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Abstract

The ring cyclotron at the PSI accelerator facility acceler-
ates protons to 590 MeV with a current of 2 mA at present.
The stepwise increase to 3 mA is planned. During normal
operation there are main beam loss points at targets, beam
dumps and collimators. If the beam strikes material parti-
cles are lost due to multiple scattering. Subsequent nuclear
reactions lead to the production of activated materials in
the components themselves and their surroundings. Dur-
ing shutdown radioactive components have to be removed
for disposal or repair. To some extent the removal requires
operations done by personnel nearby the activated compo-
nents. To estimate the personal dose and to plan working
procedures, a way to calculate the expected dose is essen-
tial. In addition, for later disposal of the radioactive com-
ponents the nuclide inventory is required by the authorities.
The Monte Carlo particle transport code MCNPX coupled
to the build-up and decay codes SP-FISPACT, Orihet3 and
Cinder’90, as well as the bookkeeping system PWWMBS
developed at PSI, are used to calculate the required quanti-
ties. Both methods are explained and the results are com-
pared to measurements of different activated components.

ACTIVATION AT THE ACCELERATOR
FACILITY AT PSI

The Paul Scherrer Institut (PSI), located between Zürich
and Basel, is divided into a West and an East part by the
river Aare. The accelerator facilities and the joined exper-
imental hall are in the Western part. The proton beam is
produced by a 60 keV ion source and preaccelerated in the
Cockroft Walton generator. At 870 keV the protons are
transported to Injector 2, a ring cyclotron itself with 4 sec-
tor magnets, where they reach an energy of 72 MeV. The
proton beam is then injected to the ring cyclotron and ac-
celerated to a final energy of 590 MeV at 2 mA. An upgrade
to 3 mA is in progress. After leaving the ring cyclotron the
protons pass through Target M and Target E, one behind
the other. Both consist of a graphite wheel where muons
and pions are produced and are led through beam pipes to
the experiments. Behind Target E there is an optional beam
dump but under normal operation the beam continues to
the target of the spallation neutron source SINQ. This tar-
get contains lead where neutrons are produced by spalla-
tion and are moderated to thermal and cold neutrons in a
D2O tank and a 25 K D2 reservoir, respectively. In the fu-
ture a small fraction of the beam will be directed to another
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lead target to produce ultracold neutrons (UCN facility).
Close to this area there is a hall dedicated to medical ap-
plications. This project is called PROSCAN. Since 2007
protons are produced and accelerated to 250 MeV in the
cyclotron COMET. Subsequently the protons are degraded
to fit the requirements of two gantries as well as OPTIS2,
the upgrade of OPTIS. OPTIS is treating eye tumors and
uses the 72 MeV proton beam provided by Injector 1. Near
the experimental hall there is also an area called WAKA
where valuable, already used and activated components are
stored for reuse in the future.

Beside the targets there are also collimators, slits, beam
diagnostic elements and magnets in the beam line. All
these components get activated and are therefore shielded
by iron and several layers of concrete during machine op-
eration. In longer lasting maintenance periods the concrete
shielding can be removed and it is possible to take out sin-
gle components by means of a shielded flask. The dose
rates on the working platform after shutdown of the beam
for a few weeks, are between 100 and 200 μSv/h. When
the activated components get removed for replacement they
become radioactive waste. Before disposal the Swiss au-
thorities require a complete list of the nuclide inventory.
This can be only provided by calculations. In the case that
the activated piece has to be repaired or dismantled it is
valuable to know the dose rate in advance to plan working
procedures. In addition for future facilities and larger in-
stallations an estimate of the amount of radioactive waste
produced after shutdown of the operation is required by the
swiss authorities. Calculations are also needed for the con-
struction of the shielding around planned installations.

SIMULATION OF THE ACTIVATION

Activation is caused by direct irradiation of the 590 MeV
protons but also by secondary particle fields. Direct irradi-
ation occurs usually at controlled loss points like targets
and collimators. When a high energy proton bombards a
medium-heavy nucleus, the nucleus gets highly excited. In
particular neutrons but also protons and light ions like 4He
are ”spalled”, i.e. emitted by the nucleus. This nuclear
process is called spallation. Besides the secondary parti-
cles produced, the former medium-heavy nucleus is altered
to a much lighter isotope which can be instable (radioac-
tive). When the secondary particles penetrate the surround-
ing shielding mainly neutrons (and photons) remain due to
the much stronger interaction of the charged particles. Af-
ter several collisions of the neutrons with the nuclides in
the shielding material the neutrons loose energy, i.e. most
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of the neutrons shift to energies below 1 MeV. After sev-
eral times the elastic collision length in the material is pen-
etrated it leads almost to an unique energy spectrum of the
neutrons independent of the thickness of the shielding. One
important nuclear process of thermal neutrons is the cap-
ture by nuclides. The nuclides get excited afterwards and
emit a photon. The newly formed nuclides might be ra-
dioactive.

At PSI the Monte Carlo transport program MCNPX [1]
is used to calculate the activation induced mainly by di-
rect irradiation. It can deal with most elementary particles
like neutrons, protons, pions, photons but also with light
to heavy ions in its newest version 2.6.f. For the results
presented in this proceeding a modified version of MC-
NPX2.5.0 [2] was used. The modification allows that all
elements of the material composition including impurities
undergo a nuclear reaction at each collision (subsequently
the appropriate weight is applied). This is of advantage
when good statistics have to be collected to achieve a rea-
sonable uncertainty. MCNPX requires a dedicated geome-
try of the interesting component and its environment. This
is quite time expensive since the coding of the geometric
part requires for each volume the logical combination of
all surfaces which has to be defined∗. In the present calcu-
lation evaluated cross section tables (ENDF-B.VI) are used
for neutron energies less than 20 MeV whereas otherwise
the Bertini cascade model [3] with the Dresner evaporation
code [4] are applied. As output MCNPX provides the neu-
tron fluxes for energies E less than 20 MeV and the produc-
tion rates of residual nuclides caused by neutrons of energy
E larger than 20 MeV or other particles like protons and
pions of any energy. Via a Perl script (”activation script”
[5]) these results are fed into one of the buildup and decay
codes: Cinder’90 [6], SP-FISPACT [7], Orihet3 [8]. These
codes need the irradiation and cooling history of the piece
of interest as input. They contain the decay properties of
most of the isotopes to track their decay chain and produce
follow-up radioisotopes. Cinder’90 has a built-in cross sec-
tion library for neutron capture the other two codes use the
EAF2003 [9] library. These cross sections are folded with
the neutron flux provided by MCNPX to obtain the produc-
tion rates for nuclides created by neutrons of E < 20 MeV
during irradiation. Finally the output contains the nuclide
inventory as well as the photon rates from the decaying nu-
clides. The photon rates grouped in energy bins can be used
as photon source in MCNPX. This conversion is done via a
Perl script (”gamma script” [10]). Running MCNPX with
this photon source as an input, the dose rates can be ob-
tained at the locations chosen. If the dose rates one wants
to compare with, were measured in another environment as
the component was irradiated, the geometry input needs to
be modified.

For calculating the activation of components which
were mainly exposed to secondary fields the program
PWWMBS (PSI West Waste Management Bookkeeping

∗Although a couple of macrobodies exist the use is not always of ad-
vantage and time saving.

System) [11] is used at PSI. It was developed at PSI es-
pecially for the purpose of obtaining the nuclide inventory
of radioactive waste. Therefore it contains a data bank to
keep track of the waste already processed. It also contains
its own cross section library (PSIMECX) [12, 13] devel-
oped at PSI. As input the weight, its material composition
and the location during irradiation have to be known. The
material composition is chosen from a couple of predefined
materials whose composition is the average of some sam-
ples taken at PSI. According to the location the appropri-
ate shape of the neutron flux energy spectrum is chosen.
The production rates for the residual nuclides are obtained
by folding the neutron flux spectrum with the built-in cross
sections. PWWMBS also contains parts of the build-up and
decay code Orihet3. This allows to calculate the nuclide
inventory when the date of the installation and removal of
the component is known. The periods of the irradiation
and the corresponding current are contained in a database
of PWWMBS. The nuclide inventory cannot be calculated
in absolute values because the neutron flux energy spec-
trum contains only relative values. Therefore the nuclide
inventory is scaled to the surface dose rate which has to be
known, i.e. has to be measured beforehand.

COMPARISON BETWEEN
CALCULATION AND MEASUREMENT

In this section four examples are presented with the aim
to show a variety of applications of the codes described
above and compare their results with measured data. Three
applications were calculated with MCNPX, two of them
compare calculated with experimental dose rates which
were measured by a Geiger-Müller type counter. The nu-
clide inventory of the samples was measured by the ra-
diochemist group at PSI in collaboration with the Accel-
erator Mass Spectrometry (AMS) groups in Zürich and
Munich. Some radioisotopes can be identified by their
gamma spectrum, which is measured in a High-Purity Ger-
manium (HPGe) detector. Beta emitters such as Fe55 and
Ni63 require a chemical preparation due to the strong self-
absorption of beta radiation. After the quantitative analysis
of the chemical process the beta emitters are detected in a
liquid scintillator (LSC). Long-lived isotopes have usually
a small activity and are therefore counted with AMS or In-
ductively Coupled Plasma Mass Spectrometry (ICP-MS).

Activation in samples of SINQ-Target 3

The insert of SINQ-Target 3 was mounted in the SINQ
facility to produce thermal and cold neutrons. This target
was an early trial version and therefore it contains no lead
but consists of solid Zircaloy† tubes in a hexadimensional
structure. The proton beam impinges on the target from be-
low. It is surrounded by D2O to moderate the fast neutrons
produced by spallation in the target. The target is fixed
with Zircaloy screws to the connection tube also filled with

†Zircaloy is a high zirconium alloy.
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D2O. Behind it the first part of the shielding made out of
316L steel follows. All three components are surrounded
by the double-shell safety hull made of AlMg3 (aluminum
with 3% magnesium). The geometrical model for the MC-
NPX simulation is shown in Fig. 1. Three samples were
taken from the insert of target 3. One was from the safety
hull which was directly exposed to the proton beam, the
other was taken in front of the first shielding and the third
sample consists of one of the Zircaloy screws. Target 3 was
irradiated by 6.77 Ah from mid of 1998 to the end of 1999
where every year there is a planned shutdown period at PSI
lasting from Christmas to mid of April.

Figure 1: Geometrical model of the SINQ facility used for
the calculation in MCNPX. The proton beam hits the target
from below.

In figs. 2 and 3 the ratio of the measured to calculated
activity in the samples of the steel shielding and the safety
hull are presented, respectively [14]. The calculation was
performed with MCNPX and Cinder’90 as described in the
previous section. In the simulation two different material
compositions were used which are represented by the two
different columns in the figures. The shaded columns in
Fig. 2 result from a material analysis in 1996 whereas the
other material composition is an average over 3 samples.
For AlMg3 there is a material analysis from 1996 and 2004
available where the first one does not contain natural sil-
ver. For details see Table 1. The results for the sample of
the steel shielding does not depend strongly on the mate-
rial compositions used. Overall good agreement between
the calculation and the experimental activity is found ex-
cept for Fe60 where the simulation underpredicts the ac-
tivity by a factor of eight. This discrepancy was already
seen in other samples and seems to be a systematic error
either in the measurement or the calculation. In case of the
safety hull the second material composition leads to better
agreement in particular for Co60 and Ag108m. The reason
is that these two isotopes are produced by neutron capture

Table 1: Material composition used in the MCNPX calcu-
lation for the safety hull (AlMg3) and the steel shielding
(316L). ”avg.” refers to an average of three material com-
positions. The values are in weight percentage.

Element AlMg3 AlMg3 316L 316L
(1996) (2004) (1996) (avg.)

Ag 4.00E-05 0.0002
Al 96.36 95.95 0.0044 0.0153
Ba 0.000063
C 0.023 0.023
Ca 0.00122 0.0027
Co 0.00014 0.178 0.1094
Cr 0.037 0.0292 16.8 17.2
Cs 0.0013
Cu 0.03 0.0826 0.361 0.3163
Fe 0.232 0.269 65.7718 65.6041
K 0.0002 0.0001
Mg 2.9 3.204 0.0003
Mn 0.313 0.327 1.71 1.561
Mo 0.00174 2.55 2.4533
Na 0.00006 0.0027
Ni 0.0031 12 12.0666
P 0.022 0.019
Pb 0.00225
Rb 0.0003
S 0.002 0.0133
Si 0.056 0.03 0.477 0.4463
Sn 0.009 0.0056
Ti 0.013 0.02 0.0346 0.0551
V 0.005 0.00364 0.0522 0.0989
Zn 0.054 0.0463 0.005

from the natural isotope composition of the element. Be-
cause the material composition from 1996 does not contain
natural silver Ag108m cannot be produced. This demon-
strates how important the correct material composition is
and that also impurities have to be known. The material
composition is one important source which leads to inac-
curate results in the simulation.

In Fig. 3 the simulation overpredicts Na22 by a factor of
10. Using SP-FISPACT instead of Cinder’90 would lead
to a ratio of 0.72. This result should not be misinterpreted.
First, the three codes Cinder’90, SP-FISPACT and Orihet3
give almost identical results for most of the nuclides. Sec-
ond, this discrepancy between the two codes in case of
Na22 is not always present. For the sample of the steel
shielding for example there is only a 20 % difference.

Supporting the planning of a new hot cell at PSI

During the planning phase of a new hot cell at PSI the
question arose how thick the outer wall needs to be, which
serves as a shielding against a non-controlled area (zone 0).
The most activated component at PSI which has to be han-
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Figure 2: The diagram shows for two different material
compositions the ratio of the experimental to calculated ac-
tivity in the sample of the steel shielding.
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Figure 3: Similar to Fig. 2 but for the sample of the
safety hull. Note that for the first material composition no
Ag108m is produced in the simulation.

dled regularly in the hot cell‡, is the SINQ target. Nowa-
days it consists of lead embedded in Zircaloy tubes. For the
case of a 3 mA proton beam in the ring cyclotron § which
will be available after the upgrade of the facility, and a tar-
get operation for 2 years, the nuclide inventory was calcu-
lated with MCNPX and Cinder’90. The nuclide inventory
was then fed into Microshield [15] to design the shield-
ing. This calculation and the results are not subject of this
paper. Here we want to estimate how accurate the predic-
tions are. The shielding calculations depend on the energy
spectrum of the gamma radiation. The dose rate is the sum
over the gamma spectrum weighted by energy-dose con-
version factors. However, the calculated dose rate can be
compared to measured values on SINQ targets which were
already in use. This was demonstrated for SINQ target 4
which was irradiated for 2 years by 10 Ah in total. After
10 month cool-down the dose rates were measured in front
of and along the safety hull at certain positions (M1 to M8
in Fig. 4) in a distance of 3 cm, 30 cm and 100 cm. The

‡In exceptional cases and for very high activated components a tem-
porary shielding can be installed.

§It should be noted that the current on the SINQ target is about 30 %
smaller due to absorption in the 4 cm thick graphite target E.

SINQ target 4 consisted of steel tubes filled with lead. A
target with Zircaloy tubes is currently in use but not yet re-
moved from the SINQ facility. It should be mentioned that
the dose rates of a target with Zircaloy tubes are about two
times higher than with steel tubes.

Figure 4: Insert of SINQ target 4 which consists of steel
tubes filled with lead. M1 to M8 are the locations where
the dose rates were measured at 3 cm, 30 cm and 100 cm
distance.

In figs. 5 and 6 the dose rates in Sv/h at a distance of
100 cm and 3 cm distance are shown as a function of the
position. The experimental values are indicated by squares,
the ones simulated with MCNPX and Cinder’90 by rhombi.
At 100 cm distance there is good agreement of the shape
but the calculated values underestimate the data by a fac-
tor of two in the region of the lead target. We consider
this discrepancy as acceptable. At 3 cm distance the com-
parison looks fine in the region of the target but there is a
significant deviation by a factor of 10 in the region of the
shielding where the dose rate is two orders of magnitude
lower than at the target. The reason is that the measure-
ment was done with a Geiger-Müller tube which is most
sensitive to radiation along the tube and almost ignores the
photons crossing the tube at an larger angle. This means
that in the experiment the device measures mainly the con-
tribution coming from the location where the tube is posi-
tioned. This is true particular for small distances. In the
simulation the calculated dose rate is equally sensitive to
all directions. Since the target region is much higher ac-
tivated than the area of the shielding, the simulated value
exceeds the measured one.

0.1

1.0

10.0

M1 M2 M3 M4 M5 M6 M7 M8

Figure 5: Measured (squares) and calculated (rhombi) dose
rates in Sv/h at a distance of 100 cm as a function of the
position in front of (M1) and along the target4 (M2 – M8).

WGD09 Proceedings of Hadron Beam 2008, Nashville, Tennessee, USA

Commissioning, Operations, and Performance

366



0.1

1.0

10.0

100.0

1000.0

M1 M2 M3 M4 M5 M6 M7 M8

Figure 6: Same as Fig. 5 but for a distance of 3 cm.

Dose rate mapping at the PIREX beam line

The PIREX (Proton Irradiation Experiment) beam line
was in operation from 1988 to 2004 and received 20 μA
beam from the main 590 MeV proton beam via an electro-
static splitter foil. In the setup of the PIREX experiments
which consisted of three vacuum chambers, samples were
irradiated for the purpose of testing materials on their radi-
ation hardness. Alternatively the beam could also be deliv-
ered to the radiotherapy station Gantry I using a degrader
system to reduce the beam energy and intensity. In 2006
the PIREX beam line had to be dismantled to free space
for the new UCN hall. Due to the installation of COMET
the PIREX beam line got obsolete. For a better planning
of this work a few dose rates were measured and a com-
plete map of dose rates was calculated for the third vacuum
chamber which is activated the most [10]. The third vac-
uum chamber consisted of three sections where in the first
one the beam monitor was mounted, in the second one the
degrader made out of copper and carbon disks. The last
section contained the copper beam dump. When the beam
was delivered to Gantry I the beam dump was out of beam
and the degrader in.

The geometrical model used in the MCNPX calculation
is shown in Fig. 7 where the three sections are indicated.
The proton beam enters from the right 1.5 m above the con-
crete floor. All three vacuum chambers were made out of
stainless steel and shielded on the side and on the top with
steel blocks of 2 m thickness. In the simulation the assump-
tion was made that the degrader and the beam dump were
always in the beam at the same time because no record ex-
ists on the position of the degrader/beam dump as a func-
tion of time. Further the irradiation history was simplified
in the sense that an averaged current of 8.3μA over 16.6 y
was used. After 2.3 y the dose rates were measured in the
locations marked by the capital letters in Fig. 7. The calcu-
lation of the dose rates was performed with MCNPX2.5.0
and SP-FISPACT using the EAF2003 cross sections. The
gamma spectrum was calculated for each of the 225 cells
and then used as gamma source in a follow up MCNPX
run. A MESH tally was applied to visualize the remanent
dose field present around the vacuum chamber. At certain

Figure 7: Geometrical model (vertical cut) of the third vac-
uum chamber of PIREX as used in MCNPX. The proton
beam enters from the right and passes through the beam
current monitor, the degrader (if in beam) and is stopped in
the beam dump (if in place). The letters indicate the loca-
tions where the dose rates were measured.

locations where the dose rates were measured, point tallies
were used. These results compared to the measured values
are shown in Table 2 at the locations A to I as indicated in
Fig. 7.

Table 2: Comparison of the measured and calculated dose
rates of the third vacuum chamber at the locations indicated
in Fig. 7.

Points Measured dose Calculated dose Ratio
rate (Sv/h) rate (Sv/h) (C/M)

A 0.115 0.181 1.57
B 0.230 0.255 1.11
C 0.020 0.057 2.85
D 0.350 0.434 1.24
E 1.000 0.529 0.53
F 0.700 0.501 0.72
G 0.300 0.279 0.93
H 0.660 0.315 0.48
I 0.380 0.295 0.78

In general there is good agreement between the mea-
sured and calculated dose rates in the third vacuum cham-
ber of PIREX. All values are within a factor of 2 with two
exceptions at C and H . For C there is an uncertainty in
the location where the measurement was done. The dis-
crepancy at H arises from the simplified assumption in the
simulation that both the degrader and the beam dump were
always in the beam. However, when the irradiation exper-
iments of PIREX were performed the beam dump was in
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but the degrader was out. That means that almost the full
beam current (≈ 20 μA) was stopped in the beam dump
and not only the few nA after passing through the degrader.
Therefore in reality the beam dump is more activated and
the simulation underpredicts the measured value.

Activation of samples in the µE4 beamline

The μE4 beamline is one out of five beamlines around
Target E for the purpose of extracting muons and pions
produced in the proton-carbon reaction in Target E. In
2004/2005 the μE4 beamline was rebuilt to increase the
acceptance for muons of momentum 28 MeV/c [16] which
are produced at the surface of target E. In 2004 the old
beamline was dismantled and several samples were taken
to measure the activity of a couple of radioisotopes. The
samples were obtained by drilling holes into the compo-
nents of interest and collecting the borings for further anal-
ysis. Samples were taken from the entry and exit of the
vacuum chamber (beam tube) of the bending magnet ASK
61, from the shielding of the shutter and from the shutter
itself located behind ASK 61. The magnet ASK 61 is the
first bending magnet in the μE4 beamline which start at an
angle of 90 o to the proton beamline. The distance between
ASK 61 and the proton beam line is approximately 3 m.
Therefore the components were activated not by direct ir-
radiation of the proton beam but in secondary fields and the
calculation of the nuclide inventory can be performed with
PWWMBS. According to their location an appropriate neu-
tron flux spectrum was chosen. In the following we want to
concentrate on the results of the sample from the beam tube
in front of ASK 61. The beam tube was made out of stain-
less steel and irradiated over 13 years, from August 1991 to
December 2003. End of February 2004 the γ-radiation of
the samples was measured using a Ge detector. Due to the
short time between the end of the irradiation and making
the analysis many of the short half-life nuclides could be
measured. Later, in 2004 and 2005 longer half-life nuclide
were counted by AMS (Al26, Cl36) and the β radiation of
Ni63 and Fe55 were detected by LSC.

In Fig. 8 the ratio of the experimental to calculated ac-
tivity is shown for 18 radioisotopes in the sample from the
beam tube in front of ASK 61 [17, 18]. The overall agree-
ment is satisfactory. However, Cl36 is overestimated by a
factor of about 60 by the calculation. The main produc-
tion mechanism of Cl36 is due to low energy neutron cap-
ture of Cl35. The discrepancy can be likely explained by
a too high content of Cl35 in the material composition of
stainless steel used by PWWMBS. This again emphasizes
the importance of knowing the exact material composition
which is in practice impossible.

RADIOACTIVE WASTE AT PSI

After removal of the bending magnet ASK 61 from the
beam line it became radioactive waste and therefore went
into a waste container made out of concrete. The waste
containers have a base area of 1.5 m times 1.5 m and are 2
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Figure 8: Ratio of the measured to calculated activity of the
sample taken at the beam tube in front of the bending mag-
net ASK 61. The calculations were done with PWWMBS
using a standard material composition.

m high. The wall thickness is 12 cm or 30 cm depending
on the dose rate of the components. Sometimes additional
shielding has to be used inside the container. Besides mag-
nets also collimators, beam diagnostic elements, vacuum
chambers, shielding and electrical installations are regu-
larly separated at PSI for disposal. Targets are disposed
separately. The filled containers are stored in a temporary
storage building. For the final conditioning they have to
be filled with special concrete which can fill all accessible
voids. The total activity per container is typical between
1010 and 1013 Bq. The average weight of the waste filled
into the container is 4.5 t. At PSI three to four containers
are filled per year. Fig. 9 shows an average the composi-
tion of the materials in the containers. The sum of the data
is normalized to 100 %. Almost 80 % of the components
there consist of normal and stainless steel. This is followed
by concrete and cast iron.

Figure 9: Percentage of materials filled in containers for
waste disposal (averaged values).
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COMPARISON BETWEEN MCNPX AND
PWWMBS

As it was stated in the beginning, PWWMBS and MC-
NPX can be both used for nuclide inventory calculations
but their field of application is different. PWWMBS is used
mainly for calculating the nuclide inventory in components
which were activated in secondary particle fields. This is
the case for most of the components ending up as radioac-
tive waste in the containers. On the other hand MCNPX
is applied for components directly irradiated by the proton
beam. While PWWMBS needs a measured surface dose
rate MCNPX in combination with build-up and decay pro-
grams can be also used for predicting remanent dose rates¶.
However, for most applications MCNPX needs an elabo-
rate geometry as input which describes not only the com-
ponent of interest but also its environment. The latter can
influence the particle energy spectrum. This requires large
cpu times (typical 10 h on 256 cores) and sometimes leads
to statistical limitations on the production of seldomly pro-
duced radioisotopes. Due to the folding of a predefined
neutron energy spectrum with cross sections PWWMBS
suffers not from statistical errors. Further advantages are
that the program is user friendly and the results are obtained
fast due to the simplifications made in the code. With re-
spect to the amount of waste coming from many different
locations these are a great advantages. Moreover, the dose
rate of the personnel is minimized because only the dose
rate has to be measured (at very activated pieces by the ma-
nipulator in the hot cell). No samples from each component
are required which also would lead to the risk of contami-
nating the surrounding. The accuracy of the radioisotopes
which could be measured up to now, is about a factor of
10 with few exceptions. Using MCNPX the accuracy in
the prediction of the activity of most of the radioisotopes is
about a factor of three while the calculated dose rate agrees
with the measured one within a factor of two.

SUMMARY

Due to the need of declaring all radioisotopes of an ac-
tivated component to be disposed as radioactive waste for
disposal, predictions via calculations are unavoidable. In
addition these codes help to estimate the amount of waste
produced in future facilities. At PSI PWWMBS is used for
most of the radioactive waste exposed to secondary particle
fields. MCNPX coupled to the decay codes Orihet3, Cin-
der’90 and SP-FISPACT is able not only to calculate the
nuclide inventory but also the remanent dose rate. This is
valuable for planning of work procedures or estimating the
thickness of shielding.

In this paper four examples were chosen to show the ap-
plicability of these codes but also their limitations. The re-
sults, dose rates and the nuclide inventory, were compared

¶MCNPX can be exploited for many other applications. In our group
it is also applied to calculate energy deposit and neutronics (SINQ). The
energy deposit is fed into further codes to get the temperature and stress
distribution.

to measured values. In general the agreement is good. Us-
ing MCNPX the dose rates are predicted within a factor of
two and the activities of the radioisotopes are within a fac-
tor of three. With PWWMBS the accuracy is about a fac-
tor of 10 for the nuclide inventory. However there are still
some larger discrepancies; the reasons are not always un-
derstood because of the complexity of the problem. There-
fore it is important to continue the comparison between the
codes and the measurements to acquire a large data base.
This will help to tackle down problems. In the future it
is also planned to use beside the Bertini/Dresner model
more recent implementations in MCNPX: the Liège in-
tranuclear cascade (INCL4 [19]) combined with the evap-
oration/fission code ABLA (abrasion-ablation model [20])
as well as the Cascade-Exciton Model (CEM03 [21]). It is
expected that this will further improve the results.
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