the SINQ hall (NAA). 
The main drawback of these two stations is the fact that the neutron spectra are mainly (>95%) 
thermal, which makes them unusable if reactions to produce isotopes other than radiative capture 
(n,!) are needed. 

In order to choose the irradiation time, and have available a fast neutron, or proton flux, one should 
irradiate inside the SINQ target, while designing a rabbit system similar to NAA/PNA, but placing 
samples on the side the target, in proximity to the target window. Using these guidelines we have 
designed a possible layout of the irradiation station. 

In Table 2 the essential irradiation parameters achievable with the irradiation station are listed. The 
potential advantages of such a system are in principle several: 

- fast neutron irradiation, with a fast (E > 0.1 MeV) neutron flux close to 1 1014 n/cm2/s/mA; 

- proton irradiation; because of the proximity to the beam zone, some protons will reach the 
station; the amount can be controlled according to the placement of the station with respect 
to the beam footprint; thus, the proton flux can be chosen to be low, to optimize the He/dpa 
ratio, or high, to optimize the isotope production by exploiting also the high-energy protons.  

- relatively high dpa and relatively low He/dpa ratio. If compared with the required dpa values 
for instance for fusion, we see that we are far from the requirements. Nevertheless, such 
facility allows for characterization of the radiation damage as a function of accumulated dpa, 
as explained above. 

For isotope production such facility would  be extremely powerful for production of R&D medical 
isotopes, as well as for the other applications indicated above. Detailed calculations concerning 
several examples are given in the report by Rabaioli et al. below. 
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Table 2. Values for 2 mA proton current on target. 

Fast neutron flux (E>0.1 MeV) 1.6 1014 n/cm2/s 

Max proton flux 1.1 1013 n/cm2/s 

Min proton flux 1.5 1012 p/cm2/s 

Dpa/year 4 

appmHe/dpa 14 

 

Technical layout and requirements 

In this document the conceptual design of the facility is presented.  The design of the facility must 
on one hand respect the constraints given by the esisting target/moderator system, including the 
need not to decrease the thermal and cold neutron fluxes to the current users of the SINQ facility. 
With these constraints in mind, it is also important to satisfy the requirement of the future users, 
which are different whether the station is used for radionuclide production (mainly short term 
irradiations, no sample heating) or materials testing (mainly long-term irradiations, sample heating). 
As discussed below, it is possible to accommodate all the requirements, but it is recommended to 
split the irradiation positions in two stations, only one of them being equipped with a rabbit system 
for sample extraction. 

The list of requirements is shown in Table 3. The requirements for fission and fusion are essential 
the same, with the exception that for tests of materials for future reactors, we need an essentially 
pure fast neutron spectrum. For fusion applications, the most important parameter for a 
scientifically relevant irradiation is the He/dpa ratio, which must be of about 10.  

Concerning radiopharmaceuticals production, a facility satisfying the requirements for fast reactor 
studies would be suitable for radionuclide production, since the only two requirements are the 
possibility to extract samples, and the availability of a fast neutron flux. 

It is therefore apparent that the SINQ target offers great flexibility and a large range of applications 
for high fluence irradiation by neutrons, with or without additional proton irradiation.  
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Table 3. Summary list of requirements for the different applications. 

Requirement Fission Fusion Isotope 
production 

Pure neutron spectrum X    

High temperature X X  

Long term irradiations X X  

Possibility to extract 
samples desirable  X 

Specific He/dpa ratio X X  

High dpa X X  

Low contamination 
(isotope creation) desirable X desirable 
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Conceptual design, neutronic and radioprotection
calculations for an irradiation station at SINQ

S. Rabaioli, L. Zanini, E. Manfrin

Abstract

The spallation neutron production in SINQ and the presence of moderators provide neutrons
whose energy arrives up to 575 MeV. The SINQ facility is intended for use of the thermal and
cold part of the neutron spectrum. A parallel program of irradiation of samples, the STIP program,
exploits the high energy spectra inside the spallation target to irradiate materials up to about 25
dpa. This report investigates the possibility to build a fast neutron irradiation station located inside
the lead blanket that surrounds the target rods in order to irradiate samples for different purposes.
With the option of flexible sample insertion and extraction, this station would allow for variable
irradiation options. We present a conceptual design for the irradiation station that exploits the
existing infrastructure (such as the hot cell of Sector 60) allowing sample insertion and extraction
at any given time. The results show that the presence of the station will not have negative effects
on other facilities. Monte Carlo computations using MCNPX indicate that such station could be
applied for irradiation of samples for materials testing (fusion and fission reactors), and for several
applications related to medical purposes and isotope production. We investigate radioprotection
issues related to this new station, and suggest solutions to problems coming from the activation
of the station components and the transport of radioactive materials.

1 Introduction

The idea of building a fast neutron irradiation facility into the SINQ target finds its root in the way
neutrons are produced: the spallation reaction produces fast neutrons, which are then moderated
because experiments at SINQ need thermal and cold neutrons. In this report we suggest a way to
exploit also fast neutrons. The possible scientific applications of such a facility could satisfy the
demand of different user communities: researches on materials for fusion (CRPP) and fission (NES)
reactors, nuclear medicine (BIO) and production of isotopes for radiochemical studies (Laboratory
for Radio- and Environmental Chemistry).

SINQ already hosts some irradiation facilities. The STIP program aims at providing lifetime
predictions and materials behaviour in high-dose radiation environments in order to determine their
degradation. The relevant fluxes in the centre of the STIP sample positions are of the order of
1014 p/cm2/s/mA for protons, between 3 and 7×1014 n/cm2/s/mA for fast neutrons and around
3×1014 n/cm2/s/mA for thermal neutrons [2]. The present sample configuration in the SINQ target
has two limitations:

• there is not an external temperature control which would be an important feature, in particular
for studies of new mateirals for Generation IV developments. The temperature in the core
of some of the proposed reactor designs reaches values of about 800 ◦C so it is important to
study how the properties of materials are modified by the radiation, in the same temperature
conditions;

• samples can be irradiated for a fixed period of time corresponding to the lifetime of the target.
At present, they are stored in target rods before the irradiation and then extracted 2 years after
the end of the irradiation: the complete process from the sample preparation to its extraction
takes therefore usually at least four years. It is not possible to make short-term irradiations.

SINQ houses a rabbit system (a system consisting of coaxial tubes for the transport of sam-
ples performed by compressed air or helium) for the insertion of samples in the beam tube of the

1



Figure 1: The rod array of the SINQ solid lead (cannelloni-type) Target 4, along with a sketch illus-
trating the position of 17 STIP specimen rods. The temperatures during irradiation were monitored
with a total of 10 thermocouples.

laboratory situated next to the SINQ target block called Sector 60 (Fig. 2) [2]. Two pairs of rab-

Figure 2: Sector 60 and SINQ.

bit system tubes arrive into the volume of the moderator vessel, one to the position closest to the
beam tube nose near the target and the other one at a distance of about 80 cm from the beam tube
nose. Fig. 3 shows the configuration of the spallation target and beamport insert housing the rabbit
system tubes, and a view of the target and tube noses. The pair of tubes closest to the target (Präpar-
ative Neutronenaktivierung, PNA) is mainly used for isotope production (flux of predominantly
thermal neutrons: 2.0×1013 n/cm2/s/mA). The second pair at the lower flux position (Neutronen-

2



Figure 3: Neutron irradiation rabbit system at SINQ. Top left: horizontal cut through the configu-
ration of the spallation target and beamport insert housing the PNA and NAA rabbit system tubes.
Right and below: isometric view of the target and tube noses [2].
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Aktivierungsanalyse, NAA) is the best suited for activation analysis (flux of predominantly thermal
neutrons: 0.4×1013 n/cm2/s/mA).
The facility described in this work could combine the positive aspects of both the STIP and rabbit
system facilities: a fast neutron flux (as it happens in STIP) with the possibility to get samples in
and out whenever needed (as in PNA and NAA). Furthermore, there is the possibility to have an
independent temperature control on samples as required for Generation IV studies.

The STIP program is designed to be applied to ADS, because the beam conditions simulate
almost perfectly the irradiation conditions of an ADS; in particular, the He/dpa ratio is about 50-
100 appm1/dpa, as in an ADS [6, 7]. For an application to fast reactors of new generation, or fusion
reactors, this ratio is too large. Different irradiation positions in the SINQ target that would fit such
programs will be investigated in Sec. 3.

There are no fast neutron stations at present in western Europe after the French Phénix Reactor
definitively shut down in 2009; two important projects will bring to the construction of fast neutron
sources in Europe: MYRRHA (experimental Accelerator Driven System, XADS) that will replace
the ageing BR2 in Belgium, and the Jules Horowitz Reactor in France. Fast reactors are present
in Russia (BOR-60) and in Japan (JOYO) [8]. The most important efforts to build fast neutron
irradiation facilities come from the USA. The first one is the Material Test Station (MTS) to be
located within the Los Alamos National Laboratory (LANL) [9]. The primary purpose of this facility
will be to irradiate candidate minor actinides-bearing fuels and cladding being developed under the
global nuclear energy partnership. Neutrons will be generated from spallation reactions resulting
from the interaction of 800 MeV protons with a tungsten target. Fig. 4(a) shows the MTS target

(a) Basic configuration of the MTS target as-
sembly

(b) Neutron energy spectrum at the peak flux position in the
irradiation zone of the MTS compared to that of a fast reactor
(ABTR)

Figure 4: MTS target and spectrum [9].

geometry. The peak flux in the fuel irradiation region is 1.6× 1015 n/cm2/s and it is compared in
Fig. 4(b) with the spectrum of a fast reactor. The reactor chosen for the comparison is the proposed
Advanced Burner Test Reactor (ABTR), which is currently undergoing pre-conceptual design. This
kind of reactor is based on a fast neutron spectrum that recycles transuranics to produce energy and
to decrease the presence of long term toxic waste [10].

An alternative to MTS could be the project that is being developed by the Oak Ridge National
Laboratory (ORNL) of the High Flux Isotope Reactor (HFIR) [11]. HFIR has the features of an
irradiation facility because of the extremely large neutron fluxes over the full thermal to fast neutron
energy range. It can provide a fast flux (> 0.1 MeV) of 1.2×1015 n/cm2/s. The combination of this
large fast flux and the use of a highly absorbing europium-oxide (Eu2O3) liner to eliminate thermal
neutrons will ensure an irradiation environment that closely approximates that of a fast reactor. The
HFIR is a 85 MW isotope production and test reactor that uses highly enriched 235U as the fuel.
Fig. 5(a) shows the tri-pin irradiation facility located in the central flux trap region of the HFIR. This

1Atomic part per million. It is the concentration in part per million (ppm) of the helium in the material [5].

4



(a) Flux trap region in HFIR with the tri-pin
assembly

(b) Neutron flux spectra within the flux trap region of
HFIR and the tri-pin fast irradiation facility

Figure 5: HFIR target and spectrum [11].

irradiation facility fills seven target pin locations in this region. Fig. 5(b) shows the spectra of HFIR
with and without the Eu2O3 shielding [11].

2 Users requirements

There are several potential users at PSI interested in this project. In particular, the scientific programs
of BIO and the ones of CRPP and NES require different conditions, having in common the need of
an intense, fast neutron flux. The general plan of BIO is to have [12]:

• neutrons with an energy E > 0.1 MeV;

• in addition to neutrons, the irradiation of samples also with protons can be an option, if spal-
lation reactions are necessary for isotope production;

• a short irradiation time (maximum 14 days);

• an efficient injection and ejection system.

The scientific programs of CRPP and NES have different needs [12]:

• tests on reactors materials with a pure fast neutron flux (E > 0.1 MeV). Protons and thermal
neutrons should be absent because they would change the irradiation conditions resulting in
different He and dpa production rates;

• a flexible irradiation time ranging from short irradiations to 2 years;

• an optional need of an injection and ejection system;

• a high temperature (T = 800 ◦C) in order to simulate the situation inside fusion and fission
reactors.

The requirements from the two groups of users are not completely compatible. For instance, if a
sample (or a capsule containing several samples) is irradiated for two years, this will occupy the
station and not make it available for short irradiations. The investigated solution is to have one
station with a rabbit system for short irradiations and a sample position, similar to STIP, for pure fast
neutron irradiation.
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3 Fluxes in the station

The reference position for the irradiation station investigated in [13] is inside the lead blanket. Since
the beam profile on the SINQ target has an elliptical shape (Fig. 6) [14], the particle fluence depends
on the position in the blanket. In one case there are more protons (Fig. 6(a)), in the other less
(Fig. 6(b)).

(a) (b)

Figure 6: View of the SINQ target with two possible oriantations of the beam footprint giving
different fluxes at the station.

Fig. 7 presents the comparison between the neutron flux through the capsule with the two beam
orientations. In reality, the proton beam orientation cannot be chosen: the position of the station has
to be changed instead.

Fig. 6a

Fig. 6b
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Figure 7: Neutron spectrum through the sample in the two configurations of Fig. 6.

The proton flux through the sample in the two situations presented in Fig. 6 is now analyzed.
Fig. 8 shows the energy spectrum of the protons crossing the sample in the Fig. 6(a) case (black
line); the integral flux is (5.698±0.052)× 1012 p/cm2/s/mA; the blue line highlights the proton
flux through the sample in the Fig. 6(b) case. In Tab. 1 the neutron and proton fluxes in these two
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Figure 8: Proton spectrum through the sample in the two configurations of Fig. 6.

situations are summarized. As one can see the neutron flux does not change significantly whereas
the proton one is 87% less with the capsule out of the direct proton beam profile.

Table 1: Neutron and proton fluxes through the station in the two situations.

Fig. 6(a) Fig. 6(b)

(particles/cm2/s/mA) (particles/cm2/s/mA)

Neutron flux (1.69±0.01)×1014 (1.62±0.01)×1014

E < 0.1 MeV (9.08±0.09)×1013 (9.12±0.06)×1013

E > 0.1 MeV (7.78±0.09)×1013 (7.04±0.06)×1013

E > 1 MeV (4.28±0.07)×1013 (3.68±0.04)×1013

E > 10 MeV (9.30±0.31)×1012 (7.87±0.20)×1012

E > 100 MeV (2.58±0.18)×1012 (1.92±0.10)×1012

Proton flux (5.70±0.01)×1012 (7.62±0.28)×1011

Considering the requirements from the different potential users, the following observations hold:

1. for the fusion and fission materials testing, the beam should contain no protons and the irradia-
tion time should be long. This makes the position of Fig. 6(b) the best one for this application.
In this case one would need high temperature samples, which could be achieved thanks to the
sample heating by the beam and using a specially designed temperature control system;

2. for the BIO applications, on one hand protons are needed when spallation reactions are neces-
sary for isotope production; when only fast neutrons are relevant, the additional protons would
only increase the activation of the samples. There is no need in this case of sample heating;
therefore, for these applications a position similar to the one of Fig. 6(a) is better.

The requirements are thus different. The logical solution would be to have a “cold” station placed
approximately in the position of Fig. 6(a), with sample extraction, and a “hot” station, in the position
of Fig. 6(b), without sample extraction, but with sample heating.
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In this work, the focus is on the design of the cold station because it needs a complex rabbit
system for sample insertion whose design must be discussed in detail bearing in mind radioprotection
issues and possible accidents; however, many results from the neutronic calculations can be directly
applied to the hot station, and will be discussed.

4 Design concept for the cold station

In the design of the cold station [15], all the requirements pointed out in Sec. 2 have been taken into
account in order to satisfy them. Two different geometries have been investigated bearing in mind
such requirements. The first one (Fig. 9) consists of a coaxial tube made of a series of concentric

(a) x-y view (b) y-z view

Figure 9: View of the target and irradiation station.

cylinders: the outer one is a 0.15 cm thick stainless steel tube, 41.50 cm high and 1.5 cm radially
wide and is followed by a 0.4 cm thick void layer and a zircaloy tube of 0.15 cm providing a helium
flux for cooling. In this geometry the capsule is a stainless steel cylinder 0.075 cm thick, 4 cm high
and 0.2 cm wide.

The station has been placed on the opposite side of the deuterium moderator tank (the yellow
part with the blue edge in Fig. 9) in order to avoid a too large thermal neutron absorption with the
consequent decrease of efficiency in the beam lines. In this configuration, the capsule has been put
in different positions in order to determine the point where the station can provide the largest flux of
fast neutrons.

In Fig. 10 the total fluxes obtained for three different vertical positions are shown. The thermal
peak remains almost the same but the fast one decreases as the capsule gets far from the optimal
position z = 0. This fact is pointed out in Fig. 11 where each dot represents the integral fast flux
(E > 0.1 MeV) through the capsule as a function of the position.

The second geometry (Fig. 12) takes into account the fact that the station below z = 0 would
be unused and the capsule, for construction reasons, must have different dimensions. So the first
geometry has been modified by making a 36 cm high station with a 0.3 cm thick void layer. The
capsule is still a 0.075 cm thick stainless steel layer, but 2 cm high and 0.5 cm wide.

Tab. 2 summarizes the results for the different fluxes through the two geometries.
In the rest of this work the second geometry will be used. Fig. 13 shows in detail the capsule and

station components. In Sec. 5 the use of a gadolinium coating will be explained and considerations
about its use will be done. The capsule specifications in fact have been changed in the final project
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Figure 10: Total neutron fluxes through the capsule in three different positions.
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Figure 11: Fast neutron (E > 0.1 MeV) flux through the capsule as a function of its position.

Table 2: Neutron (E > 0.1 MeV) and proton fluxes through the capsule.

Geometry #1 Geometry #2

(particles/cm2/s/mA) (particles/cm2/s/mA)

Fast neutron flux (7.7646±0.0059)×1013 (7.7420±0.0034)×1013

Proton flux (7.03±0.46)×1012 (4.82±0.31)×1012
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(a) x-y view (b) y-z view

Figure 12: View of the target and second geometry irradiation station.

Figure 13: Station components with the coated capsule.
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from the one described in this section: in particular it is an aluminium rigid body that can resist
shocks and gets less activated than steel.

In order to see if the presence of the station will not lead to a neutron flux loss in the present
facilities, the thermal fluxes through the D2 moderator tank, NEUTRA and the H2O reflector have
been taken into account: then, a comparison between the thermal fluxes without the station (present
situation) and with the station has been made.

Table 3: Thermal neutron (up to 1 eV) flux through the present facilities.

Facility Present situation Target with station

(n/cm2/s/mA) (n/cm2/s/mA)

D2 moderator tank (3.150±0.043)×1013 (3.162±0.012)×1013

NEUTRA (4.910±0.100)×1013 (4.948±0.043)×1013

H2O reflector (1.953±0.005)×1013 (1.910±0.020)×1013

The values in the two situations (Tab. 3) are within one deviation, indicating that the presence of
the station in this configuration does not have negative effects for the other facilities.

5 Design concept for the hot irradiation station

A possible design for the hot irradiation station can be taken from the of Stefan Joray [16]; it is
presented in Fig. 14. More details are given in the separate report. In this case the station consists
of a U tube in which helium flows for temperature control (green part). The samples (pink part) are
stored in the target before starting the irradiation in SINQ and they are left there until the dismantling
of the target itself. In order to have different irradiation times, some samples can be lifted up two

(a) x-y view (b) y-z view

Figure 14: View of the hot station.

or three meters out of the large neutron flux position. All samples are connected to thermocouples
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for temperature control. No injection and ejection system is needed in this case because samples are
collected in the dismantling process of the target.

5.1 Capsule with gadolinium coating

One of the issues to be solved is the elimination of the thermal peak through the samples in the hot
station. The easiest way is to coat the capsule with a material with a large thermal neutron capture
cross section: for instance, 157Gd has the largest one among the stable nuclides (2.54×105 b [17]).
Only 135Xe has a larger cross section, 2.65×106 b, but it is unstable. In the simulation, the capsule2

has been coated with a 0.075 cm layer of natural gadolinium which is composed of seven isotopes
of which 157Gd represents 15.65%. In Fig. 15 it is remarkable the absence of the thermal peak with
the Gd coating while the fast flux remains almost the same.

Capsule without gadolinium coating

Capsule with gadolinium coating

Energy (MeV)

F
lu

x
 (

n
/c

m
2
/s

/m
A

/d
u

)

10
12

10
13

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1 10 10
2

10
3

Figure 15: Neutron flux through the capsule with and without the gadolinium coating.

In Tab. 4 a comparison of the fast neutron flux in the two cases is presented. The increase in the

Table 4: Fast neutron (E > 0.1 MeV) flux through the capsule with and without the Gd coating.

Without Gd coating With Gd coating

(n/cm2/s/mA) (n/cm2/s/mA)

(7.7420±0.0034)×1013 (7.9836±0.0013)×1013

fast flux is about 3% and it is not caused by statistical fluctuations: this can be due to (n,xn) reactions
on gadolinium. Just as before, the other facilities efficiency must be preserved: the presence of
gadolinium could threaten it because of its large neutron capture cross section. The results presented
in Tab. 5 show that the thermal neutron fluxes in the other facilities have not decreased (the results
are statistically comparable in the two situations). In conclusion, gadolinium does not have negative
effects on other facilities; on the other hand, it burns up quickly and it reaches a high temperature
due to the decay of its daughter isotopes.

2For the calculations concerning the hot station the design of the cold one has been used. Even though the two geometries
differ a lot, the neutronic calculations are still valid.
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Table 5: Neutron (up to 1 eV) fluxes through the present facilities with the gadolinium coated cap-
sule.

Facility Present situation Station with coated capsule

(n/cm2/s/mA) (n/cm2/s/mA)

D2 moderator tank (3.150±0.043)×1013 (3.160±0.014)×1013

NEUTRA (4.91±0.10)×1013 (4.920±0.033)×1013

H2O reflector (1.9527±0.0050)×1013 (1.900±0.016)×1013

5.2 Hafnium structure

A better way to get rid of thermal neutrons can be reached substituting the final part of the coaxial
tube with hafnium (Fig. 16). Hafnium is a structural material used to build control rods in reactors; its
mechanical and chemical properties are similar to zirconium [18]. Its large thermal neutron capture

Figure 16: View of the station with the final part of the steel and zircaloy tubes made of hafnium.
Also the capsule is made of this material.

cross section (σnaturalHf = 106 b) allows decreasing appreciably the thermal peak of the neutron flux;
furthermore, since it has a lower cross section than gadolinium, such a fast burn up is not expected
(Sec. 8.1). 176Hf has a thermal neutron capture cross section of σ = 23 b and neutron captures lead
to stable isotopes of hafnium up to 180Hf. For this reason, after a 2 year irradiation there is no burn
up of this element (the initial mass is 239.48 g, after a 2-y irradiation there are 238.16 g of Hf left).
Furthermore, the macroscopic cross section, defined as

Σ = σNAρ 1
A
, (1)

for hafnium has the value of Σ = 4.76 cm−1 (σnaturalHf = 106 b, the density of hafnium ρ =
13.31 g/cm3, the hafnium mass number A = 178.49 and NA the Avogadro number). Since the
flux of particles is

I = I0 exp(−Σd) (2)

where d is the thickness of hafnium, one could calculate the residual flux through 5 mm and 3 mm
of hafnium. With 5 mm of hafnium the thermal flux ratio through the capsule is I

I0
= 9% and with

3 mm I

I0
= 24%. In Fig. 17 the neutron fluxes in the case without hafnium, with 3 and 5 mm of

hafnium are compared.
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Figure 17: Neutron flux in the capsule with different thicknesses of hafnium.

Hafnium is not as efficient as gadolinium in cutting the thermal part of the flux but anyway it
should be preferred because it does not burn up and it does not heat the capsule as gadolinium does.

Just as for the gadolinium case, such a large mass of hafnium (240 g of hafnium instead of 4 g
of gadolinium) could threaten the other facilities efficiency. Tab. 6 shows the thermal fluxes in the
experimental facilities in the present situation and with the presence of the station. The presence of

Table 6: Neutron (up to 1 eV) fluxes through the present facilities with a 5 mm hafnium structure.

Facility Present situation Station with Hf structure

(n/cm2/s/mA) (n/cm2/s/mA)

D2 moderator tank (3.150±0.043)×1013 (3.167±0.001)×1013

NEUTRA (4.91±0.10)×1013 (4.890±0.003)×1013

H2O reflector (1.9527±0.0050)×1013 (1.870±0.002)×1013

hafnium does not reduce the thermal neutron flux in thev D2 tank and NEUTRA whereas in the H2O
reflector the flux decreases of 4%, which is acceptable.

6 Energy deposition through the stations

When a beam of particles interacts with matter, it loses its energy as a consequence of its collisions
with the matter nuclei. The energy deposited in the target material causes its heating and, if an
efficient cooling system is not present, can bring to its melting.

The total energy deposition has been calculated through both stations in five different situations:
cold station with the capsule coated with gadolinium and uncoated; hot station with the uncoated
capsule (Tab. 7); the hafnium structure in both stations (Tab. 8). Fig. 13 shows the materials of the
station while Tab. 7 the results in terms of energy deposition. The helium density has been calculated
at 10 bar and 400 ◦C (ρ = 7.15×10−4 g/cm3). The presence of gadolinium has no positive effects
on the capsule: the energy deposition in the inner part has not reduced significantly and the coating
causes the undesired overheating of the capsule itself. Furthermore, gadolinium, because of its
huge thermal neutron capture cross section, is almost totally burned up after a seven day irradiation
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Table 7: Energy deposition in the stations components (W/cm3/mA).

Component Volume Cold station Cold station Hot station

(cm3
) without with (no Gd)

Gd coating Gd coating

Station steel 48.25 25.90±0.19 25.94±0.19 11.65±0.15

Zircaloy 32.60 20.72±0.19 20.69±0.19 8.76±0.15

Helium 64.54 0.0045±0.0001 0.0044±0.0001 0.0024±0.0001

Zircaloy tube 22.55 19.84±0.21 19.81±0.21 8.91±0.25

Capsule steel 0.52 22.22±0.90 20.51±0.83 9.30±0.78

Sample (bismuth) 1.05 21.29±0.81 20.21±0.79 −

Gd coating 0.66 − 222.14±1.91 −

Capsule AlMg3 0.52 8.15±0.53 − −

(Sec. 8.1): these facts make it unsuitable. In the station with the hafnium structure, the energy

Table 8: Energy deposition in the stations components with the hafnium structure (W/cm3/mA).

Component Volume Cold Hot Hot

(cm3
) station (5 mm Hf) station (5 mm Hf) station (3 mm Hf)

Outer Hf tube 9.30 95.34±0.29 74.01±0.44 75.74±0.45

Inner Hf tube 5.95 65.56±0.33 45.10±0.0.45 51.03±0.49

Helium 64.54 0.0042±0.0001 0.0021±0.0001 0.0021±0.0001

Hf tube 2.73 55.05±0.42 37.74±0.0.61 −

Capsule Hf 0.52 50.82±0.70 31.63±0.94 −

Capsule steel 0.52 − − 6.86±0.66

Sample (steel) 1.05 20.17±0.53 6.43±0.73 7.71±0.88

deposition is not so large as in the gadolinium case and considering that the other facilities do not
decrease their thermal flux appreciably it can be used as a thermal neutron absorber. It is worth
noting that the energy deposition is larger in the outer tube: this is the first layer of hafnium that
meets neutrons, so it heats up more than the inner layers.

7 Design concept for sample insertion

The injection and ejection system of the capsule of the cold station is discussed in this section. Two
concepts are being investigated:

• a mechanical system;

• a rabbit system.

In Sec. 9.1.2 the pipeline for these two solutions and for the present situation will be described
more in detail. The dose rate calculations in these three situations in order to justify the rabbit system
choice will also be presented.
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7.1 Mechanical system

The first system under investigation needs the injection of the capsule from the TKE. The capsule
is hooked up a steel rope that brings it down to the station. This device is very easy to build but is
dangerous for two reasons:

• the handling of the samples is problematic: samples need to be taken from the TKE (where
access is possible after 2 hours from the beam stop only for emergency cases), put in a heavy
shielded box and carried away. Experience with transporting samples from the TKE has shown
that this is a difficult operation;

• the presence of a straight tube in the iron shielding provides a path for neutrons to the TKE
(Sec. 9.1.2).

An alternative system, allowing samples to be safely and effectively inserted and extracted, should
be conceived.

7.2 Rabbit system with an intermediate cooling station

This system does not require people to enter the TKE. In Fig. 18 the hypothetical view of the circuit
is highlighted in red and green. After the irradiation, the capsule goes into an intermediate cooling
station (highlighted in blue in Fig. 18) and remains there for the necessary cooling time; after that,
the rabbit system takes the capsule to Sector 60 where it can be handled. The rabbit system works
as follows:

1. the capsule is injected into the green circuit from Sector 60 and brought to the intermediate
station;

2. the capsule is brought to the station by helium;

3. after the irradiation time, the helium flux is inverted and the capsule is brought to the interme-
diate station;

4. the capsule is left there for the necessary cooling time, then reaches Sector 60 where it can be
handled following the red circuit pushed by helium.

The capsule passes through one single circuit: when it is injected it travels through the green one
which is closed by a pneumatic system when the capsule is ejected (and travels through the red
circuit). The exchange of fluids in the circuit is difficult but prevents radioactive helium flowing
through the pipeline (Sec. 9.1.1).

The rabbit system allows building a chicane into the iron shielding so that neutrons do not have
a straight path to the TKE (Sec. 9.1.2) as it happens in the previous case.

For reasons discussed in Sec. 9.4 related to the limits of acceptance (LA), it is necessary to place
a cooling station in the TKE. This shielded station stores the irradiated samples, if needed, in order
to allow samples cooling and free the path for other samples to be irradiated.

8 Samples irradiation

In this section the activation of some samples is analyzed: eight cases for the production of ra-
dioisotopes for nuclear medicine, one for the production of some isotopes used for radiochemical
studies and the last one used as a test material for Generation IV reactors. The main purpose of
these simulations is to determine the amount of isotopes that can be produced, their activities and
the radiation damage induced in steel. In some cases the produced amount of isotopes is very small,
but it is enough for research purposes. The lists of produced isotopes are reported in Appendix A:
they present the 20 most active isotopes, the initial mass of the sample, the mass and the specific
activity of the target isotope. Even though the calculation of the radiation damage does not require
the isotopes produced in steel, they are necessary for the radioprotection calculation that will be
presented in the following section.
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Figure 18: SINQ layout and possible cooling station with the rabbit system.
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Activation script and gamma script

The activities have been calculated by using the activation script [19] which combines the MCNPX
output with the FISPACT evolution code. The MCNPX output contains flux values, materials speci-
fications and other information that the activation script sends to FISPACT. This code calculates the
isotopes production for neutrons and protons up to 20 MeV using tabulated cross sections; above
this limit it uses the model predictions of MCNPX.

The activation script output contains all the information about the produced isotopes: mass,
activity, dose rate. This last information refers to 1 g of substance at a 1 m distance. A more precise
calculation of the dose rate involves another script: the gamma source perl script [20]. The output of
the activation script is read by this script which produces a source definition card (SDEF card) for
MCNPX that treats the sample and the capsule as a gamma emitter. Using MCNPX it is possible to
calculate the dose rates of the sample in a more complete way than that of the activation script: the
dose rate can be calculated at distances defined by the user, with and without shielding.

The error for the low energy activation calculation (up to 20 MeV) is statistically reliable: by
incrementing the flux of the MCNPX output of ∼ 1%, the total activity computed by FISPACT
reports an average increment of ∼ 2%. The calculations for the high energy part of the spectrum are
left to the MCNPX models. Simulations were performed with 8 million primary particles.

8.1 Titanium sample

The first reaction that has been considered is 47Ti(n,p)47Sc. In Fig. 19 the cross section for such a
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Figure 19: Cross section for the 47Ti(n,p)47Sc reaction as a function of the incident neutron energy.

reaction is presented. In order to produce scandium, there is the need of a fast neutron flux because
titanium has a peak in the cross section for an incident neutron energy around 10 MeV. 47Sc is a
promising candidate for radionuclide therapy [21]. It has the desirable nuclear properties since it is
a β− emitter, decaying to the ground state (27%) of 47Ti (Eβ1 = 600 keVmax) and to the 159 keV
excited state (73%) of 47Ti (Eβ2 = 439 keVmax) with a 3.35 day half life. In addition, 47Sc has
a primary γ-ray at 159 keV (68%) that is suitable for imaging. Scandium also displays favorable
chemistry for conjugation to monoclonal antibody chelated systems.

In these simulations a 4.73 g sample of natural titanium has been used. The sample has been
irradiated for 7 days. The output of the activation script is included in Tab. 16, 17: it reports the
dominant active nuclides at the end of the irradiation and after a 3.5 day cooling time. Two lists are
given: the 20 nuclides with the largest activity and the 20 with the largest contribution to the dose
rate (referring to 1 g of material at a 1 m distance). In order to reduce the activity of the sample due
to thermal neutron capture, another simulation was performed coating the capsule with gadolinium.
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From Tab. 18, the contribution of 47Sc to the total activity changes from 27.93% to 30.19% in the
gadolinium case. Furthermore, there is 2.5% more mass of scandium and a 2.5% larger activity.
The use of gadolinium seems to improve the efficiency of the station but the activity of the coating
(Tab. 18) is 7 times larger than the sample and has an almost double dose rate. Thus the use of
gadolinium improves the production of scandium but has a dramatic contribution to the total activity
and dose rate. Furthermore, with a thermal flux of 3.11× 1013 n/cm2/s the residual gadolinium is
0.43 g that is the 8% of the mass before the irradiation: after 7 days of irradiation the gadolinium
coating is almost totally burned up.

8.2 Platinum sample

This reaction aims at producing 195mPt with the reaction 195Pt(n,n’γ)195mPt. This kind of isotope,
thanks to its half life of 4.02 days and its γ energy of 98.85 keV, is a suitable radiotracer for platinum-
based tumor treatments [22]. In these simulations 22.5 g of natural platinum have been irradiated for
7 days. Tab. 20 presents the activation script output at the end of the irradiation and Tab. 21 the one
after a 4 day cooling time.

8.3 Molybdenum sample

One of the most important isotopes for nuclear medicine is 99mTc: it is used as a radioactive tracer
and it is easily detectable in the body because it emits a 140 keV γ-ray [23]. Its half life for such
a reaction is 6 hours; this means that 93.7% of the 99mTc decays to 99Tc (half life of 2.1× 105

years, so it can be considered stable) in 24 hours. The short half life of 99mTc in terms of human
metabolism allows very fast data collection while keeping the total dose to the patient low. This
isotope is mainly produced from the decay of 99Mo (half life of 66 hours) which usually comes
from the fission of highly enriched uranium from only five reactors in the world: NRU, Canada;
BR2, Belgium; SAFARI-1, South Africa; HFR (Petten), the Netherlands; the OSIRIS reactor in
Saclay, France [24]. In this station there is the possibility to produce 99Mo from a sample of natural
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Figure 20: Cross section for the 100Mo(n,2n)99Mo reaction as a function of the incident neutron
energy.

molybdenum. The reactions under examination are 100Mo(n,2n)99Mo and 98Mo(n,γ)99Mo. Fig. 20
presents the cross section for the first reaction and Fig. 21 for the second one. With this sample,
the entire neutron spectrum can be exploited: the fast part with the first reaction, while thermal and
epithermal neutrons are used in the second one.

In these simulations 10.8 g of natural molybdenum have been irradiated for 7 days. The activa-
tion script outputs are reported in Tab. 22 for the isotopes produced at the end of the irradiation and
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Figure 21: Cross section for the 98Mo(n,γ)99Mo reaction as a function of the incident neutron energy.

in Tab. 23 after a 2 day cooling time.

8.4 Zinc sample

67Cu and 64Cu are very promising isotopes for medical purposes: the first one with a half life of
61.9 hours provides β particles of 580 keV and γ-rays of 184.6 keV which are suitable for radioim-
munotherapy and imaging respectively [25]. The second one, with a half life of 12.7 hours emits
β particles of 653 keV which are used in radiotherapy of cancer cells. The advantage of radiother-
apy performed with beta emitters of this energy is that the energy is large enough to damage the
target cells but the mean range in tissue is less than a millimeter so non target tissues are unlikely
to be damaged. Furthermore, 64Cu is a positron emitter which makes it perfect as a Positron Emis-
sion Tomography (PET) tracer. The reactions that lead to their production are 64Zn(n,p)64Cu and
67Zn(n,p)67Cu. In Fig. 22 the cross section for the zinc (n,p) reaction is plotted as a function of the
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Figure 22: Cross section for the (n,p) reaction in natural zinc as a function of the incident neutron
energy.

incident neutron energy. In these simulations 7.5 g of natural zinc have been irradiated for 7 days.
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The output at the end of the irradiation is presented in Tab. 24 and the output after a 52 hour cooling
time in Tab. 25.

These two radioisotopes are already produced at the PSI proton cyclotron. Tab. 9 presents the
specific activities of 64Cu and 67Cu obtained in the irradiation station with a natural sample of zinc,
with an enriched sample of zinc and in the cyclotron. The irradiation station allows to produce

Table 9: Specific activity (GBq/µg) of 64Cu and 67Cu per µg of produced isotope obtained in the
irradiation station and in the cyclotron.

Isotope Irradiation station Irradiation station Cyclotron

(natural sample) (enriched sample)

64Cu 7.4 15.4 8
67Cu 0.6 15.8 1.2

isotopes with larger activities.

8.5 Sulphur sample

From sulphur, 32P is obtained with the reaction 32S(n,p)32P. This isotope is used as a radiotracer
in biological, biochemical and pharmaceutical research. It can be also used in chemotherapy in
conjunction with platinum treatment of ovarian cancer [26]. It has a half life of 14.26 days and it is a
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Figure 23: Cross section for the 32S(n,p)32P reaction as a function of the incident neutron energy.

β emitter of 1.7 MeV. The cross section for this (n,p) reaction is presented in Fig. 23. Tab. 26 shows
the activation script output at the end of a 7 day irradiation and Tab. 27 after a 14 day cooling time.

8.6 Rhodium sample

In this case the reaction 103Rh(n,p)103Ru is investigated. Fig. 24 shows its cross section as a function
of the incident neutron energy. As for the molybdenum case, there is no interest in the direct isotope
production: 103Ru (half life of 39.4 days) is the generator of 103mRh [27]. With its large internal
conversion rate it provides 39.76 keV electrons for high local doses suitable for targeted radiotherapy.
It has a half life of 56 minutes and it decays in 103Rh that is stable.
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Figure 24: Cross section for the 103Rh(n,p)103Ru reaction as a function of the incident neutron
energy.

In these simulations 22.5 g of 103Rh have been irradiated for 90 days. In Tab. 28 there is the
activation script output at the end of the irradiation and in Tab. 29 the one after a 39 day cooling
time.

8.7 Europium sample

Samarium lexidronam (chemical formula C6H12N2Na5O12P153
4 Sm) is a complex radioisotope which

is used to treat pain in bone cancer [28]. It is injected into a vein and distributes throughout the body.
It accumulates where cancer has invaded the bone and once there, the radioisotope emits high energy
(825 keV) β− particles which kill the nearby cancer cells. It is used also in lung cancer, prostate
cancer, breast cancer and osteosarcoma. 153Sm is produced with the 153Eu(n,p)153Sm reaction. The
cross section for such a reaction is shown in Fig. 25. In these simulations 5.5 g of pure 153Eu have
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Figure 25: Cross section for the 153Eu (n,p) 153Sm reaction as a function of the incident neutron
energy.

been irradiated for 7 days. The activation script output is omitted because 153Sm does not appear in

22



the list. At the end of the irradiation there are 1.789× 10−8 g of 153Sm with a specific activity of
53.3 MBq/g. After a 46 hour cooling time, 8.983×10−9 g are present in the sample with a specific
activity of 26.8 MBq/g.

8.8 Bismuth sample

This reaction aims at producing 206Po. Since the samples in the station would get some protons,
there is the possibility to produce 206Po with a (p,4n) reaction, which can be measured by gamma
spectroscopy in a much easier way, compared to e.g. 210Po, which can be prepared easily in the
NAA system. 206Po is suited to perform radiochemical studies of Po in liquid lead-bismuth (Pb-Bi-
eutecticum) which is one of the possible targets for the European Spallation Source (ESS) [29]. In
particular, the aim of this activation calculation is to know if there is the possibility to produce 206Po
in reasonable amounts (1 MBq is what can be handled in a C-type laboratory3) in reasonable times
[31, 32].

In this simulation 10.3 g of natural bismuth have been used and, as before, they have been
irradiated for 7 days. The activation script output at the end of the irradiation time is omitted because
206Po does not appear in the list.

After a 7 day irradiation time 206Po has no relevant activity compared to other isotopes produced
in the sample even though traces of polonium have been found: in particular, 4.4×10−6 g of which
5% of 206Po (6.22× 108 Bq, with a specific activity of 60.39 MBq/g), 76% of 210Po and other
isotopes (with a negligible percentage of 209Po). The activity of 206Po exceeds the laboratory limit
allowed at PSI, so the sample has been cooled for 9 days (206Po has τ1/2 = 8.8 d). Even though
very little 206Po is produced (Tab. 30), its activity is still much larger than what is allowed in the PSI
laboratory: these calculations aim at giving an order of magnitude of the obtained activities with a
given initial mass of bismuth, so it is possible to use less bismuth, shorten the irradiation time or
increase the cooling time in order to satisfy the laboratory limits.

8.9 Steel sample

Steel is one of the most important components in Generation IV reactors. This material is used to
build the fuel cladding because it keeps its chemical and structural properties even at the highest
temperatures [33]. It is important to make some tests on such a material in order to measure the
radiation damage and to see which isotopes are produced in the reactor during its operation. In
these simulations 8.36 g of stainless steel 316 have been used. The activation has been calculated
using the Bertini/Dresner model (Tab. 31 and 32) and the INCL4/ABLA one (Tab. 33 and 34) [34].
The activation script output for the capsule at the end of a 2 year irradiation is included (Tab. 35)
together with the one after 30 days of cooling time (Tab. 36). In the simulation, the capsule is made
of steel with V = 1.57 cm3 and m = 4.14 g. Fig. 26 and 27 present the activity of the sample during
the irradiation and cooling time. It is important for such a material to see how its chemical and
structural properties change during the irradiation. In the STIP, one has to wait 2 years (the full
irradiation time) for extracting samples from the target and at least one more for analyzing them.
With this station one can extract samples whenever needed and do real time research.

As far as the radiation damage calculations are concerned, in order to perform them, the method
reported in [35] has been used where the dpa has been evaluated for the three main components of
steel: iron (65.5%), chromium (18.4%) and nickel (11.5%). After that, the integral dpa for steel has
been calculated by averaging the MCNPX output according to the percentage weight of these three
materials. The radiation damage takes into account both neutron and proton interactions. Tab. 10
shows the dpa, the helium production and the He/dpa ratio for the cold and the hot station. It is clear
that the presence of protons gives a too large He/dpa ratio compared to the one measured in a fusion
reactor (∼ 10−12 appm/dpa) [6, 7, 36].

3In this working area the sum of the activity of all handled isotopes must be lower than a Limit of Acceptance (LA) of
100 [30].
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Figure 26: Activity of 8.36 g of SS 316. Build up of 2 years and decay of 2 years.
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Figure 27: Activity of 8.36 g of SS 316. Build up of 7 days and decay of 30 days.

Table 10: Dpa calculations and helium production for the two situations.

Situation dpa He production He atoms/dpa

(appm) (appm/dpa)

Cold station 9.03±0.08 234.4±2.0 25.96±0.32

Hot station 6.98±0.06 98.47±2.97 14.11±0.44
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9 Radioprotection issues

The high activation of the samples requires sample storage inside an intermediate station in the TKE.
Soon after the irradiation, the samples and the capsule itself have a too large activity to be handled in
Sector 60; the presence of a lead cask inside the TKE can be used both to store samples while cooling
them and free the path for another sample to be irradiated. A rabbit system of such dimensions can
raise problems if, for example, the capsule gets stuck somewhere inside it. A system of photocells
could be used in order to locate the capsule and remove it from the tube where possible. These
accidents and some others are treated and solved in the last part of this section.

9.1 Tube from target to intermediate station

9.1.1 Helium activation

At the end of a 2 year irradiation (mass of helium m = 4.7 × 10−2 g), the activity of tritium is
16.96 MBq, its specific activity 361 MBq/g and the energy coming from β particles is 9.68 ×
104 MeV/s. Tab. 11 shows the specific activity of tritium produced in the heavy water in 2 years of
SINQ operation. The production of tritium in the helium of the station brings to a specific activity
that is four orders of magnitude smaller than the one detected in heavy water.

Table 11: Specific activity of tritium in the heavy water (HW) flowing through the different parts of
SINQ after 2 years of irradiation.

Component Specific activity (MBq/g)

HW flowing through cannelloni 1×106

HW flowing outside the target 1×106

HW above the target 31

HW surrounding the target (upper part) 2×106

HW surrounding the target (lower part) 7×105

9.1.2 Prompt neutrons and dose rates in the TKE

Fig. 28 presents the SINQ layout in the present situation with neutrons in the TKE while SINQ is
operating. The dose rate detected in this situation is 2.722±0.050 Sv/h/mA. An efficiently shielded
tube should maintain the dose rate within this limit. The solution for the mechanical system would
be a straight tube as shown in Fig. 29. The straight tube offers a path for neutrons to the TKE: the
dose rate detected in this case is 3.03± 0.29 Sv/h/mA. It is clear that one should think to build a
tube with a more effective shielding. By using a rabbit system, it is possible to build a tube with a
chicane in the iron shielding so that neutrons do not have a straight path to the TKE (Fig. 30). The
dose rate detected is 2.774± 0.048 Sv/h/mA that is the same as in the present situation. Tab. 12
summarizes the results presented in this subsection. The calculated dose rates are average values in
the TKE room. It is apparent from Fig. 29 that a straight tube would lead to a local large neutron flux,
with consequent skyshine (i.e. neutrons directed upwards which are backscattered by air) problems.
This problem would not be present with the chicane.

9.2 Intermediate station: dose rates and shielding

As previously discussed in this work, there is the need of a place where to put the radioactive capsule
and wait until the dose rate due to γ-rays decreases below allowed limits. In the following calcula-
tions the uncoated capsule filled with steel is used, since it has the largest activity among the samples
considered in section 8. In order to validate the dose rate calculations performed with MCNPX 2.6.0,
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Figure 28: Neutrons in the TKE in the current situation.
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Figure 29: Neutrons in the TKE with the straight tube.
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Figure 30: Neutrons in the TKE with the chicane tube.
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Table 12: Dose rate in the three situations.

Situation Dose rate (Sv/h/mA)

Current 2.722±0.050

Straight tube 3.03±0.29

Chicane tube 2.774±0.048

MicroShield v5.03a4 has been used. In Tab. 13 the two outputs are compared. As one can see, the
relative errors of the MCNPX output are very large: this is due to the lead shielding that prevents
photons from reaching the dose rate detector in the simulations leading to results with low statistics.
The results obtained with the two methods are statistically consistent. Furthermore, both methods
have been validated by looking at [38, 39] to get the fluence to dose rate conversion factors. Fig. 31

Table 13: Comparison between the MCNPX and MicroShield dose rates output for the 2 year irra-
diated steel sample shielded with a 20 cm lead cask at different cooling times.

Time MCNPX 2.6.0 MicroShield v5.03a

(days) (mSv/h) (mSv/h)

0 5.37×10−1 ±10% 4.84×10−1

120 1.16×10−3 ±37% 7.30×10−3

365 6.37×10−3 ±40% 5.43×10−3

730 2.85×10−3 ±10% 3.97×10−3

presents the photon flux to dose rate conversion factors used by MCNPX 2.6.0.
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Figure 31: Photon flux to dose rate conversion factors (ICRP-21 1971) of MCNPX 2.6.0 [34].
4MicroShield is a program used to calculate shielding and dose rates for gamma sources.
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As already explained in Sec. 7.2, it is necessary to store a shielding cask into the TKE in order
to cool samples in an already shielded room. In this room there is also the possibility to flush the
irradiated samples with helium in order to avoid the arrival of contaminated samples in Sector 60.
The material chosen for the cask is lead. The dose rate calculations with three different thickness
values have been performed. All the results (obtained with MicroShield) are reported in Tab. 14
from which it is evident that a 20 cm lead cask would add a negligible dose rate to the one detected
in the TKE after 15 days since the beam shutdown: in particular the dose rate detected in SINQ in

Table 14: Dose rates (on the surface) for different shielding thicknesses and for a non shielded
capsule (10 cm far) for a 2 year irradiated steel sample.

Time No shielding Pb 5 cm Pb 10 cm Pb 20 cm

(days) (Sv/h) (mSv/h) (mSv/h) (mSv/h)

0 33.72 6162 169.5 4.837×10−1

3 6.01 769.3 14.25 2.215×10−2

7 5.26 685.8 12.60 1.965×10−2

14 4.72 628.9 11.48 1.756×10−2

30 4.56 611.9 11.14 1.686×10−2

60 3.58 503.3 8.97 1.204×10−2

90 3.34 474.8 8.41 1.079×10−2

120 2.61 387.3 6.78 7.304×10−3

365 1.97 314.5 5.61 5.431×10−3

730 1.17 213.1 4.03 3.967×10−3

this situation is 100 µSv/h and near the cooling pipe it ranges from 500 µSv/h up to 2000 µSv/h.
For this reason, the storage of a shielding cask with 20 cm of radius and 40 cm high is strongly
recommended. By doing this, one could think to store up to four samples in the lead cask without
increasing the dose rate inside the TKE. In Fig. 32 the data from Tab. 14 are plotted.

9.3 Shielded tube from the intermediate station to the hot cell

After the cooling period in the intermediate station, one needs to transport the capsule to sector 60.
The idea is to shield the tube (red line in Fig. 18) with 10 cm of lead and to enclose it with concrete.
Once there, the capsule will reach the PNA and NAA injector (Fig. 33) so that the new station would
use the present injection system with no need of building another one.

9.4 Sector 60: limit of acceptance (LA)

Sector 60 is a class B cell, which means that the activity in it must be lower than a certain limit.
In particular, the limit of acceptance is 10000 LA [30]. Tab. 15 presents the calculations of the
maximum allowed mass for the samples analyzed in chapter 8. In addition, three possible candidates
for the capsule material have been irradiatied for 7 days and their allowed masses are presented in
the table.

9.5 Accident cases

One of the most important worries in such a facility is the possibility for the capsule to get stuck
somewhere in the tube. The first problem is to know where the capsule is stuck. One possible
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Figure 32: Dose rates for the 2 year irradiated steel sample for different values of cooling time and
shielding.

Figure 33: PNA/NAA injection/ejection system. The capsule for the new irradiation station would
not reach directly the SINQ target but would go up to the TKE.

31



Table 15: Allowed samples mass up to the 10000 LA limit.

Sample Irradiation Allowed Cooling Allowed

time grams time grams

S 7 days 0.57 9 days 1.66

Pt 7 days 1.58 4 days 4.14

Mo 7 days 0.61 2 days 1.53

Zn 7 days 2.12 2.2 days 4.99

Eu 7 days 0.01 2 days 0.03

Ti 7 days 2.86 3.4 8.98

Rh 90 days 1.60 39 days 3.47

Bi 7 days 0.26 9 days 0.0002

Steel 7 days 2.05 3 days 7.28

AlMg3 7 days 0.15 3 days 235

Zircaloy 7 days 0.47 3 days 1.30

solution is to put a detector in the intermediate station in order to know if the capsule has reached
it: if not, it means that the capsule is stuck inside the tube from the target. One could place in the
tube outside the TKE photocells every two meters: in this way, if the capsule leaves the intermediate
station but the first photocell does not detect it, it means that it is stuck somewere inside the pipeline
in the TKE. Two different situations are discussed:

• the capsule gets stuck inside the target or in the pipeline inside the TKE;

• the capsule gets stuck outside the TKE.

In the first case the capsule is simply left inside the pipeline until the dismantling of the target even if
the irradiation station cannot be used until the pipeline is free. In the second case the position of the
capsule is known more precisely thanks to the photocells. The pipeline outside the TKE is made of
2 m long sectors that can be unmounted to get the capsule out. There is another problem concerning
the second situation. A proper shielding so that the stuck capsule will not become a radiation hazard
has to be conceived. The dose rates presented in Fig. 34 have been calculated with the most active
source obtained after the irradiation (steel after a 2 year irradiation and no cooling time) stuck in the
tube shielded with 10 cm of lead and 1 m of concrete at different distances from the source. Even
though the extraction of the capsule will take a few hours the dose rate is very low.

Other problems could occur if the user extracts the wrong capsule stored into the shielding cask.
For instance he extracts a sample exceeding the LA of Sector 60. A device that prevents such a
possibility must be considered. Inside the outgoing tube from the shielding cask, a detector that will
not let the capsule go to Sector 60 if it exceeds 10000 LA can be positioned. This detector will not
last long in a room where it gets 2.8 Sv/h/mA so it must be enclosed in a boron-paraffine mixture.
This emergency system prevents the user from extracting the wrong capsule.

10 Discussion

In this report the possibility of building a fast neutron irradiation station inside the SINQ target at PSI
has been considered. This facility would provide a large fast neutron flux of 8×1013 n/cm2/s/mA
for neutrons with an energy above 0.1 MeV.
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Figure 34: Dose rates at different positions inside and outside Sector 60 with a stuck capsule.

The requirements of the two main groups of users of such a facility are partially in competition
and it is difficult to build an irradiation station that tries to suit them both. For instance, the proton
beam profile has an elliptic shape and protons can be dangerous for the materials testing applications
whereas they are useless for the production of isotopes. The idea is to consider two different stations:
a “cold” station inside the proton beam profile for the production of isotopes with a rabbit system
and without temperature control; a “hot” station for materials testing outside the proton beam profile
with temperature control of samples but without a rabbit system. In this second station samples are
stored at the beginning of the target lifetime and extracted at its dismantling.

The irradiation of different isotopes representing three different fields of application have been
considered: production of radioisotopes for nuclear medicine, production of isotopes for radiochem-
ical studies of materials and materials testing for Generation IV and fusion reactors. In all the cal-
culations the capsule has been filled completely with the sample even though a smaller amount can
be used and the irradiation time can be modified depending on what is needed and on the laboratory
irradiation limits.

Neutrons and protons activate also the station components creating many problems for people
working in the facility. The capsule itself becomes a gamma source that has to be stored in a safe
place. An intermediate lead cooling station in the TKE has been suggested: in this way the capsule
can be left inside the cask for the necessary cooling time. To get the capsule in and out of the station,
a rabbit system has been designed that can prevent people from entering the TKE. The intermediate
station has a key role in this project allowing the use of this facility with high flexibility. The
intermediate station can be used to store up to four samples.

By storing the shielding cask into the TKE it is possible to respect the acceptance limit of Sector
60 that is of 10000 LA and samples must have a total activity smaller than this value. If already
cooled samples arrive in this laboratory, there is the possibility to deal with samples of larger masses.

Accidents have been discussed and solutions that can ensure safety conditions have been found.
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A Activation script outputs

Table 16: Activation script output for a titanium sample at the end of a 7-d irradiation.

Reaction: Ti47 (n,p) Sc47

Mass of natural titanium: 4.73 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 1.7423E+11 Total 3.6583E-03
Sc 47 4.8670E+10 27.93E+00 Sc 44 1.4059E-03 38.43E+00
Sc 44 2.4177E+10 13.88E+00 Sc 48 1.0541E-03 28.81E+00
Sc 45m 2.3498E+10 13.49E+00 Ti 45 2.5015E-04 68.38E-01
Ti 51 1.8040E+10 10.35E+00 Ti 51 1.8081E-04 49.42E-01
Sc 46m 1.5483E+10 88.86E-01 Sc 47 1.2511E-04 34.20E-01
Sc 48 1.1987E+10 68.80E-01 Sc 46 1.1348E-04 31.02E-01
Ti 45 1.0118E+10 58.07E-01 K 45 1.0108E-04 27.63E-01
Sc 49 4.2659E+09 24.48E-01 K 43 8.3402E-05 22.80E-01
K 43 3.1032E+09 17.81E-01 Cl 40 6.8201E-05 18.64E-01
K 42 2.3399E+09 13.43E-01 K 44 4.3471E-05 11.88E-01
K 45 2.3396E+09 13.43E-01 Ar 44 3.4125E-05 93.28E-02
Sc 46 2.1081E+09 12.10E-01 Al 28 3.2846E-05 89.79E-02
Ar 37 7.9200E+08 45.46E-02 Sc 46m 3.1678E-05 86.59E-02
Ar 41 7.7992E+08 44.76E-02 V 48 3.1661E-05 86.55E-02
Cl 38 7.7990E+08 44.76E-02 Cl 38 2.6583E-05 72.66E-02
K 44 7.7989E+08 44.76E-02 Ar 41 2.5414E-05 69.47E-02
Al 28 7.7988E+08 44.76E-02 Sc 43 2.1747E-05 59.45E-02
Sc 43 7.7988E+08 44.76E-02 K 42 1.5789E-05 43.16E-02
Cl 40 7.7988E+08 44.76E-02 Sc 50 7.0686E-06 19.32E-02
Ar 44 7.7988E+08 44.76E-02 Sc 45m 4.1015E-06 11.21E-02
Rest 1.8526E+09 10.63E-01 Rest 1.5948E-06 43.59E-03

Mass of Sc47: 1.585E-06 g
Specific activity of Sc47 for g of titanium: 10.29 GBq/g
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Table 17: Activation script output for a titanium sample after a 3.5-d cooling time.

DOMINANT NUCLIDES (3.5 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 3.1358E+10 Total 4.8313E-04
Sc 47 2.3612E+10 75.30E+00 Sc 48 2.7788E-04 57.52E+00
Sc 48 3.1599E+09 10.08E+00 Sc 46 1.1024E-04 22.82E+00
Sc 46 2.0480E+09 65.31E-01 Sc 47 6.0695E-05 12.56E+00
Ar 37 7.3902E+08 23.57E-01 V 48 2.7200E-05 56.30E-01
P 32 5.6898E+08 18.14E-01 K 43 6.0554E-06 12.53E-01
Ca 45 3.5235E+08 11.24E-01 Ca 47 6.2151E-07 12.86E-02
V 48 3.5054E+08 11.18E-01 Na 22 1.7764E-07 36.77E-03
K 43 2.2531E+08 71.85E-02 K 42 1.4202E-07 29.40E-03
P 33 1.2334E+08 39.33E-02 Ar 37 4.8566E-08 10.05E-03
S 35 1.2300E+08 39.23E-02 P 32 4.7110E-08 97.51E-04
Ca 47 2.2924E+07 73.10E-03 Sc 44 2.3118E-08 47.85E-04
K 42 2.1047E+07 67.12E-03 Ti 44 1.4203E-09 29.40E-05
H 3 8.4064E+06 26.81E-03 Sc 44m 2.8657E-10 59.31E-06
Na 22 3.0427E+06 97.03E-04 Sc 43 6.8974E-12 14.28E-07
Sc 44 3.9757E+05 12.68E-04 Ti 45 1.5427E-12 31.93E-08
Ti 44 3.4528E+05 11.01E-04 Ca 45 1.1386E-12 23.57E-08
Sc 44m 3.9616E+04 12.63E-05 Na 24 2.6989E-13 55.86E-09
V 49 9.5118E+02 30.33E-07 V 49 2.5032E-13 51.81E-09
Ca 41 8.0469E+02 25.66E-07 Ca 41 9.7391E-14 20.16E-09
Sc 43 2.4735E+02 78.88E-08 K 40 2.4983E-16 51.71E-12
Rest 1.5961E+03 50.90E-07 Rest 4.5645E-17 94.48E-13

Mass of Sc47: 7.689E-07 g
Specific activity of Sc47 for g of titanium: 4.99 GBq/g
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Table 18: Activation script output for a titanium sample in the coated capsule at the end of a 7-d
irradiation.

DOMINANT NUCLIDES WITH GADOLINIUM COATING
(END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 1.6541E+11 Total 3.7305E-03
Sc 47 4.9942E+10 30.19E+00 Sc 44 2.0627E-03 55.29E+00
Sc 44 3.5473E+10 21.45E+00 Sc 48 5.3991E-04 14.47E+00
Sc 45m 2.5856E+10 15.63E+00 K 38 4.7840E-04 12.82E+00
Ti 45 1.3258E+10 80.15E-01 Ti 45 3.2778E-04 87.87E-01
Sc 44m 1.0769E+10 65.10E-01 Sc 47 1.2838E-04 34.41E-01
Sc 46m 7.6898E+09 46.49E-01 Sc 46 7.8261E-05 20.98E-01
Sc 49 6.6042E+09 39.93E-01 Sc 44m 7.7897E-05 20.88E-01
K 38 6.2398E+09 37.72E-01 Sc 46m 1.5733E-05 42.18E-02
Sc 48 6.1395E+09 37.12E-01 Ti 51 8.5149E-06 22.83E-02
Sc 46 1.4538E+09 87.89E-02 Sc 50 7.0889E-06 19.00E-02
Ca 45 9.9809E+08 60.34E-02 Sc 45m 4.5130E-06 12.10E-02
Ti 51 8.4960E+08 51.36E-02 Ca 47 1.0590E-06 28.39E-03
Sc 50 8.6680E+07 52.40E-03 Sc 49 1.6395E-07 43.95E-04
Ca 47 3.9061E+07 23.61E-03 Sc 50m 7.8018E-08 20.91E-04
Sc 50m 1.1329E+07 68.49E-04 K 42 1.1507E-09 30.85E-06
K 42 1.7053E+05 10.31E-05 K 43 7.4156E-10 19.88E-06
K 43 2.7591E+04 16.68E-06 Ar 41 2.7753E-10 74.39E-07
H 3 1.2489E+04 75.51E-07 K 44 1.6311E-10 43.72E-07
Ar 41 8.5168E+03 51.49E-07 V 52 1.4261E-10 38.23E-07
V 52 3.8880E+03 23.51E-07 Na 24 9.7253E-11 26.07E-07
Rest 2.8334E+04 17.13E-06 Rest 2.7950E-10 74.92E-07

Mass of Sc47: 1.626E-06 g
Specific activity of Sc47 for g of titanium: 10.56 GBq/g
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Table 19: Activation script output for the gadolinium coating at the end of a 7-d irradiation.

DOMINANT NUCLIDES IN THE COATING
(END OF IRRADIATION TIME)

Mass of natural gadolinium: 5.23 g

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 1.2080E+12 Total 6.5308E-03
Gd159 8.0680E+11 66.79E+00 Gd161 1.7768E-03 27.21E+00
Gd161 1.5471E+11 12.81E+00 Gd159 1.6600E-03 25.42E+00
Tb161 7.8155E+10 64.70E-01 Tb154n 3.1736E-04 48.59E-01
Eu157 1.2688E+10 10.50E-01 La132 2.9693E-04 45.47E-01
Eu150m 1.2623E+10 10.45E-01 Tb161 2.1620E-04 33.10E-01
Gd149 7.6713E+09 63.50E-02 Gd147 2.1446E-04 32.84E-01
Pm142 6.3189E+09 52.31E-02 Tb154m 1.9737E-04 30.22E-01
Eu144 6.3189E+09 52.31E-02 Nd137 1.8008E-04 27.57E-01
Pm141 6.3189E+09 52.31E-02 Eu144 1.7352E-04 26.57E-01
Nd137 6.3189E+09 52.31E-02 Pr135 1.5029E-04 23.01E-01
Nd137m 6.3189E+09 52.31E-02 Ce135 1.4363E-04 21.99E-01
Pr135 6.3189E+09 52.31E-02 Pm142 1.4259E-04 21.83E-01
Cs125 6.3189E+09 52.31E-02 Gd149 1.2727E-04 19.49E-01
Ba125 6.3189E+09 52.31E-02 Pm141 1.2485E-04 19.12E-01
Pr137 6.3181E+09 52.30E-02 Eu157 1.2188E-04 18.66E-01
Nd141 6.3173E+09 52.29E-02 Cs125 1.1788E-04 18.05E-01
Ce132 6.3166E+09 52.29E-02 Pr140 7.1691E-05 10.98E-01
La132 6.3133E+09 52.26E-02 Tb154 6.9877E-05 10.70E-01
Ce137 6.3116E+09 52.25E-02 Pr137 6.8179E-05 10.44E-01
Tb154m 6.3040E+09 52.18E-02 Nd137m 6.5352E-05 10.01E-01
Rest 4.6941E+10 38.86E-01 Rest 2.9465E-04 45.12E-01
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Table 20: Activation script output for a platinum sample at the end of a 7-d irradiation.

Reaction: Pt195 (n,n’ g) Pt195m

Mass of natural platinum: 22.5 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 4.8140E+12 Total 9.5590E-03
Pt199 1.2181E+12 25.30E+00 Pt199 1.4527E-03 15.20E+00
Pt197 1.0449E+12 21.70E+00 Hf171 8.2393E-04 86.19E-01
Au199 9.5830E+11 19.91E+00 Au199 7.9068E-04 82.72E-01
Pt195m 3.2979E+11 68.51E-01 Ir185 6.9764E-04 72.98E-01
Pt193m 1.7630E+11 36.62E-01 Os179 5.3216E-04 55.67E-01
Pt191 1.0557E+11 21.93E-01 Ir188 3.4707E-04 36.31E-01
Pt197m 6.6842E+10 13.88E-01 Ir184 2.9183E-04 30.53E-01
Ir187 3.6194E+10 75.18E-02 Ir186 2.8918E-04 30.25E-01
Ir188 3.2371E+10 67.24E-02 Pt195m 2.7975E-04 29.27E-01
Ir186 3.2347E+10 67.19E-02 Pt197 2.7219E-04 28.47E-01
Pt189 3.1224E+10 64.86E-02 Ir181 2.2742E-04 23.79E-01
Ir184 2.7432E+10 56.98E-02 Pt191 2.1096E-04 22.07E-01
Pt187 2.6184E+10 54.39E-02 Re182 1.7311E-04 18.11E-01
Ir194 2.5225E+10 52.40E-02 Re180 1.6030E-04 16.77E-01
W 179 2.3703E+10 49.24E-02 Re179 1.2163E-04 12.72E-01
Pt186 2.3691E+10 49.21E-02 Os183m 1.0864E-04 11.37E-01
Re180 2.3691E+10 49.21E-02 Pt184 1.0157E-04 10.63E-01
Pt188 2.1241E+10 44.12E-02 Pt186 9.8014E-05 10.25E-01
Os180 2.1197E+10 44.03E-02 Ir183 9.6766E-05 10.12E-01
Os182 2.1087E+10 43.80E-02 Pt189 9.4455E-05 98.81E-02
Rest 5.6870E+11 11.81E+00 Rest 2.3890E-03 24.99E+00

Mass of Pt195m: 5.350E-05 g
Specific activity of Pt195m for g of platinum: 14.66 GBq/g
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Table 21: Activation script output for a platinum sample after a 4-d cooling time.

DOMINANT NUCLIDES (4 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 8.3176E+11 Total 1.0435E-03
Au199 3.9962E+11 48.05E+00 Au199 3.2972E-04 31.60E+00
Pt195m 1.6550E+11 19.90E+00 Ir188 2.2364E-04 21.43E+00
Pt193m 9.3071E+10 11.19E+00 Pt195m 1.4039E-04 13.45E+00
Pt191 3.9430E+10 47.41E-01 Re182 9.5918E-05 91.92E-01
Pt197 3.7031E+10 44.52E-01 Pt191 7.8796E-05 75.51E-01
Ir188 2.0859E+10 25.08E-01 Ir190 2.6483E-05 25.38E-01
Pt188 1.6188E+10 19.46E-01 Pt188 2.2342E-05 21.41E-01
Ir189 9.9299E+09 11.94E-01 Pt193m 2.1836E-05 20.93E-01
Re182 9.4186E+09 11.32E-01 Lu171 1.1670E-05 11.18E-01
Ta177 4.5443E+09 54.64E-02 Lu170 1.0546E-05 10.11E-01
Ir193m 4.2570E+09 51.18E-02 Pt197 9.6466E-06 92.44E-02
Ir190 3.0141E+09 36.24E-02 Au194 9.4459E-06 90.52E-02
Ta178 2.8752E+09 34.57E-02 Ir189 6.7397E-06 64.59E-02
W 178 2.8743E+09 34.56E-02 Ir185 6.0010E-06 57.51E-02
Lu171 2.5393E+09 30.53E-02 Ir186 5.8581E-06 56.14E-02
Re183 2.2730E+09 27.33E-02 Ir192 4.5272E-06 43.38E-02
Au194 1.6521E+09 19.86E-02 Os185 4.4270E-06 42.42E-02
Ir191m 1.5578E+09 18.73E-02 Tm166 4.3345E-06 41.54E-02
Os191 1.1549E+09 13.89E-02 Hf171 3.4988E-06 33.53E-02
Os182 1.0459E+09 12.57E-02 Re181 3.1384E-06 30.08E-02
Rest 1.2920E+10 15.53E-01 Rest 2.4547E-05 23.52E-01

Mass of Pt195m: 2.685E-05 g
Specific activity of Pt195m for g of platinum: 7.36 GBq/g
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Table 22: Activation script output for a molybdenum sample at the end of a 7-d irradiation.

Reaction: Mo100 (n,2n) Mo99
Mo98 (n,g) Mo99

Mass of natural molybdenum: 10.8 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 1.5470E+12 Total 1.0763E-02
Mo 99 4.5951E+11 29.70E+00 Mo101 2.4722E-03 22.97E+00
Tc 99m 3.9627E+11 25.62E+00 Mo 99 9.4525E-04 87.82E-01
Tc101 1.5145E+11 97.90E-01 Nb 90 8.1930E-04 76.12E-01
Mo101 1.5145E+11 97.90E-01 Tc 99m 7.2754E-04 67.59E-01
Mo 91 2.9459E+10 19.04E-01 Nb 96 6.3606E-04 59.09E-01
Nb 96 2.1696E+10 14.03E-01 Tc101 6.3414E-04 58.92E-01
Y 89m 1.9437E+10 12.56E-01 Mo 91 3.6584E-04 33.99E-01
Nb 97 1.9161E+10 12.39E-01 Y 86 3.2469E-04 30.17E-01
Zr 89 1.8212E+10 11.77E-01 Zr 90m 2.5707E-04 23.88E-01
Nb 94m 1.8085E+10 11.69E-01 Y 89m 2.1094E-04 19.60E-01
Nb 90 1.7463E+10 11.29E-01 Nb 98m 2.0770E-04 19.30E-01
Zr 89m 1.2693E+10 82.05E-02 Mo 91m 1.8185E-04 16.90E-01
Nb 95m 1.2188E+10 78.79E-02 Nb 92m 1.5952E-04 14.82E-01
Y 87 1.1707E+10 75.68E-02 Nb 97 1.5573E-04 14.47E-01
Zr 90m 1.1284E+10 72.94E-02 Tc 94m 1.5131E-04 14.06E-01
Y 87m 1.1201E+10 72.41E-02 Nb 88 1.3347E-04 12.40E-01
Mo 91m 1.0890E+10 70.40E-02 Y 85 1.2773E-04 11.87E-01
Zr 87 9.9833E+09 64.53E-02 Zr 87 1.2380E-04 11.50E-01
Nb 92m 9.8100E+09 63.41E-02 Y 84m 1.1912E-04 11.07E-01
Y 85 7.4874E+09 48.40E-02 Zr 89 1.1745E-04 10.91E-01
Rest 1.4754E+11 95.37E-01 Rest 1.8927E-03 17.58E+00

Mass of Mo99: 2.585E-05 g
Specific activity of Mo99 for g of molybdenum: 45.54 GBq/g
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Table 23: Activation script output for a molybdenum sample after a 2-d cooling time.

DOMINANT NUCLIDES (2 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 6.3085E+11 Total 2.1271E-03
Mo 99 2.7744E+11 43.98E+00 Mo 99 5.7071E-04 26.83E+00
Tc 99m 2.6862E+11 42.58E+00 Tc 99m 4.9319E-04 23.19E+00
Zr 89 1.1964E+10 18.97E-01 Nb 96 1.5300E-04 71.93E-01
Y 89m 1.1949E+10 18.94E-01 Nb 92m 1.3915E-04 65.42E-01
Y 87 9.1517E+09 14.51E-01 Y 89m 1.2968E-04 60.96E-01
Nb 92m 8.5576E+09 13.57E-01 Nb 90 9.4696E-05 44.52E-01
Nb 95m 8.3006E+09 13.16E-01 Y 87 8.8129E-05 41.43E-01
Nb 96 5.2187E+09 82.73E-02 Zr 89 7.7159E-05 36.27E-01
Nb 95 3.9044E+09 61.89E-02 Tc 96 6.4532E-05 30.34E-01
Nb 91m 3.0250E+09 47.95E-02 Y 86 6.3277E-05 29.75E-01
Kr 79 2.8033E+09 44.44E-02 Nb 95 3.6568E-05 17.19E-01
Zr 88 2.1628E+09 34.28E-02 Nb 95m 3.3478E-05 15.74E-01
Nb 90 2.0184E+09 32.00E-02 Sr 83 2.5073E-05 11.79E-01
Tc 96 1.8214E+09 28.87E-02 Rb 82 1.9868E-05 93.40E-02
Sr 83 1.7392E+09 27.57E-02 Zr 88 1.9692E-05 92.57E-02
Y 86 1.4543E+09 23.05E-02 Kr 79 1.6589E-05 77.99E-02
Rb 82 1.4309E+09 22.68E-02 Tc 95 1.4211E-05 66.81E-02
Sr 82 1.4309E+09 22.68E-02 Y 88 1.3509E-05 63.51E-02
Br 77 1.2386E+09 19.63E-02 Nb 91m 1.2933E-05 60.80E-02
Sr 85 1.1248E+09 17.83E-02 Ge 69 1.1895E-05 55.92E-02
Rest 5.4889E+09 87.01E-02 Rest 4.9807E-05 23.41E-01

Mass of Mo99: 1.561E-05 g
Specific activity of Mo99 for g of molybdenum: 25.67 GBq/g
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Table 24: Activation script output for a zinc sample at the end of a 7-d irradiation.

Reaction: Zn64 (n,p) Cu64
Zn67 (n,p) Cu67

Mass of natural zinc: 7.5 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 9.3803E+11 Total 3.8056E-03
Zn 69 5.8004E+11 61.84E+00 Cu 62 1.1028E-03 28.98E+00
Cu 64 1.0750E+11 11.46E+00 Zn 63 9.7190E-04 25.54E+00
Cu 62 6.1193E+10 65.24E-01 Cu 64 3.8607E-04 10.14E+00
Zn 63 4.9564E+10 52.84E-01 Zn 69m 3.6180E-04 95.07E-01
Zn 69m 4.8350E+10 51.54E-01 Cu 61 2.7632E-04 72.61E-01
Zn 65 2.2113E+10 23.57E-01 Zn 65 2.2615E-04 59.42E-01
Cu 61 1.8719E+10 19.96E-01 Mn 52m 1.0093E-04 26.52E-01
Cu 66 1.4894E+10 15.88E-01 Cu 60 7.7502E-05 20.37E-01
Cu 67 9.3357E+09 99.52E-02 Ga 64 6.5094E-05 17.10E-01
Co 58m 3.0275E+09 32.28E-02 V 48 6.3933E-05 16.80E-01
Co 60m 2.5091E+09 26.75E-02 Cr 49 2.3206E-05 60.98E-02
Mn 52m 2.4958E+09 26.61E-02 Zn 62 2.2532E-05 59.21E-02
Zn 62 2.4956E+09 26.61E-02 Cu 66 1.9407E-05 51.00E-02
Ga 67 1.9319E+09 20.60E-02 Cu 67 1.7693E-05 46.49E-02
Ni 65 1.6569E+09 17.66E-02 Co 58 1.7073E-05 44.86E-02
Zn 71 1.4733E+09 15.71E-02 Co 56 1.6738E-05 43.98E-02
V 48 1.3056E+09 13.92E-02 Ni 65 1.4404E-05 37.85E-02
Co 61 1.2481E+09 13.31E-02 Zn 71 8.1015E-06 21.29E-02
Sc 45m 1.2479E+09 13.30E-02 Ga 67 6.8337E-06 17.96E-02
Cr 49 1.2479E+09 13.30E-02 Cu 68 6.3426E-06 16.67E-02
Rest 5.6749E+09 60.50E-02 Rest 2.0821E-05 54.71E-02

Mass of Cu64: 7.528E-07 g
Mass of Cu67: 3.336E-07 g
Specific activity of Cu64 for g of zinc: 14.3 GBq/g
Specific activity of Cu67 for g of zinc: 1.24 GBq/g
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Table 25: Activation script output for a zinc sample after a 52-h cooling time.

DOMINANT NUCLIDES (52 H COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 4.5770E+10 Total 3.8956E-04
Zn 65 2.1977E+10 48.02E+00 Zn 65 2.2476E-04 57.70E+00
Cu 64 6.2945E+09 13.75E+00 V 48 5.8196E-05 14.94E+00
Cu 67 5.2151E+09 11.39E+00 Zn 69m 2.6455E-05 67.91E-01
Zn 69 3.7935E+09 82.88E-01 Cu 64 2.2605E-05 58.03E-01
Zn 69m 3.5354E+09 77.24E-01 Co 58 1.6979E-05 43.58E-01
Ga 67 1.2190E+09 26.63E-01 Co 56 1.6416E-05 42.14E-01
V 48 1.1885E+09 25.97E-01 Cu 67 9.8834E-06 25.37E-01
Co 58 9.8619E+08 21.55E-01 Sc 46 4.6861E-06 12.03E-01
Cr 51 3.7985E+08 82.99E-02 Ga 67 4.3118E-06 11.07E-01
Co 57 3.5115E+08 76.72E-02 Co 57 1.1817E-06 30.33E-02
Co 56 2.9727E+08 64.95E-02 Mn 52 1.1220E-06 28.80E-02
Sc 46 1.3794E+08 30.14E-02 Cu 62 9.3369E-07 23.97E-02
V 49 9.0768E+07 19.83E-02 Mn 54 8.4464E-07 21.68E-02
Mn 54 5.7576E+07 12.58E-02 Zn 62 4.5957E-07 11.80E-02
Co 58m 5.2755E+07 11.53E-02 Co 60 3.8620E-07 99.14E-03
Cu 62 5.1811E+07 11.32E-02 Cr 51 2.8905E-07 74.20E-03
Zn 62 5.0902E+07 11.12E-02 Co 58m 1.7777E-08 45.63E-04
Fe 55 4.8212E+07 10.53E-02 V 49 1.5075E-08 38.70E-04
Mn 52 1.9262E+07 42.08E-03 Fe 55 1.4901E-08 38.25E-04
H 3 1.0825E+07 23.65E-03 Cu 61 5.5574E-09 14.27E-04
Rest 1.2419E+07 27.13E-03 Rest 2.8182E-09 72.34E-05

Mass of Cu64: 4.408E-08 g
Mass of Cu67: 1.863E-07 g
Specific activity of Cu64 for g of zinc: 839 MBq/g
Specific activity of Cu67 for g of zinc: 695 MBq/g
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Table 26: Activation script output for a 32S sample at the end of a 7-d irradiation.

Reaction: S32 (n,p) P32

Mass of sulphur-32: 2.1 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 8.8169E+10 Total 3.4126E-03
P 32 4.2517E+10 48.22E+00 P 30 1.4983E-03 43.90E+00
P 30 2.2491E+10 25.51E+00 Al 28 7.3038E-04 21.40E+00
Al 28 7.5418E+09 85.54E-01 S 31 5.0758E-04 14.87E+00
S 31 7.5150E+09 85.23E-01 S 30 3.8759E-04 11.36E+00
S 30 3.7439E+09 42.46E-01 P 29 1.8154E-04 53.20E-01
Si 31 1.8601E+09 21.10E-01 Al 29 9.8382E-05 28.83E-01
Al 29 1.2480E+09 14.15E-01 P 32 8.0946E-06 23.72E-02
P 29 1.2480E+09 14.15E-01 Na 22 6.3388E-07 18.57E-03
Na 22 4.7217E+06 53.55E-04 Si 31 9.6232E-08 28.20E-04
P 33 1.8129E+05 20.56E-05 Na 24 5.4873E-09 16.08E-05
H 3 3.2312E+04 36.65E-06 Mg 27 5.2825E-10 15.48E-06
Na 24 2.6232E+04 29.75E-06 Ne 23 4.6610E-11 13.66E-07
Mg 27 9.5152E+03 10.79E-06 Al 26 7.1549E-12 20.97E-08
Ne 23 4.4077E+03 49.99E-07 F 18 2.3547E-12 69.00E-09
Al 26 4.6238E+01 52.44E-09 Mg 28 7.0138E-13 20.55E-09
F 18 3.6485E+01 41.38E-09 H 3 0.0000E+00 00.00E+00
Si 32 1.6520E+01 18.74E-09 C 14 0.0000E+00 00.00E+00
Mg 28 7.9269E+00 89.91E-10 Si 32 0.0000E+00 00.00E+00
S 35 2.3469E-01 26.62E-11 P 33 0.0000E+00 00.00E+00
C 14 5.8445E-02 66.29E-12 S 35 0.0000E+00 00.00E+00

Mass of P32: 4.015E-06 g
Specific activity of P32 for g of S32: 20.20 GBq/g
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Table 27: Activation script output for a 32S sample after a 14-d cooling time.

DOMINANT NUCLIDES (14 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 2.1544E+10 Total 4.7282E-06
P 32 2.1539E+10 99.98E+00 P 32 4.1007E-06 86.73E+00
Na 22 4.6737E+06 21.69E-03 Na 22 6.2744E-07 13.27E+00
P 33 1.2369E+05 57.41E-05 Al 26 7.1549E-12 15.13E-05
H 3 3.2242E+04 14.97E-05 H 3 0.0000E+00 00.00E+00
Al 26 4.6238E+01 21.46E-08 C 14 0.0000E+00 00.00E+00
Si 32 1.6516E+01 76.66E-09 Si 32 0.0000E+00 00.00E+00
S 35 2.1000E-01 97.48E-11 P 33 0.0000E+00 00.00E+00
C 14 5.8445E-02 27.13E-11 S 35 0.0000E+00 00.00E+00

Mass of P32: 2.034E-06 g
Specific activity of P32 for g of S32: 10.30 GBq/g
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Table 28: Activation script output for a 103Rh sample at the end of a 90-d irradiation.

Reaction: Rh103 (n,p) Ru103

Mass of rhodium-103: 22.5 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 9.8184E+13 Total 1.8276E-02
Rh104 8.5988E+13 87.58E+00 Rh104 6.9592E-03 38.08E+00
Rh104m 6.5463E+12 66.67E-01 Rh104m 3.3896E-03 18.55E+00
Rh103m 4.6320E+12 47.18E-01 Rh100 2.3877E-03 13.06E+00
Rh101m 1.5777E+11 16.07E-02 Rh101m 6.4074E-04 35.06E-01
Rh100 1.4309E+11 14.57E-02 Tc 96 3.7525E-04 20.53E-01
Rh100m 5.4627E+10 55.64E-03 Tc 94m 3.1789E-04 17.39E-01
Ru 97 4.2222E+10 43.00E-03 Y 86 3.1109E-04 17.02E-01
Rh 99m 3.7167E+10 37.85E-03 Rh 98 3.0320E-04 16.59E-01
Rh102m 3.3556E+10 34.18E-03 Rh102 2.9062E-04 15.90E-01
Rh 99 3.0458E+10 31.02E-03 Rh 99m 2.2480E-04 12.30E-01
Rh 98 2.8550E+10 29.08E-03 Rh103m 2.0114E-04 11.01E-01
Tc 94m 2.7309E+10 27.81E-03 Nb 90 1.9568E-04 10.71E-01
Tc 95 2.5966E+10 26.45E-03 Rh 99 1.9037E-04 10.42E-01
Ru103 2.2920E+10 23.34E-03 Tc 95 1.8786E-04 10.28E-01
Tc 96 2.2065E+10 22.47E-03 Ru 97 1.5689E-04 85.85E-02
Rh102 1.9747E+10 20.11E-03 Ru 95 1.5586E-04 85.28E-02
Ru 95 1.7378E+10 17.70E-03 Rh102m 1.4785E-04 80.90E-02
Zr 89 1.6019E+10 16.32E-03 Tc 93 1.4683E-04 80.34E-02
Y 89m 1.6002E+10 16.30E-03 Rh 98m 8.8172E-05 48.24E-02
Y 87 1.5908E+10 16.20E-03 Y 89m 8.3360E-05 45.61E-02
Rest 3.0685E+11 31.25E-02 Rest 1.5221E-03 83.28E-01

Mass of Ru103: 1.917E-05 g
Specific activity of Ru103 for g of rhodium-103: 1.02 GBq/g
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Table 29: Activation script output for a 103Rh sample after a 39-d cooling time.

DOMINANT NUCLIDES (39 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 1.2188E+11 Total 7.1333E-04
Rh102m 2.9467E+10 24.18E+00 Rh102 2.8389E-04 39.80E+00
Rh102 1.9290E+10 15.83E+00 Rh102m 1.2983E-04 18.20E+00
Rh103m 1.2871E+10 10.56E+00 Y 88 6.9717E-05 97.73E-01
Ru103 1.1513E+10 94.46E-01 Tc 95m 3.7867E-05 53.08E-01
Rh101 8.1553E+09 66.91E-01 Rh 99 3.5512E-05 49.78E-01
Zr 88 7.1190E+09 58.41E-01 Rh101 3.4655E-05 48.58E-01
Tc 95m 5.8062E+09 47.64E-01 Ru103 3.4086E-05 47.78E-01
Rh 99 5.6817E+09 46.62E-01 Zr 88 3.1113E-05 43.62E-01
Y 88 4.3673E+09 35.83E-01 Sr 85 1.9785E-05 27.74E-01
Sr 85 4.0612E+09 33.32E-01 Rb 82 7.8775E-06 11.04E-01
Nb 91m 3.0697E+09 25.19E-01 Rb 83 6.4644E-06 90.62E-02
Tc 97m 2.7651E+09 22.69E-01 Nb 91m 6.2998E-06 88.31E-02
Pd103 1.4816E+09 12.16E-01 Tc 97m 4.6853E-06 65.68E-02
Rb 83 1.4223E+09 11.67E-01 Nb 92m 2.7010E-06 37.86E-02
Rb 82 1.1820E+09 96.98E-02 Sr 82 2.0671E-06 28.98E-02
Sr 82 1.1819E+09 96.98E-02 Tc 95 1.6524E-06 23.16E-02
Kr 83m 1.0674E+09 87.58E-02 Rh101m 1.2710E-06 17.82E-02
Nb 92m 3.4603E+08 28.39E-02 As 74 1.2262E-06 17.19E-02
Rh101m 3.1297E+08 25.68E-02 Tc 96 6.8185E-07 95.59E-03
As 74 2.6323E+08 21.60E-02 Kr 83m 5.7024E-07 79.94E-03
Rest 4.5404E+08 37.25E-02 Rest 1.3804E-06 19.35E-02

Mass of Ru103: 9.627E-06 g
Specific activity of Ru103 for g of rhodium-103: 512 MBq/g
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Table 30: Activation script output for a bismuth sample after a 9-d cooling time.

Reaction: Bi209 (p,4n) Po206

Mass of natural bismuth: 10.3 g

DOMINANT NUCLIDES (9 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 4.0209E+10 Total 6.9124E-04
Bi206 1.0690E+10 26.59E+00 Bi206 4.5716E-04 66.14E+00
Bi210 7.9425E+09 19.75E+00 Bi205 1.2595E-04 18.22E+00
Bi205 7.2967E+09 18.15E+00 Pb205m 2.9839E-05 43.17E-01
Tl201 2.2453E+09 55.84E-01 Ir188 2.0908E-05 30.25E-01
Pb203 2.2008E+09 54.73E-01 Pb203 1.2678E-05 18.34E-01
Po210 1.2209E+09 30.36E-01 Re182 8.0724E-06 11.68E-01
Pb205m 9.9329E+08 24.70E-01 Po206 5.5695E-06 80.57E-02
Hg197 9.6114E+08 23.90E-01 Tl201 3.9680E-06 57.40E-02
Ir188 8.8907E+08 22.11E-01 Tl200 3.2166E-06 46.53E-02
Ir189 8.7708E+08 21.81E-01 Os185 2.6877E-06 38.88E-02
Pt188 7.5422E+08 18.76E-01 Nb 92m 2.5798E-06 37.32E-02
Pt191 4.8650E+08 12.10E-01 Pt188 2.2833E-06 33.03E-02
Re182 3.6138E+08 89.88E-02 Pt191 2.1325E-06 30.85E-02
Po206 3.0626E+08 76.17E-02 Hg197 1.5442E-06 22.34E-02
Os185 2.8204E+08 70.14E-02 Ir189 1.3058E-06 18.89E-02
Au195 2.5830E+08 64.24E-02 Tl202 1.3053E-06 18.88E-02
Xe133 2.0394E+08 50.72E-02 Tm166 1.2875E-06 18.63E-02
Tl200 1.9433E+08 48.33E-02 Y 88 1.0771E-06 15.58E-02
Tl202 1.7120E+08 42.58E-02 Rh101m 1.0439E-06 15.10E-02
Nb 92m 1.5085E+08 37.52E-02 Te121 9.9203E-07 14.35E-02
Rest 1.7233E+09 42.86E-01 Rest 5.6443E-06 81.65E-02

Mass of Po206 = 1.149E-07 g
Specific activity of Po206 for g of bismuth: 29.73 MBq/g
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Table 31: Activation script output for a steel sample after a 2-y irradiation time (Bertini/Dresner
model).

Mass of steel: 8.36 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 1.6519E+12 Total 2.1948E-02
Mn 56 6.4977E+11 39.33E+00 Mn 56 1.5774E-02 71.87E+00
Cr 51 4.2435E+11 25.69E+00 Co 60 1.0503E-03 47.85E-01
Fe 55 1.2871E+11 77.92E-01 Mn 54 9.2080E-04 41.95E-01
Mn 54 6.9961E+10 42.35E-01 Co 56 4.9969E-04 22.77E-01
Co 60m 6.7166E+10 40.66E-01 Mn 52m 4.1581E-04 18.95E-01
Co 60 2.8686E+10 17.37E-01 Co 58 4.1298E-04 18.82E-01
Cu 64 2.7213E+10 16.47E-01 V 48 3.5618E-04 16.23E-01
Co 58 2.6736E+10 16.19E-01 Mn 52 3.4421E-04 15.68E-01
Co 57 2.1490E+10 13.01E-01 Cr 51 2.8971E-04 13.20E-01
V 49 1.9492E+10 11.80E-01 V 52 2.1366E-04 97.35E-02
Co 58m 1.7710E+10 10.72E-01 Sc 46 1.7014E-04 77.52E-02
Mn 52m 1.1461E+10 69.38E-02 Sc 44 1.3479E-04 61.41E-02
Mo 99 1.0501E+10 63.57E-02 Fe 59 1.2278E-04 55.94E-02
V 52 1.0288E+10 62.28E-02 Co 55 1.0201E-04 46.48E-02
Co 56 1.0086E+10 61.05E-02 Cu 64 8.7678E-05 39.95E-02
Tc 99m 9.2529E+09 56.01E-02 Fe 53 8.1730E-05 37.24E-02
V 48 8.1074E+09 49.08E-02 Ti 45 8.0234E-05 36.56E-02
Fe 59 7.0493E+09 42.67E-02 Co 57 6.4884E-05 29.56E-02
Mn 52 6.5866E+09 39.87E-02 Mo101 6.0887E-05 27.74E-02
Cu 66 5.7662E+09 34.91E-02 Ni 57 6.0411E-05 27.52E-02
Rest 9.1520E+10 55.40E-01 Rest 7.0483E-04 32.11E-01
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Table 32: Activation script output for a steel sample after a 30-d cooling time (Bertini/Dresner
model).

DOMINANT NUCLIDES (30 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 5.0686E+11 Total 3.2087E-03
Cr 51 2.0033E+11 39.52E+00 Co 60 1.0390E-03 32.38E+00
Fe 55 1.2606E+11 24.87E+00 Mn 54 8.6145E-04 26.85E+00
Mn 54 6.5452E+10 12.91E+00 Co 56 3.8184E-04 11.90E+00
Co 60 2.8378E+10 55.99E-01 Co 58 3.0902E-04 96.31E-01
Co 58 2.0006E+10 39.47E-01 Cr 51 1.3677E-04 42.62E-01
Co 57 1.9918E+10 39.30E-01 Sc 46 1.3275E-04 41.37E-01
V 49 1.8302E+10 36.11E-01 V 48 9.7482E-05 30.38E-01
Co 56 7.7071E+09 15.21E-01 Fe 59 7.6940E-05 23.98E-01
Fe 59 4.4175E+09 87.16E-02 Co 57 6.0138E-05 18.74E-01
Sc 46 4.3554E+09 85.93E-02 Fe 55 3.4956E-05 10.89E-01
Ni 63 2.2591E+09 44.57E-02 Y 88 3.3293E-05 10.38E-01
V 48 2.2189E+09 43.78E-02 Cs134 1.7117E-05 53.35E-02
H 3 1.8322E+09 36.15E-02 Mn 52 8.3707E-06 26.09E-02
Ar 37 1.0644E+09 21.00E-02 Zr 88 7.4607E-06 23.25E-02
Y 88 7.7537E+08 15.30E-02 Nb 91m 3.4252E-06 10.67E-02
Cs134 6.9800E+08 13.77E-02 V 49 2.7271E-06 84.99E-03
Ca 45 6.9716E+08 13.75E-02 Nb 92m 2.6380E-06 82.21E-03
Zr 88 6.3465E+08 12.52E-02 As 73 1.5435E-06 48.10E-03
As 73 6.2880E+08 12.41E-02 Sc 44 6.2697E-07 19.54E-03
Nb 91m 6.2048E+08 12.24E-02 Ag110m 2.9108E-07 90.72E-04
Rest 5.1064E+08 10.07E-02 Rest 8.4728E-07 26.41E-03

50



Table 33: Activation script output for a steel sample after a 2-y irradiation time (INCL4/ABLA
model).

Mass of steel: 8.36 g

DOMINANT NUCLIDES (END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 1.7271E+12 Total 2.4116E-02
Mn 56 6.2865E+11 36.40E+00 Mn 56 1.5261E-02 63.28E+00
Cr 51 4.1763E+11 24.18E+00 V 48 1.0518E-03 43.62E-01
Fe 55 1.3573E+11 78.59E-01 Co 60 1.0229E-03 42.41E-01
Co 60m 6.5798E+10 38.10E-01 Mn 52m 8.7677E-04 36.36E-01
Mn 54 5.5195E+10 31.96E-01 Mn 54 7.2646E-04 30.12E-01
Co 60 2.7936E+10 16.18E-01 Mn 52 5.5920E-04 23.19E-01
Co 58 2.7888E+10 16.15E-01 Co 56 5.5377E-04 22.96E-01
V 49 2.6925E+10 15.59E-01 Co 58 4.3077E-04 17.86E-01
Cu 64 2.6917E+10 15.59E-01 Fe 53 3.3061E-04 13.71E-01
Mn 52m 2.4166E+10 13.99E-01 Cr 51 2.8513E-04 11.82E-01
V 48 2.3942E+10 13.86E-01 V 52 2.2069E-04 91.51E-02
Co 57 2.2691E+10 13.14E-01 Mn 51 2.0838E-04 86.41E-02
Fe 53 1.7571E+10 10.17E-01 Ni 57 1.8846E-04 78.15E-02
Co 58m 1.7157E+10 99.34E-02 Cr 49 1.8672E-04 77.43E-02
Mn 51 1.3012E+10 75.34E-02 Sc 44 1.8389E-04 76.25E-02
Cr 49 1.1192E+10 64.80E-02 V 47 1.5818E-04 65.59E-02
Co 56 1.1177E+10 64.72E-02 Co 55 1.5444E-04 64.04E-02
Mo 99 1.0851E+10 62.83E-02 Sc 46 1.3052E-04 54.12E-02
Mn 52 1.0700E+10 61.96E-02 Fe 59 1.1887E-04 49.29E-02
V 52 1.0627E+10 61.53E-02 Ti 45 9.5426E-05 39.57E-02
Rest 1.4130E+11 81.82E-01 Rest 1.3715E-03 56.87E-01
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Table 34: Activation script output for a steel sample after a 30-d cooling time (INCL4/ABLA model).

DOMINANT NUCLIDES (30 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 5.0740E+11 Total 3.2527E-03
Cr 51 1.9716E+11 38.86E+00 Co 60 1.0119E-03 31.11E+00
Fe 55 1.3294E+11 26.20E+00 Mn 54 6.7964E-04 20.89E+00
Mn 54 5.1638E+10 10.18E+00 Co 56 4.2317E-04 13.01E+00
Co 60 2.7636E+10 54.47E-01 Co 58 3.2226E-04 99.08E-01
V 49 2.5282E+10 49.83E-01 V 48 2.8879E-04 88.79E-01
Co 57 2.1054E+10 41.49E-01 Cr 51 1.3461E-04 41.38E-01
Co 58 2.0863E+10 41.12E-01 Sc 46 1.0183E-04 31.31E-01
Co 56 8.5412E+09 16.83E-01 Fe 59 7.4494E-05 22.90E-01
V 48 6.5735E+09 12.96E-01 Co 57 6.3567E-05 19.54E-01
Fe 59 4.2771E+09 84.30E-02 Y 88 5.0394E-05 15.49E-01
Sc 46 3.3411E+09 65.85E-02 Fe 55 3.6864E-05 11.33E-01
Ni 63 2.2054E+09 43.47E-02 Cs134 1.6387E-05 50.38E-02
Y 88 1.1736E+09 23.13E-02 Mn 52 1.3603E-05 41.82E-02
Ca 45 1.0467E+09 20.63E-02 Zr 88 1.1292E-05 34.72E-02
Zr 88 9.6055E+08 18.93E-02 Nb 95 8.4430E-06 25.96E-02
Nb 95 6.9818E+08 13.76E-02 Tc 95m 7.6902E-06 23.64E-02
Cs134 6.6822E+08 13.17E-02 V 49 3.7671E-06 11.58E-02
Tc 95m 4.3838E+08 86.40E-03 Nb 92m 2.0810E-06 63.98E-03
Ar 37 2.7227E+08 53.66E-03 Sc 44 4.7018E-07 14.46E-03
Mn 52 2.6030E+08 51.30E-03 Tc 95 3.3558E-07 10.32E-03
Rest 3.6305E+08 71.55E-03 Rest 1.0779E-06 33.14E-03
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Table 35: Activation script output for the capsule after a 2-y irradiation.

DOMINANT NUCLIDES IN THE CAPSULE
(END OF IRRADIATION TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 8.3779E+11 Total 2.1909E-02
Mn 56 3.3563E+11 40.06E+00 Mn 56 1.6417E-02 74.94E+00
Cr 51 2.2872E+11 27.30E+00 Co 60 1.1072E-03 50.54E-01
Fe 55 6.0400E+10 72.09E-01 Mn 54 7.4013E-04 33.78E-01
Co 60m 3.4995E+10 41.77E-01 Mn 52 6.4654E-04 29.51E-01
Mn 54 2.7909E+10 33.31E-01 Mn 52m 4.5264E-04 20.66E-01
Co 60 1.5008E+10 17.91E-01 Sc 44 4.1074E-04 18.75E-01
Cu 64 1.4164E+10 16.91E-01 Co 58 3.7310E-04 17.03E-01
Co 57 1.3626E+10 16.26E-01 Cr 51 3.1462E-04 14.36E-01
Co 58 1.1988E+10 14.31E-01 Fe 53 2.3948E-04 10.93E-01
V 49 9.8321E+09 11.74E-01 V 47 1.9905E-04 90.86E-02
Co 58m 7.9116E+09 94.43E-02 V 52 1.7762E-04 81.07E-02
P 32 6.3196E+09 75.43E-02 Ti 45 1.7463E-04 79.71E-02
Fe 53 6.3168E+09 75.40E-02 Fe 59 1.2789E-04 58.37E-02
Mn 52m 6.1920E+09 73.91E-02 Cu 64 9.1952E-05 41.97E-02
Sc 44 6.1919E+09 73.91E-02 Co 57 8.2896E-05 37.84E-02
V 47 6.1917E+09 73.90E-02 Mo101 6.0611E-05 27.67E-02
Ti 45 6.1914E+09 73.90E-02 Ni 65 3.8477E-05 17.56E-02
Mn 52 6.1401E+09 73.29E-02 Fe 55 3.3747E-05 15.40E-02
Mo 99 5.4167E+09 64.65E-02 Co 60m 3.0002E-05 13.69E-02
Tc 99m 4.7730E+09 56.97E-02 Mo 99 2.8987E-05 13.23E-02
Rest 2.3875E+10 28.50E-01 Rest 1.6107E-04 73.52E-02
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Table 36: Activation script output for the capsule after a 30-d cooling time.

DOMINANT NUCLIDES IN THE CAPSULE
(30 D COOLING TIME)

NUCLIDE ACTIVITY PERCENT NUCLIDE DOSE RATE PERCENT
(Bq) ACTIVITY (Sv/hr) DOSE RATE

Total 2.4468E+11 Total 2.4575E-03
Cr 51 1.0797E+11 44.13E+00 Co 60 1.0953E-03 44.57E+00
Fe 55 5.9156E+10 24.18E+00 Mn 54 6.9243E-04 28.18E+00
Mn 54 2.6111E+10 10.67E+00 Co 58 2.7918E-04 11.36E+00
Co 60 1.4847E+10 60.68E-01 Cr 51 1.4852E-04 60.44E-01
Co 57 1.2624E+10 51.59E-01 Fe 59 8.0143E-05 32.61E-01
V 49 9.2317E+09 37.73E-01 Co 57 7.6798E-05 31.25E-01
Co 58 8.9705E+09 36.66E-01 Fe 55 3.3051E-05 13.45E-01
Fe 59 2.2837E+09 93.34E-02 Cs134 1.7470E-05 71.09E-02
P 32 1.4717E+09 60.15E-02 Mn 52 1.5722E-05 63.98E-02
Ni 63 1.1757E+09 48.05E-02 Sc 46 1.4189E-05 57.74E-02
Cs134 3.5356E+08 14.45E-02 V 49 2.7716E-06 11.28E-02
Sc 46 2.3105E+08 94.43E-03 Nb 92m 3.8382E-07 15.62E-03
Mn 52 1.4931E+08 61.02E-03 Ag110m 2.9747E-07 12.10E-03
Nb 91m 2.0608E+07 84.23E-04 Zn 65 2.8349E-07 11.54E-03
Zn 65 1.5334E+07 62.67E-04 Nb 95 2.3118E-07 94.07E-04
Nb 95 9.4882E+06 38.78E-04 Nb 91m 2.2921E-07 93.27E-04
Ca 45 9.2668E+06 37.87E-04 P 32 1.3901E-07 56.57E-04
Nb 92m 9.0730E+06 37.08E-04 Co 56 7.7321E-08 31.46E-04
Ni 59 8.8992E+06 36.37E-04 Cs136 3.6808E-08 14.98E-04
Ag110m 3.4893E+06 14.26E-04 Zr 95 3.6322E-08 14.78E-04
Rest 2.3210E+07 94.86E-04 Rest 1.3923E-07 56.66E-04
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1 Cold Irradiation Station (Figure 1) 
 
• The rod bundle of the SINQ-Target is surrounded by annular lead elements (grey). 

Eleven percent of the lead is cut out for the double-walled cold irradiation station. 
• Heavy water (blue) cools the jacket pipe of the irradiation station. 
• The annulus between jacket pipe and inner tube is filled with helium (yellow). The 

double-walled design protects the helium loop (green) against radioactive heavy 
water in case of leakage. 

• The helium flow cools the capsule (pink) and the inner tube. The flow presses the 
capsule onto the spring loaded thermocouple. 

• The capsule is filled with samples. Good contact between samples and capsule is 
important for the heat transfer. 

 
 
 
 
2 Rabbit System (Figure 2) 
 
 
2.1 Sector 60 
 
• SINQ has two irradiation stations PNA in the D2O-moderator. Each PNA has its own 

transfer station. 
• Sector 60 and its hot cell are narrow. Therefore one PNA is shut down and its 

transfer station is adapted for the new cold irradiation station. 
• The transfer station is a helium tight gate between the radioactive helium loop 

(green) and the hot cell of sector 60. 
• The concrete blocks of the radiation shield are raised to the level of the target head 

enclosure TKE. The shielding is made airtight to avoid the release of leaking 
radioactive helium into the SINQ hall. The SINQ ventilation and air monitoring 
system are extended to sector 60. 

 
 
 
 
2.2 Intermediate Capsule Storage (Figure 3) 
 
• The radiation shield of sector 60 is limited by space. Therefore irradiated capsules 

are stored in the target head enclosure TKE until their radioactivity is below the limit 
of sector 60. 

• Two capsules can be stored while a third one is irradiated or transported. 
• The intermediate capsule storage is a pressure vessel with a moveable capsule 

holder inside. The radiation shield of the vessel is made of lead. The penetrations of 
the vessel are sealed by bellows. 
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• Four actuators outside of the vessel move the capsule holder in the position selected 
by the operator. 

 Step 1: The actuators on the left and on the right move the capsule holder 
horizontally. 

 Step 2: The actuators at the bottom side of the vessel push the capsule holder 
upwards. 

 Step 3: The rabbit system is now ready for the capsule transport between target and 
TKE or between sector 60 and TKE. 

 
 
 
 
2.3 Helium Loop 
 
• Vacuum pumps remove air from the loop before filling with fresh helium. 
• The capsule in the target is cooled by the helium flow. The pump is a proven design 

already in use at SINQ. The helium at the outlet of the pump is filtered to keep the 
loop clean. 

• The helium flow can be reversed in order to push the capsule out of the target. 
• Radioactive helium can be released into the SINQ ventilation system. 
 
 
 
 
3 Cooling (Figures 4 and 5) 
 
 
3.1 Capsule, Inner Tube, Jacket Pipe 
 
• Aluminium alloy AlMg3 
 Power density Q,Al = 16 W/cm3 at 2 mA proton current 
 Thermal conductivity Lambda,Al = ca. 150 W/(m*K) at 80°C 
 
• Austenitic steel 
 Power density Q,St = 52 W/cm3 at 2 mA proton current 
 Thermal conductivity Lambda,St = ca. 16 W/(m*K) at 150°C 
 
 
• 200 mm long inlet 
 
 Inner tube 
 Outer diameter da = 14 mm 
 Inner diameter di = 12 mm 
 Irradiated length L = 200 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 8.168 E-6 m3 
 Aluminium: heating power = Q,Al * V = 131 W 
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 Steel: heating power = Q,St * V = 425 W 
 
 Jacket pipe 
 Outer diameter da = 24 mm 
 Inner diameter di = 20 mm 
 Irradiated length L = 200 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 2.765 E-5 m3 
 Aluminium: heating power = Q,Al * V = 442 W 
 Steel: heating power = Q,St * V = 1'438 W 
 
 
• 40 mm long part around the capsule 
 
 Capsule 
 Diameter d = 10 mm 
 Length L = 40 mm 
 Volume V = L * d^2 * Pi / 4 = 3.142 E-6 m3 
 Aluminium: heating power = Q,Al * V = 50 W 
 Aluminium: radial temperature distribution = Q,Al * ( d / 2 )^2 / ( 4 * Lambda,Al ) = 1 K 
 Steel: heating power = Q,St * V = 163 W 
 Steel: radial temperature distribution = Q,St * ( d / 2 )^2 / ( 4 * Lambda,St ) = 20 K 
 
 Inner tube 
 Outer diameter da = 16 mm 
 Inner diameter di = 14 mm 
 Length L = 40 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 1.885 E-6 m3 
 Aluminium: heating power = Q,Al * V = 30 W 
 Steel: heating power = Q,St * V = 98 W 
 
 Jacket pipe 
 Outer diameter da = 24 mm 
 Inner diameter di = 20 mm 
 Length L = 40 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 5.529 E-6 m3 
 Aluminium: heating power = Q,Al * V = 88 W 
 Steel: heating power = Q,St * V = 288 W 
 
 
 
 
3.2 Helium 
 
• Remarks 
 Calculations are according to VDI-Wärmeatlas. 
 The flow around the capsule is simplified. 
 
• Simplifying assumptions 
 No heat transfer in the annulus between inner tube and jacket pipe. 
 No thermal conductivity in the axial direction. 
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 No thermal radiation. 
 The capsule is a cylinder made of aluminium or steel. 
 
• Helium 
 Adiabatic index Kappa = 1.63 
 Specific gas constant R = 2'078 J/(kg*K) 
 Specific heat capacity cp = 5'195 J/(kg*K) 
 
• Helium at 10 bar and 60°C 
 Density Rho = 1.439 kg/m3 
 Dynamic viscosity Eta = 2.143 E-5 kg/(m*s) 
 Kinematic viscosity Ny = 1.489 E-5 m2/s 
 Thermal conductivity Lambda = 0.1663 W/(m*K) 
 Prandtl number Pr = Eta * cp / Lambda = 0.6695 
 Speed of sound = ( Kappa * R * 333 K )^0.5 = 1'062 m/s 
 
• Helium loop 
 Mass flow m = 5.0 E-3 kg/s 
 
• Helium flow in the annulus between capsule and inner tube 
 Outer diameter da = 14 mm 
 Inner diameter di = 10 mm 
 Length of the annulus L = 40 mm 
 Hydraulic diameter dh = da - di = 4 mm 
 Velocity w = m * 4 / Pi / ( da^2 - di^2 ) / Rho = 46.1 m/s 
 Reynolds number Re = w * dh / Ny = 12'379 (turbulent) 
 
 Pressure drop coefficient Zeta = ( 1.8 * Log10( Re ) - 1.5 )^-2 = 0.0291 (Konakov) 
 Nusselt number for tube flow Nu,Rohr = 45 (Gnielinski) 
 
 Inner and outer wall of the annulus 

Nusselt number Nu = ( 0.86 * ( di / da )^0.84 + 1 - 0.14 * ( di / da )^0.6 ) / ( 1 + ( di / da ) ) * Nu,Rohr = 
40 

 Heat transfer coefficient Alpha = Nu * Lambda / dh = 1'658 W/(m2*K) 
 
• Helium flow in the inner tube 
 Diameter d = 12 mm 
 Length of the tube L = 200 mm (assumption) 
 Velocity w = m * 4 / Pi / d^2 / Rho = 30.7 m/s 
 Reynolds number Re = w * d / Ny = 24'758 (turbulent) 
 
 Pressure drop in a one meter long tube 
 Wall roughness k = 0.01 mm (assumption) 
 Re * k / d = 21 (the tube is hydraulically smooth) 
 Pressure drop coefficient Zeta = ( 1.8 * Log10( Re ) - 1.5 )^-2 = 0.0243 (Konakov) 
 Pressure drop Delta p = Zeta * 1 m / d * Rho * w^2 / 2 = 1'378 Pa 
 
 Nusselt number Nu = 70 (Gnielinski) 
 Heat transfer coefficient Alpha = Nu * Lambda / d = 970 W/(m2*K) 
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3.3 Heavy Water 
 
• Remarks 
 Calculations are according to VDI-Wärmeatlas. 
 
• Simplifying assumptions 
 The heavy water flows in an annulus along the jacket pipe. 
 The velocity in the annulus has the average value of the target inlet. 
 
• Heavy water at 5 bar and 50°C 
 Density Rho = 1'096 kg/m3 
 Specific heat capacity cp = 4'219 J/(kg*K) 
 Dynamic viscosity Eta = 6.513 E-4 kg/(m*s) 
 Kinematic viscosity Ny = 5.943 E-7 m2/s 
 Thermal conductivity Lambda = 0.6185 W/(m*K) 
 Prandtl number Pr = 4.443 
 
• Target inlet 
 Mass flow m = 10.0 kg/s 
 Cross section A = 5'828 mm2 
 Velocity w = m / A / Rho = 1.57 m/s 
 
• Annulus around the jacket pipe 
 Outer diameter da = 28 mm (assumption) 
 Inner diameter di = 24 mm 
 Length of the annulus L = 240 mm (assumption) 
 Hydraulic diameter dh = da - di = 4 mm 
 Reynolds number Re = w * dh / Ny = 10'538 (turbulent) 
 
 Pressure drop coefficient Zeta = ( 1.8 * Log10( Re ) - 1.5 )^-2 = 0.0303 (Konakov) 
 Nusselt number for tube flow Nu,Rohr = 81 (Gnielinski) 
 
 Inner wall of the annulus 
 Nusselt number Nu,i = 0.86 * ( di / da )^-0.16 * Nu,Rohr = 72 
 Heat transfer coefficient Alpha,i = Nu,i * Lambda / dh = 11'057 W/(m2*K) 
 
 Annulus: mass flow = 10 kg/s / A * ( da^2 - di^2 ) * Pi / 4 = 2.803 E-1 kg/s 
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4 Variants 
 
• Intermediate capsule storage for more than two capsules: 
 Longer storage time (+) 
 The design gets more difficult (-) 
 
• Intermediate capsule storage in the cooling plant area: 
 Lower radiation level than in the target head enclosure TKE (+) 
 The design of the rabbit system gets more difficult (-) 
 
• Transfer station in the target head enclosure TKE or in the cooling plant area: 
 No radioactive helium in sector 60, no need for a secondary enclosure (+) 
 The helium tight transfer station must be radiation hard (-) 
 
• Springs mounted on the capsule: 

Shorter irradiation time of the springs compared to a permanent installation in the 
irradiation station (+) 

 The design of the capsule gets more difficult (-) 
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Figure 1: Cold Irradiation Station
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Capsule: 3.142 E-6 m3 Aluminium; 50 W; 1 K

1'658 W/(m2*K); 1.759 E-3 m2; 30 W; 10 K

82°C 79°C

Tube: 8.168 E-6 m3 Aluminium; 131 W

970 W/(m2*K); 7.540 E-3 m2; 131 W; 18 K
73°C 68°C46.1 m/s; 5.0 E-3 kg/s; 80 W; 3 K58°C 55°C

30.7 m/s; 5.0 E-3 kg/s; 131 W; 5 K55°C 50°C

Jacket: 2.765 E-5 m3 Aluminium; 442 W

11'057 W/(m2*K); 1.508 E-2 m2; 442 W; 3 K
53°C 53°C

1.57 m/s; 2.803 E-1 kg/s; 442 W50°C 50°C
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11'057 W/(m2*K); 3.016 E-3 m2; 88 W; 3 K
53°C 53°C
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Figure 4: Aluminium at 2 mA Proton Current
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Capsule: 3.142 E-6 m3 Steel; 163 W; 20 K

1'658 W/(m2*K); 1.759 E-3 m2; 98 W; 34 K

154°C 144°C

Tube: 8.168 E-6 m3 Steel; 425 W

970 W/(m2*K); 7.540 E-3 m2; 425 W; 58 K
124°C 108°C46.1 m/s; 5.0 E-3 kg/s; 261 W; 10 K76°C 66°C

30.7 m/s; 5.0 E-3 kg/s; 425 W; 16 K66°C 50°C

Jacket: 2.765 E-5 m3 Steel; 1'438 W

11'057 W/(m2*K); 1.508 E-2 m2; 1'438 W; 9 K
60°C 59°C

1.57 m/s; 2.803 E-1 kg/s; 1'438 W51°C 50°C
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Heavy Water
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Figure 5: Steel at 2 mA Proton Current
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Summary 
 
Two samples are placed in the SINQ target in the workshop. The samples are 
surrounded by capsules made of hafnium. The irradiation of a sample is terminated 
by pulling it into the target shielding. See figures 1 and 2. 
 
A thermocouple is fixed on the sample. The sample temperature is controlled by the 
helium flow. Figure 3 shows the temperatures in vacuum without helium. Figure 4 
shows the temperatures with helium flow. The sample temperature will rise to the 
desired 800°C if the helium flow is throttled. 
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1 Hot Irradiation Station (Figure 1) 
 
• Figure 1 shows the SINQ target with two hot irradiation stations for individual 

irradiation times. 
• The rod bundle of the SINQ-Target is surrounded by annular lead elements (grey). 

Eleven percent of the lead is cut out for two hot irradiation stations. 
• Heavy water (blue) cools the jacket pipe of the irradiation station. 
• Helium (yellow) flows downwards inside the inner tube and returns through the 

annulus between jacket pipe and inner tube. 
• The helium flow cools the inner tube and the hafnium capsule (pink) with the sample 

(grey) inside. 
• Good contact between the sample and the capsule is important for the heat transfer. 
• A thermocouple is fixed on the sample. The wire of the thermocouple holds the 

sample and the hafnium capsule in position. 
 
 
 
 
1.1 Handling (Figure 2) 
 
• The samples are placed in the SINQ target in the workshop. 
• The irradiation of a sample is terminated by pulling it into the target shielding. 

Step 1: The helium loop is evacuated. 
Step 2: The operator enters the cooling plant area and opens the sealing plug. He 
pulls the thermocouple wire until the sample and the hafnium capsule are in the 
target shielding. 
Step 3: The sealing plug is closed and the loop is filled with helium. 

• The samples are removed from the target shielding when the SINQ target is 
dismantled in the hot cell ATEC. 

 
 
 
 
1.2 Helium Loops 
 
• Vacuum pumps remove air from the loop before filling with fresh helium. 
• The capsule is cooled by the helium flow. The pump is a proven design already in 

use at SINQ. The helium at the outlet of the pump is filtered to keep the loop clean. 
• Radioactive helium can be released into the SINQ ventilation system. 
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2 Cooling (Figures 3 and 4) 
 
 
2.1 Sample, Capsule, Inner Tube, Jacket Pipe 
 
• Simplifying assumptions 
 The thermal conductivity of hafnium and steel is temperature independent. 
 
• Hafnium 
 Power density Q,Hf = 151 W/cm3 at 2 mA proton current 
 Thermal conductivity Lambda,Hf = 23 W/(m*K) at 20°C 
 
• Austenitic steel 
 Sample: power density Q,St = 15 W/cm3 at 2 mA proton current 
 Jacket pipe and inner tube: power density Q,St = 23 W/cm3 at 2 mA proton current 
 Thermal conductivity Lambda,St = 15 W/(m*K) at 20°C 
 
 
• 200 mm long inlet / outlet 
 
 Inner tube made of steel 
 Outer diameter da = 16 mm 
 Inner diameter di = 14 mm 
 Irradiated length L = 200 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 9.425 E-6 m3 
 Heating power = Q,St * V = 217 W 
 Radial temperature distribution = Q,St * ( ( da / 2 )^2 - ( di / 2 )^2 ) / ( 4 * Lambda,St ) = 6 K 
 
 Jacket pipe made of steel 
 Outer diameter da = 24 mm 
 Inner diameter di = 20 mm 
 Irradiated length L = 200 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 2.765 E-5 m3 
 Heating power = Q,St * V = 636 W 
 Radial temperature distribution = Q,St * ( ( da / 2 )^2 - ( di / 2 )^2 ) / ( 4 * Lambda,St ) + 217 W * ln( da 

/ di ) / ( 2 * Pi * L * Lambda,St ) = 17 K + 2 K 
 
 
• 80 mm long part around the sample 
 
 Sample made of steel 
 Diameter d = 2 mm 
 Length L = 80 mm 
 Volume V = L * d^2 * Pi / 4 = 2.513 E-7 m3 
 Heating power = Q,St * V = 3.8 W 
 Radial temperature distribution = Q,St * ( d / 2 )^2 / ( 4 * Lambda,St ) = 0 K 
 
 Capsule made of hafnium 
 Outer diameter da = 10 mm 
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 Inner diameter di = 2 mm 
 Length L = 80 mm 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 6.032 E-6 m3 
 Heating power = Q,Hf * V = 911 W 
 Radial temperature distribution = Q,Hf * ( ( da / 2 )^2 - ( di / 2 )^2 ) / ( 4 * Lambda,Hf ) + 3.8 W * ln( da 

/ di ) / ( 2 * Pi * L * Lambda,Hf ) = 39 K + 1 K 
 
 Inner tube made of steel 
 Outer diameter da = 16 mm 
 Inner diameter di = 14 mm 
 Irradiated length L = 80 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 3.770 E-6 m3 
 Heating power = Q,St * V = 87 W 
 Radial temperature distribution = Q,St * ( ( da / 2 )^2 - ( di / 2 )^2 ) / ( 4 * Lambda,St ) + 915 W * ln( da 

/ di ) / ( 2 * Pi * L * Lambda,St ) = 6 K + 16 K 
 
 Jacket pipe made of steel 
 Outer diameter da = 24 mm 
 Inner diameter di = 20 mm 
 Irradiated length L = 80 mm (assumption) 
 Volume V = L * ( da^2 - di^2 ) * Pi / 4 = 1.106 E-5 m3 
 Heating power = Q,St * V = 254 W 
 Radial temperature distribution = Q,St * ( ( da / 2 )^2 - ( di / 2 )^2 ) / ( 4 * Lambda,St ) + 1’002 W * ln( 

da / di ) / ( 2 * Pi * L * Lambda,St ) = 17 K + 24 K 
 
 
 
 
2.2 Vacuum 
 
• Remarks 
 Calculations are according to VDI-Wärmeatlas. 
 The emissivity is assumed to be 30%. 
 
• Simplifying assumptions 
 No thermal conductivity in the axial direction. 
 
• Thermal radiation 
 Stefan-Boltzmann constant Sigma = 5.67 E-8 W/(m2*K4) 
 Emissivity factor Epsilon = 0.3 (assumption) 
 
 
• 200 mm long inlet / outlet 
 
 Thermal radiation of the inner tube 
 Radiating surface A1 = 1.005 E-2 m2 
 Absorbing surface A2 = 1.257 E-2 m2 
 Radiation exchange number C12 = Sigma / ( 1 / Epsilon + A1 / A2 * ( 1 / Epsilon - 1 ) ) = 1.09 E-8 

W/(m2*K4) 
 Absorber temperature T2 = 75°C = 348 K 
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 Thermal radiation power Q12 = C12 * A1 * ( T1^4 - T2^4 ) = 217 W 
 Radiator temperature T1 = ( Q12 / C12 / A1 + T2^4 )^0.25 = 1’188 K = 915°C  
 
 
• 80 mm long part around the sample 
 
 Thermal radiation of the inner tube 
 Radiating surface A1 = 4.021 E-3 m2 
 Absorbing surface A2 = 5.027 E-3 m2 
 Radiation exchange number C12 = Sigma / ( 1 / Epsilon + A1 / A2 * ( 1 / Epsilon - 1 ) ) = 1.09 E-8 

W/(m2*K4) 
 Absorber temperature T2 = 112°C = 385 K 
 Thermal radiation power Q12 = C12 * A1 * ( T1^4 - T2^4 ) = 1’002 W 
 Radiator temperature T1 = ( Q12 / C12 / A1 + T2^4 )^0.25 = 2’187 K = 1’914°C  
 
 Thermal radiation of the capsule 
 Radiating surface A1 = 2.513 E-3 m2 
 Absorbing surface A2 = 3.519 E-3 m2 
 Radiation exchange number C12 = Sigma / ( 1 / Epsilon + A1 / A2 * ( 1 / Epsilon - 1 ) ) = 1.13 E-8 

W/(m2*K4) 
 Absorber temperature T2 = 1’936°C = 2’209 K 
 Thermal radiation power Q12 = C12 * A1 * ( T1^4 - T2^4 ) = 915 W 
 Radiator temperature T1 = ( Q12 / C12 / A1 + T2^4 )^0.25 = 2’735 K = 2’462°C  
 
 
 
 
2.3 Helium 
 
• Remarks 
 Calculations are according to VDI-Wärmeatlas. 
 The flow around the capsule is simplified. 
 
• Simplifying Assumptions 
 No heat transfer in the annulus between inner tube and jacket pipe. 
 No thermal conductivity in the axial direction. 
 No thermal radiation. 
 
• Helium 
 Adiabatic index Kappa = 1.63 
 Specific gas constant R = 2'078 J/(kg*K) 
 Specific heat capacity cp = 5'195 J/(kg*K) 
 
• Helium at 10 bar and 70°C 
 Density Rho = 1.397 kg/m3 
 Dynamic viscosity Eta = 2.188 E-5 kg/(m*s) 
 Kinematic viscosity Ny = 1.566 E-5 m2/s 
 Thermal conductivity Lambda = 0.1698 W/(m*K) 
 Prandtl number Pr = Eta * cp / Lambda = 0.6694 
 Speed of sound = ( Kappa * R * 343 K )^0.5 = 1'078 m/s 



TM-85-10-12 / Seite 7 

 
• Helium loop 
 Mass flow m = 5.0 E-3 kg/s 
 
• Helium flow in the annulus between inner tube and jacket pipe 
 Outer diameter da = 20 mm 
 Inner diameter di = 16 mm 
 Length of the annulus L = 280 mm (assumption) 
 Hydraulic diameter dh = da - di = 4 mm 
 Velocity w = m * 4 / Pi / ( da^2 - di^2 ) / Rho = 31.6 m/s 
 Reynolds number Re = w * dh / Ny = 8’083 (laminar-turbulent) 
 
• Helium flow in the annulus between capsule and inner tube 
 Outer diameter da = 14 mm 
 Inner diameter di = 10 mm 
 Length of the annulus L = 80 mm 
 Hydraulic diameter dh = da - di = 4 mm 
 Velocity w = m * 4 / Pi / ( da^2 - di^2 ) / Rho = 47.5 m/s 
 Reynolds number Re = w * dh / Ny = 12'125 (turbulent) 
 
 Pressure drop coefficient Zeta = ( 1.8 * Log10( Re ) - 1.5 )^-2 = 0.0292 (Konakov) 
 Nusselt number for tube flow Nu,Rohr = 41 (Gnielinski) 
 
 Inner and outer wall of the annulus 

Nusselt number Nu = ( 0.86 * ( di / da )^0.84 + 1 - 0.14 * ( di / da )^0.6 ) / ( 1 + ( di / da ) ) * Nu,Rohr = 
37 

 Heat transfer coefficient Alpha = Nu * Lambda / dh = 1'559 W/(m2*K) 
 
• Helium flow in the inner tube 
 Diameter d = 14 mm 
 Length of the tube L = 200 mm (assumption) 
 Velocity w = m * 4 / Pi / d^2 / Rho = 23.2 m/s 
 Reynolds number Re = w * d / Ny = 20'786 (turbulent) 
 
 Pressure drop in a one meter long tube 
 Wall roughness k = 0.01 mm (assumption) 
 Re * k / d = 15 (the tube is hydraulically smooth) 
 Pressure drop coefficient Zeta = ( 1.8 * Log10( Re ) - 1.5 )^-2 = 0.0254 (Konakov) 
 Pressure drop Delta p = Zeta * 1 m / d * Rho * w^2 / 2 = 685 Pa 
 
 Nusselt number Nu = 62 (Gnielinski) 
 Heat transfer coefficient Alpha = Nu * Lambda / d = 754 W/(m2*K) 
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2.4 Heavy Water 
 
• Remarks 
 Calculations are according to VDI-Wärmeatlas. 
 
• Simplifying assumptions 
 The heavy water flows in an annulus along the jacket pipe. 
 The velocity in the annulus has the average value of the target inlet. 
 
• Heavy Water at 5 bar and 50°C 
 Density Rho = 1'096 kg/m3 
 Specific heat capacity cp = 4'219 J/(kg*K) 
 Dynamic viscosity Eta = 6.513 E-4 kg/(m*s) 
 Kinematic viscosity Ny = 5.943 E-7 m2/s 
 Thermal conductivity Lambda = 0.6185 W/(m*K) 
 Prandtl number Pr = 4.443 
 
• Target inlet 
 Mass flow m = 10.0 kg/s 
 Cross section A = 5'828 mm2 
 Velocity w = m / A / Rho = 1.57 m/s 
 
• Annulus around the jacket pipe 
 Outer diameter da = 28 mm (assumption) 
 Inner diameter di = 24 mm 
 Length of the annulus L = 280 mm (assumption) 
 Hydraulic diameter dh = da - di = 4 mm 
 Reynolds number Re = w * dh / Ny = 10'538 (turbulent) 
 
 Pressure drop coefficient Zeta = ( 1.8 * Log10( Re ) - 1.5 )^-2 = 0.0303 (Konakov) 
 Nusselt number for tube flow Nu,Rohr = 81 (Gnielinski) 
 
 Inner wall of the annulus 
 Nusselt number Nu,i = 0.86 * ( di / da )^-0.16 * Nu,Rohr = 71 
 Heat transfer coefficient Alpha,i = Nu,i * Lambda / dh = 10’991 W/(m2*K) 
 
 Annulus: mass flow = 10 kg/s / A * ( da^2 - di^2 ) * Pi / 4 = 2.803 E-1 kg/s 
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3 Rabbit System as an Alternative 
 
 A rabbit system between the irradiation area down in the target and the target head 

enclosure TKE is an alternative. The irradiated capsules are stored in a shielded box 
in the target head enclosure TKE. 

 
• More than two capsules can be irradiated during the lifetime of the target (+) 
 
• The target head enclosure TKE must be opened for the transport of the shielded box 

with the radioactive capsules (-) 
 
• Temperature control is less accurate because the thermocouple is not fixed to the 

sample (-) 
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Figure 1: Hot Irradiation Station
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Capsule: 6.032 E-6 m3 Hafnium; 911 W; 40 K
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10 mm

Radius
12 mm

1.57 m/s; 2.803 E-1 kg/s; 1'256 W52°C 51°C

Tube: 3.770 E-6 m3 Steel; 87 W; 22 K

Jacket: 1.106 E-5 m3 Steel; 254 W; 41 K

5.027 E-4 m2; 3.8 W; 2'502°C

10'991 W/(m2*K); 6.032 E-3 m2; 1'256 W; 19 K
71°C 70°C

2'502°C

Thermal Radiation 1'002 W

4.021 E-3 m2; 1'002 W; 1'914°C

5.027 E-3 m2; 1'002 W; 112°C

Thermal Radiation 915 W

2.513 E-3 m2; 915 W; 2'462°C

3.519 E-3 m2; 915 W; 1'936°C
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1.57 m/s; 2.803 E-1 kg/s; 853 W51°C 50°C

Tube: 9.425 E-6 m3 Steel; 217 W; 6 K

Jacket: 2.765 E-5 m3 Steel; 636 W; 19 K

10'991 W/(m2*K); 1.508 E-2 m2; 853 W; 5 K
56°C 55°C

Thermal Radiation 217 W

1.005 E-2 m2; 217 W; 915°C
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Radius
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Sample: 2.513 E-7 m3 Steel; 3.8 W; 0 K

Figure 3: Vacuum at 2 mA Proton Current
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91°C 83°C
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Figure 4: Helium at 2 mA Proton Current
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