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ABSTRACT - The first SINQ Target Irradiation Program, STIP-I, was carried out at the Spallation-
Neutron Source (SINQ) at the Paul Scherrer Institute (PSI) from July 1998 to December 1999. The 
purpose was to assess the effects on materials of high-energy protons and spallation neutrons. To this 
end, a number of samples and specimen types were included within the SINQ target structure. In 
addition to the samples, numerous activation foils were included at various locations to characterize 
the fluence and spectra. The foil materials used were Al, Au, Co, Cu, Fe, Nb, Ni and Ti. The target 
received a total charge of 6.8 A-h and reached a peak fluence of 3.2x1025 p/m2. Post-irradiation 
assessment of these foils was complicated by the large number of thermal neutrons from the moderated 
SINQ target.  
    Some reactions, notably Al->Na22, were influenced by large n, gamma cross sections of the 
activated species. Overall, the results confirmed the physics calculations of the proton and neutron 
fluences. In addition, exposure estimates of the dpa, He, and H generation were made for the various 
materials. Based on the estimated fluences, the maximum damage reached in stainless-steel materials 
was around 14 dpa with approximately 800 appm of He and ~6500 appm of H generated.  
 
 

2) Presence of copper oxide inhibited 
identification of Cu foils 

 
Introduction 

3) Activity of Co foils too large for 
handling/counting 

 
    An irradiation of materials was conducted in 
the SINQ target to expand the database of 
materials in a spallation environment [1]. The 
materials were placed in rods that substituted 
for some target rods within the SINQ Mark II 
target. Figure 1 shows a cross section layout of 
the Mark II target and the location of the 
sample rods amongst the target rods. Structural 
materials such as T91, 316 stainless steel and 
AlMg3 were among the materials irradiated. 
The target operated from July 1998 to 
December 1999 and achieved about 6.8 Ah of 
exposure. This resulted in a peak fluence of 
3.2x1025 p/m2. Activation foils were used to 
assist in the determination of the neutron and 
proton fluences within the target. These foils 
were composed of Al, Ti, Fe, Ni, Co, Cu, Nb 
and Au. They were either grouped in stacks in 
specific locations or, in some cases, distributed 
along the rod to provide beam profile 
information. Of the 101 foils in irradiation 85 
were counted, and of those only 60 were 
legible/identifiable.  

4) Large thermal neutron flux created 
problems with Na-22 and Co-58, 
possible problems also with Nb-95 
and Au-195. 

    These issues greatly reduced the number of 
useful foils and nuclear interactions that could 
be used. It turned out that only a few locations 
could be completely analyzed to refine the 
knowledge of fluxes in those locations. These 
locations were the outside locations in rods 1, 
2, 3, the center location in tube 4 and the 
center and outside location of rod 10. 
 
Results 
 
Metrology  
 
    The activities of the radioactive isotopes 
from the foils were measured with gamma 
spectroscopy, quantified, and extrapolated 
back to time zero (the proton beam shut-off). 
The history of proton beam current is shown in 
Fig 2. It can be seen that the irradiation took 
place in two segments separated by a 3 month 
interval. The points indicate measurements of 
the proton beam current, the solid line 
represents the piecewise beam average and the 

    Some problems were encountered in the use 
of many of the foils:  

1) Foils in beam center suffered from 
temperature excursion/melted Al and 
were unable to be used, 

 



 

    The adjustments required for the calculated 
fluxes were not large, and when folded with 
the appropriate cross sections for dpa reveal 
numbers roughly in agreement with 
calculations. See Table 1. The largest 
discrepancy was seen for the dpa values in the 
center of tube 10. 

dotted line is the average current over the 
entire irradiation period. It was necessary to 
convert the foil activities to a saturation 
activity based on a single value for the proton 
beam current. The value chosen for this was 
the average value of delivered beam current 
(525 �A) over the entire time (4.6633x107 
seconds) of the irradiation. This current was 
much less than the peak values (~1030 �A) 
that occurred near the end of the irradiation. 
Since the damage parameters of interest (dpa, 
H, He) accumulate linearly with the number of 
protons, this is a valid approximation.  

 
Table 1. Comparison of dpa from activation 
foil results to calculations at those positions. 
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Calculations of the neutronics of STIP-I were 
originally done by Pepin [2,3] using the 
LAHET Code System [4]. In this work, the 
model was updated and calculations done with 
MCNPX [5]. The neutron fluxes in various 
tubes were recalculated to get better thermal 
flux information. This was important as the 
neutron spectrum in SINQ differed 
considerably from the spectrum in the 
LANSCE Area A facility, where this fluence 
analysis methodology was developed (see Fig. 
3). 

 
    The He and H production values were also 
computed for these locations. The He cross 
sections were updated to include information 
obtained in the APT program for the 
approximate level of He retained in Fe and Al-
based alloys. Retained H is a more difficult 
question as it is dependent on temperature, 
microstructure, level of damage, and the 
proximity of adjacent material that contribute 
to the H source term for the materials samples. 

    The influence of low-energy (thermal) 
neutrons on damage in materials is small. 
Nevertheless, in the SINQ target it is important 
to assess the fluences in this region due to the 
significant moderation in the target. The levels 
of He and H are also influenced in some 
materials due to the presence of thermal 
neutrons.  

The calculated curves for the dpa, He and H 
exposure for 316L in the SINQ target, are 
shown in Figs. 4, 5, and 6, respectively. The 
results shown are for  rods 1-4 and 10. 

    The STAYSL2 code package [6], developed 
at Los Alamos for analysis of the 
LANSCE/APT irradiations, was used to 
analyze the SINQ spectra. For this, additional 
cross sections such as Ti->Na-22, Ti->Sc-46, 
Fe->Sc-46, and Au->Ag110m were added to 
the program’s cross section database. Other 
reactions available from the STIP-I foil set 
were tried but proved to be unreliable or 
inconsistent. These included: Cu->Sc-46, Ni-
>Mn-54, Nb->Nb-94, Au->Au195. The 
remaining foil activities were combined with 
estimates of the neutron and proton spectra 
calculated with MCNPX and adjustments were 
made to the spectra to bring the activation data 
into agreement. 

    The original calculated spectra and the 
adjusted spectra are given in Figs. 7 and 8 for 
neutrons and protons respectively. These are 
results from the center of tube 10. In Fig 7, the 
proton spectra is similar to the calculations. 
This is mostly due to the fact that the Nb foil 
data was not available in this locations and 
thus the proton energy could not be assessed. 
The flux estimates are about same as 
calculated from MCNPX. 
    As shown in Fig. 8, neutron fluxes are 
approximately the same as calculated at low 
energies, but above about 10 MeV, they are 
reduced from the calculated values by 
approximately 50%. The increase in the 
thermal flux region is inferred on greater the 
relative burn-up of Na-22 

    For the locations where no activition foils 
were placed, the fluences were tallied from the 
neutronics codes (MCNPX and LAHET) at 
several points along each rod and then folded 
with dpa, He and H cross sections for each of 
the materials needed to  arrive at the estimated 
numbers. 

 

 



 

 
Figure 1. Cross-section view of the SINQ target showing the entry of the proton beam and the 
distribution of the sample rods amongst the target rods. 
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Figure 2. SINQ Beam History for STIP-I. Points are beeam current values, the solid line is beam 
average during the irradiations, the dotted line is the average over the entire irradiation. 
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Figure 3. Comparison of neutron spectra (in lethargy units) from the LANSCE Area A materials 
irradiation and SINQ. 
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Figure 4. Dpa for 316L in rods 1-4 and 10. 
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Figure 5. He production in 316L SS in rods 1-4 and10. 
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Figure 6. H production in 316L SS in rods 1-4 and 10. 
 

 



 

1.0E+09

1.0E+10

1.0E+11

1.0E+12

0 100 200 300 400

Energy (MeV)

Pr
ot

on
 fl

ux
 (p

/c
m

2/
s/

M
eV

)

calculations
adjusted flux

 
Figure 7. Proton flux information for the center of rod 10 before and after input from the activation 
foils. 
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Figure 8. Neutron spectra are shown for center of tube 10 before and after the input from the activation 
foils. 
 
 
Summary and Conclusions 
 
    Overall, the analysis of the activation foils 
gave exposed fluences very close to the 
calculated numbers from LAHET and 
MCNPX. The situation in the SINQ target is 
very favorable for the calculations as the rods 
and target have good alignment with respect to 
the proton beam, there very little y-axis 
variation in the sample distributions and the 
target is range-thick. Aside from small 
adjustments in proton energy and fluence, and 
increase in low-energy neutron flux, the 
agreements were very good in all cases. 
    The addition of Ti and Au foils provided 
additional reactions over the set of materials 
used at LANSCE, but ultimately little use was 
made of these data. The number of useful 
reactions was limited and the ones that were 
used did not reliably track with other reactions. 

More work is needed especially in cross 
section values to get useful and reliable data 
from the Ti and Au materials in the SINQ 
environment. 
    The foil analysis confirmed the original 
calculations for the exposure of the stainless-
steel materials. At the peak location in rod 1 
the stainless steel reached around 14 dpa with 
approximately 800 appm of He and ~6500 
appm of H generated. 
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