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A spallation ultra-cold neutron source—UCN source—is scheduled to start operation at PSI in 2006 using up to 2 mA
590 MeV protons from the ring cyclotron. It will be operated in a pulsed mode with an average current of 20 mA. For safe
maintenance, during operation as well as handling, transport and storage of the UCN target assembly after its lifespan,
detailed knowledge about the activation induced by the impinging protons and secondary radiation fields is required.
The Monte Carlo transport code MCNPX was coupled with the European Activation System—EASY—to calculate the
residual nuclide production in the UCN target assembly. The nuclide inventory is finally used to design the shielded exchange
flask that is needed to safely remove and transport the UCN target assembly after its lifespan to a hotcell for dismantling.

INTRODUCTION

A new type of ultra-cold neutron (UCN) source
based on the spallation process is scheduled to start
operation at PSI in 2006(1–4). The essential elements
of the UCN source are the spallation target assem-
bly, a large heavy-water moderator of about �4 m3

at room temperature, a converter system of 30 litre
of solid deuterium (SD2) at a low temperature (�6
K) for the production of ultra-cold neutrons(5) and a
storage volume for the ultra-cold neutrons (see
Figure 1). The source will be operated in a pulsed
mode, with a 590 MeV proton beam of up to 2 mA
on for 8 s and off for 792 s, resulting in an average
current of 20 mA. Pulsed operation brings two
advantages: (1) reduced average power deposition
in the SD2 so it can be located in a high-flux region
and (2) reduced background at the experiments as
the measurements will be made during the beam-off
phase. The target assembly will be mounted horizon-
tally in the proton beam. It consists of the Zircaloy
target, a lead block and an aluminium container with
integrated beam window (target head), as well as a
steel shield towards the handling zone (see Figure 1).
Since the components of the target head lie directly
under the SD2 moderator, they have to be made
from materials with low absorption cross sections
to minimise neutron flux depression. The target is
slightly longer than the range of 590 MeV protons
and �70–80% of the beam power will be deposited in
the Zircaloy. Owing to the large amounts of energy
deposited, especially in the Zircaloy rod target, the
target head will be cooled with D2O. The lead block
behind the Zircaloy structure is the first part of the
shielding in the forward direction. The target shaft
(�2 m) is made of steel, to reduce the induced acti-
vation in the handling region so that hands-on main-
tenance is possible after an adequate cooling time.

Spallation neutrons—mainly produced in the
Zircaloy—will be thermalised in the D2O pre-
moderator, further cooled in the SD2 and finally,
some of them downscattered so that they enter the
storage volume in the ultra-cold neutron energy
regime (Ekin� 250 neV). During one proton pulse,
equilibrium is reached between produced and re-
absorbed ultra-cold neutrons in the storage volume
above the SD2. Monte Carlo calculations show that
an average ultra-cold neutron density of�103 cm�3

can be delivered to the experiments(2) with this
source. To ensure safe maintenance and operation
of this facility, detailed knowledge about power den-
sity distributions and activation of all components of
the system is required. Concerning activation,
special attention has to be paid to the target assem-
bly. It is the most highly activated component of the
system because of direct exposure to the primary
proton beam.

In case of maintenance or exchange (it is planned
to replace the Zircaloy target by a lead Cannelloni
target after a few years of operation), the target
assembly has to be transported to the hotcell of
PSI–West for the necessary work. The shielded
exchange flask for the transport will be designed on
the basis of the calculated induced activation of the
target assembly. In this report, an overview of the
method for the activation calculation will be given,
followed by the results for the activation of the UCN
source target assembly. Finally, basic parameters for
the design of the shielded exchange flask will be
discussed.

CALCULATION METHOD

Activation calculations have two distinct parts:
(1) the estimate of nuclide production rates and
(2) solving the Bateman equations for the system.

The target assembly of the UCN source will be
activated by a mixed radiation field consisting of the
primary 590 MeV protons, secondary high-energy�Corresponding author: michael.wohlmuther@psi.ch
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collision products (E> 20 MeV) and low-energy
neutrons (E< 20 MeV). To account for these differ-
ent ‘sources’ of activation the calculation is split into
two parts. In the first step, the Monte Carlo particle
transport code MCNPX(6) is used to determine the
nuclide inventory produced by the primary protons
as well as by the high-energy (E> 20 MeV) second-
ary particles created in spallation reactions within
the target assembly. Moreover, low-energy neutron
spectra (E< 20 MeV) are calculated for each com-
ponent of the target assembly. These neutron spectra
can then be used in conjunction with the European
activation system—EASY(7). This code is designed
for fusion applications and able to calculate the
activation induced by neutron fluxes with energies
<20 MeV. EASY has two parts: (1) the inventory
code FISPACT(8) solving the Bateman equations
of the system and (2) several neutron cross section
and decay libraries, the so-called EAF libraries(9).
FISPACT uses the EAF libraries to calculate the
amount of isotopes either at a specific time during
irradiation with neutrons <20 MeV or after a decay
time following shutdown. The nuclide production
rates calculated with MCNPX in the physics model
region (E> 20 MeV) are now combined with the
nuclide inventory produced by low-energy neutrons
(E< 20 MeV) calculated with FISPACT. This exten-
sion of FISPACT has been implemented by
Petrovich(10) and was called SP–FISPACT. To
account for the interactions of particles with energies
>20 MeV—calculated with MCNPX—‘pseudo cross
sections’ are introduced in SP–FISPACT. The

activation due to low-energy neutrons is calculated
by folding the neutron fluxes obtained with MCNPX
and the appropriate activation cross sections of
the EAF libraries. Thus, using the combination of
MCNPX and SP-FISPACT, nuclide production
rates can be calculated spanning the whole energy
regime of interest.

RESULTS

Calculations, as described in the previous section,
have been performed for each of the components of
the UCN target assembly. However, in this report
only an overview of the results can be given. A listing
of the nuclide inventory for each component of the
UCN target would be too extensive. Therefore, only
total activities and leading isotopes will be discussed
for the major parts of the target assembly.

The component with the highest induced activa-
tion is the Zircaloy target, since the primary proton
beam is fully stopped within this module. The pri-
mary protons induce spallation reactions which form
an internuclear cascade consisting of high-energy
nucleons, clusters and pions as well as an evapora-
tion spectrum. The high-energy particles undergo
further spallation reactions within the various
regions of the target assembly, while the low-energy
neutrons will produce residual nuclei through reac-
tion channels like (n,a), (n,g), (n,2n), etc. with masses
close to the nuclei hit.

In Figure 2, one can see the total activity (solid
line) and the activity induced by high-energy parti-
cles (E> 20 MeV) (dotted line) in the Zircaloy part
of the target assembly as a function of time. It is
assumed that the target is irradiated with an average
current of 20 mA for 1 y, after which the beam is
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Figure 1. Schematic drawing of the UCN target assembly.

Figure 2. Total induced activation (solid line) and
activation due to high-energy (E> 20 MeV) particle
interactions (dotted line) in the Zircaloy target block as a
function of time. An average proton current of 20 mA is
assumed to hit the target for 1 y. Thereafter, the behaviour

of activity over 50 d cooling is shown.
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switched off and the decay of the activity is observed.
The maximum activity is 1.7�1014 Bq. One can see
that the total activity of the Zircaloy rods is domin-
ated by that from high-energy particles; �75% is due
to residuals produced in high-energy reactions.
Moreover, the lifetimes of the isotopes produced in
low-energy neutron reactions are short, since after
50 d cooling the total activity has dropped nearly to
the level of the activity induced by high-energy par-
ticles. The steep decline of activity within the first
days after shut-down is mainly due to the decay of
metastable (90Zrm, 89Ym) and short-lived yttrium
and zirconium isotopes. After 30 d decay, the activ-
ity induced in the Zircaloy has dropped by a factor
of 3. The nuclides dominating the activity in the
Zircaloy rods after a cooling time of 30 d are 88Y,
88Zr and 85Sr, which together contribute >50% to
the total activity. These isotopes are produced
in high-energy reactions in the Zircaloy rods.
The main isotope predominantly produced by low-
energy neutron activation is 95Nb with an activity
of 3.8 1012 Bq.

The values for the total activation of the Zircaloy
have been compared to results for the SINQ Zircaloy
target(11) calculated with HETCþO5R_PSI(12) in
combination with ORIHET(13). Agreement within a
factor of 2 was found.

In Table 1, the total activities for the different
components of the UCN target assembly are given
for different cooling times. It should be noted that
the values for the steel shield were calculated for the
first 55 cm of steel only; for parts towards the end of
the steel shield a decrease of activity is observed.

For the other components of the target assembly,
the following leading isotopes can be identified after
a cooling time of 30 d. For the beam window and the
target container which are made of aluminium, the
isotope with the highest contribution to the activity
is 22Na. Since this isotope is produced in high-energy
reactions, the contribution of 22Na is higher in the
beam window (80%) than in the container (45%).
For the Pb block which is located downstream
from the Zircaloy rods, 124Sb and 195Au give the
highest contributions with 29.8 and 19.6% of the
total activity, respectively. The leading nuclides in

the first 55 cm of the steel shield are 55Fe (41.0%) and
54Mn (37.8%).

Several of the isotopes produced during the
irradiation will decay by emitting gammas of specific
energies. The resulting gamma spectra for the
aluminium beam window are shown in Figure 3,
for cooling times of 1 and 30 d. After 30 d, the
gamma line in the interval between 2.5 and 3.0 MeV,
due to 24Na, has disappeared because the half-life of
the isotope is 14.96 h.

The isotopic composition calculated for each
component of the UCN target assembly was finally
used to design the shield of the UCN target transport
flask. The main criterion for the exchange flask is
that the dose rate must not exceed 2 m Sv h�1 on the
outer surface and 0.1 m Sv h�1 at a distance of 1
m(14). The calculations were performed with the pro-
gram MICROSHIELD(15). Since only one shield–
source combination can be calculated with MICRO-
SHIELD at the same time, dose rates were calcu-
lated separately for each component of the target
assembly. The shielding material was chosen to be
steel. In the region of the Zircaloy rods, a thickness
of 30 cm will be needed. After a length of 135 cm the
thickness is reduced to 25 cm. Where the steel of the
target shaft begins, the shielding of the exchange
flask will again be decreased to 8 cm, and after an
additional 55 cm to 5 cm thickness. The maximum
dose rate was calculated to be 0.68 mSv h�1 at the
surface and 0.1 m Sv h�1 in 1 m distance.

SUMMARY

Nuclide inventories have been calculated for the
different components of the UCN target assembly
using a combination of the Monte Carlo transport

Table 1. Total activities (Bq) after irradiation for 1 y with an
average proton current of 20 mA within different regions of
the UCN target assembly for cooling times of 1, 10 and 30 d.

Component 1 d 10 d 30 d

Zircaloy 1.05�1014 5.83�1013 4.47�1013

Al container 1.73�1011 5.67�1010 5.35�1010

Al beam window 7.37�1010 3.90�1010 3.62�1010

Pb block 6.03�1011 1.59�1011 9.26�1010

Steel (55 cm) 4.25�1011 3.61�1011 3.14�1011

Figure 3. Calculated decay gamma spectra for the
aluminium beam window after irradiation for 1 y with 20
mA proton beam and cooling of 1 d (solid line) and 30 d

(dotted line).
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code MCNPX and the European activation system
(EASY).

With the knowledge of the isotopic composition
for the different parts of the UCN target assembly
after an irradiation of 1 y with an average proton
current of 20 mA, the basic parameters for the shield
of the UCN target exchange flask were calculated
using the MICROSHIELD program. These para-
meters can now be used for the detailed design of
the transport flask.
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