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ABSTRACT
The fourth SINQ target irradiation program, STIP-IVas performed in 2004 and 2005.
More than 1100 specimens of several tens kinds aterals of interest for various
applications such as development of high powerlaah targets, fusion reactors and
next generation fission reactors were irradiatedvim years with a total of 10.87 A-h
proton charge on target. Neutronic calculationeagdiCNPX 2.5.0 were performed in
support of this program. The spallation target, ahd surrounding facility was
thoroughly modeled, with particular care in the miath of the different target rods.
The experimental beam profile on target, obtaingdgdmma mapping of the AlMg
beam window, was used in the calculations. Calimratof neutron and proton integral
fluences and spectra, energy deposition, dpa angdrétiuction were performed. With
respect to the STIP-IIl irradiation program the lp@eadiation increased on the average
by 25%, due to a narrower beam profile. The maxindisplacement on steel samples
is of 25 dpa, the maximum helium production is lodat 2200 appm.

1. Introduction

The SINQ target irradiation program (STIP) was tethrin 1996 under a
collaboration between the Paul Scherrer Institusl)Pthe Forschungszentrum Julich
(FZJ), Oak Ridge National Laboratory (ORNL), Comsaisat a I'Energie Atomique
Centre d’Etudes the Saclay (CEA), Japan Atomic gnégency (JAEA) and Los Alamos
National Laboratory (LANL) [1]. The goal of the mgn@am is to study irradiation-induced
degradation in the mechanical properties of thgetaand structural materials in spallation
irradiation environments, consisting in a mixed cdpem of high energy protons and
spallation neutrons. Specimens of different malerof interest for spallation targets of
spallation neutron sourcdsr neutron scattering scien@s well as accelerator driven
systems (ADS) are irradiated. Most of the materiasdiated in the STIP-IV program
were steels samples, but also other materials amgppaunds (i.e. W, Ta, SiC/SiC, CMC,
etc.).

The irradiation program is being carriad at the SINQ facility, in operation since
1997 [2]. SINQ spallation targets conventionallynsist of solid rod bundles, with the
notable exception of the liquid metal target MEGEBPWhich was irradiated in 2006. The
specimens are irradiated in a mixed neutron/prapectrum. For the analysis of the
irradiated samples, it is necessary to calculapontant irradiation conditions, such as the
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proton and neutron integral fluences and speatfakmation, and the heat deposition in
the test samples. In this work, these parametere baen determined for the target 6
(STIP-IV) by Monte Carlo calculations using MCNPversion 2.5.0 [3].

2. The SINQ solid target and STIP-IV irradiation

The goal of the SINQ facility is to produce therraad cold neutrons which are then
used for various experiments. Neutrons are prodbgezpallation of 575-MeV protons on
a target, which is inserted in a heavy water tan#immeter of about 200 cm, surrounded
by a HO reflecting layer. The maximum proton current argét was of 1.25 mA during
the STIP-IV irradiation.

Spallation targets have been constantigroved over the years. The target 6 was
irradiated in 2004 and 2005 for a total chargeavget of 10.87 A-h. The target consisted
of a vertical double cylinder with two shells oneside the other. The diameter of the
external cylinder was of 21@n. The thickness of each shell was variable, betw&and
4 mm. For both shells, at the bottom (at the prdieam entrance) the thickness was of
2 mm, while it was 4 mm elsewhere. The target agoath cylindrical rods arranged in
layers of 9 and 10 rods each, as shown in Fighe. fod bundle was housed by a 3 mm
thick aluminum structure.

STIP-1V (Target-6)

Figure 1. Left the SINQ target 6Right schematic representation of the target with the
STIP samples. Zircaloy cladding is indicated in, the steel cladding in black. The lowest
row consists of empty AIMgtubes. Specimen rods from 1 to 19 are indicated.
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The center of the target was shifted by 8 cm dowdsvavith respect to the zero
longitudinal position, which corresponds to the teerof the cold B moderator placed
inside the SINQ heavy water tank.

Each rod was a cylinder with radius 0.54 @36 cm long. A total of 37 rows with
351 rods composed the target. There were difféygpets of rods (see also Fig. 2):

1. The majority consisted of Pb rods inside a stedlL3&ladding (with 0.5 mm
thickness), the volume inside the cladding beifigdito 90% with Pb. The lead
rod inside the cladding was 11.9 cm long.

2. The lowest row of 9 rods consisted of open AfMglinders; during operation the
D,0 surrounding the target circulated inside.

3. For some of the Pb rods a zircaloy cladding repldbe steel.

4. Finally, several rods filled of specimens for th&lIS program (mostly steel
specimens) occupied some of the central positibtiseatarget.

There were 19 specimen rods for the STIP-IV progdanTable | geometrical parameters
concerning the rod dimensions and spacing are given

The STIP-IV specimens were of many kinfisnaterials, with a predominance of
austenitic (AISI 316L) and martensitic (such as )I€t&els. Other materials, such as Ti, Ni
and Si alloys were used, as well as samples of Porand W, etc.

The samples are currently being extracteth@ PSI Hotlab and analyzed by the
various partners of the collaboration.

Table I. List of geometrical parameters of Target 6. Theizontal pitch is the
distance between the center of two rods. Dimensao@sn cm.

number of rod planes 37
number of rods per plane 9o0r10

distance between two rods 0.2
horizontal pitch 1.28
vertical pitch 1.10
Pb rod length 11.9
Pb rod radius 0.49

Pb rod cladding material Steel 316L - zircalpy

0.49 / 0.54 (steel) -

Pb rod cladding inner/outer 0.4625 / 0.5375

radius (zircaloy)
specimen rod cladding material Steel 316L
specimen cladding inner/outef 0.49 /054

radius

cladding length 13.3
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3. MCNPX model

The following components of the SINQ facility weneluded in the MCNPX model:
- SINQ target block, consisting mainly of an irdrusture;
- heavy water tank, with the beam inserts, surredray a layer of kO reflector;
- beam lines up to the exit of the SINQ target bjoc
- cold D, tank;
- the KO scatterer;
- the SINQ target itself.

Particular care was put in the modelinghef rod bundle. The actual dimensions of
the Pb rods and of the cladding tubes are spedifid@ble I.

Rather than modeling the detailed structure osfhecimens, the specimen rods were
modeled as cylinders with mass equal to the todsvof the samples. The material for
each specimen rod was specified in the MCNPX irfpeitas a mixture of elements, in
agreement with the composition of the specimeresash rod. In Fig. 2 a horizontal cut of
the target model is presented. For that rod plarefour rods on the sides have zircaloy
cladding, while the six rods at the center havelsttadding. The two central rods are
filled with steel specimens.

Figure 2. XY cut of the SINQ target, at the longitudinal hatigpf the second layer of
specimen rods.

Of particular importance in this work is to inphetcorrect proton beam profile, as it
has a great impact on the irradiation of the samplée proton source distribution was
modeled in MCNPX according to the experimental bgaofile previously determined
from the®Nay lines mapping of the beam window (Fig. 3).



ICANSXIX,
19th meeting on Collaboration of Advanced Neutron Sour ces
March 8 — 12, 2010
Grindelwald, Switzerland

v, A\l
AN
IS

/NI,

T

LTI FPRERSS
MRS

Figure 3. Target 6 experimental beam profile frdfiNa gamma counts on the AlNg
container.

The code MCNPX version 2.5.0 was used, with thadsted Bertini-Dresner model
for spallation/evaporation. ENDF libraries avaimalth MCNPX were used for low-energy
neutron transport. The following quantities werelceted by MCNPX: energy
deposition, integral neutron and proton fluenced anergy spectra. Calculated neutron
and proton spectra were later used for the detetiom of the radiation damage and of the
helium production. Different models were prepared the specimen rods, in which the
material composition of the specimens was chanfje@ first calculation, the material
composition consisted of a compound with the salamental mixture as in the actual
specimen rods (every rod contained samples ofrdiffematerials). Additional calculations
were performed, in which the composition of a speri rod was fixed to only one
material. In the following section a part of theults, in particular for the steel samples, is
presented.

4. Fluxes and ener gy deposition

Integral proton and neutron fluences were calcdl&be all the specimen rods. The
results along the length of rods 1,7, 13 and 1€e {§g. 1) are shown in Fig. 4, for a total
proton charge of 10.87 A-h of irradiation. The meutfluence is always greater than the
proton fluence and the distribution is wider foutrens, as expected. It is interesting to
observe that the distributions are asymmetric, iategral flux values are higher on one
side. This is an effect due to the beam profiledusesults obtained with a calculated beam
profile showed symmetric distributions.

Neutron and proton energy spectra were addculated. Results calculated at the
center of the same four specimen rods are shoviigins. The neutron spectra are very
similar in all the rods, showing a thermal peak dmeneutron moderation in the heavy
water tank, besides the fast component, almospentent of the irradiation position.
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Figure 4. Integrated neutron and proton fluences along thgtleof four specimen rods in
target 6, for 10.87 A-h of irradiation.
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Figure5. Neutron and proton spectra calculated at the cefiteur specimen rods.

Total energy deposition was calculated for specimeds and tubes. Energy
deposition for steel tubes for some rods from 1@are shown in Fig. 6. As expected, the
deposited energy decreases due to the decredse @foton flux and of the average proton
energy. Calculation was also performed for singktamals in specific rod positions, in
this case the energy deposition varies accordinigeganaterial used.



ICANSXIX,
19th meeting on Collaboration of Advanced Neutron Sour ces
March 8 — 12, 2010
Grindelwald, Switzerland

600
g —e—Rod 1

500 ——Rod 7

——Rod 13

Wicm3/mA

300 |
200 |

100 |

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
distance along rod (cm)

Figure 6. Energy deposition distribution for tubes in seves@cimen rods.
5. Radiation damage

In order to estimate the radiation damage in thecigpens, displacement cross
sections for Fe and Cr (the main components of T@gje calculated using two
approaches described in Ref. [4]. The first apgnaamsisted in using nuclear models and
the NRT model [5]. A second method was used, com@ithe method of the molecular
dynamics and the binary collision approximation eldor the calculation of the number
of defects in irradiated materials. For protonseinattions, elastic and non-elastic
components were determined (Fig. 7).

In Fig. 8 the proton and neutrons disptaent cross sections for Fe are displayed. In
the energy range of interest, i.e. for protons abbwWeV, the BCA,MD cross sections are
about a factor of 3 lower than the NRT cross sestio

For reference, the calculations of tiepldcements have been made using only the
NRT cross sections. Results are shown in Fig. $héneft the total displacement, and the
contribution from protons and neutrons, calculated the first 316L specimen rod is
shown. Results for four different rods are giventhe Fig. 9 (right). The peak total
displacement at the center is of about 25 dpa 2@67 A-h of irradiation.
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Figure 7. NRT elastic, non elastic and total displacemensss®ection for protons on Fe.
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Figure 8. Displacement cross sections for protons and nesitoarFe, calculated using BCA,MD and
NRT models.
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Figure 9. Left calculated dpa in 316L steel specimens in th& fiod, for neutrons, protons
and total. Right calculated total dpa in four specimen rods witeeb samples. NRT
displacement cross sections have been used.

6. He production

For an estimate of the He production in steel weduhe recently calculatédfHe
production cross sections iR°Fe [6]. The calculation was performed using the
CASCADE/INPE code and compared with calculationsigiALICE/ASH, and various
measurements from the literature in the range ftGnMeV to 3 GeV; they are very close
to the values evaluated from the thermal dischargasurements on STIP samples [7]. For
neutrons, we used cross sections from Ref. [8]. Hagroduction in four rods containing
steel specimens is given in Fig. 10. The neutramrdmution is much smaller since the
cross section is similar but the neutron energyush lower (see Fig. 5). The contribution
from neutrons is higher in the upper rods (wheee giloton energy is lower) and at the
sides of the rods: in rod 1 the neutron contribuiBexpected to be between 3 % (center)
and 8 % (sides); in rod 17 the neutron contributgoexpected to be between 6 % (center)
and 15 % (sides). In Fig. 10 also the He produgbendpa is shown. The peak value at the
center of the rods is close to 90 appm/dpa.
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Figure 10. Left He production in steel sampldRight He production per dpa.
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7. Conclusions and outlook

A series of Monte Carlo calculations for the fouBRIP irradiation program has
been performed using MCNPX. These calculationsraseipport of the STIP experimental
analysis program. Proton and neutron fluences, ggndeposition in rods containing
specimens have been performed. Calculations ofladisment and He production have
been performed, using the latest displacement csestions for Fe, and He proton-
production cross sections evaluated using the CASEIANPE code. For the two-year
irradiation of the samples, a peak value of 26 dpeeached for the steel samples. He
production was also calculated for all the specimmeds. Peak values approaching
90 appm/dpa are obtained, indicating the largeedifices of a typical proton/neutron
mixed spectrum in a spallation target, as compaiéd a pure neutron environment. The
STIP-IV program is thus ideal for studying matesidbr spallation targets; for fusion
applications, a lower He production rate of abdutfpm/dpa would be more appropriate.

A validation of the flux calculations is necessa&@pme validation work was done for
earlier STIP programs [7], but more informationniscessary as the neutron and proton
fluences are the starting quantities for damage hatidim production calculations. Such
validation can be performed by analyzing activatiata on available specimens, including
distributions along the rods. We are also consideplacing activation foils in the next
SINQ target which will also contain STIP samples.
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