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On October 29th we started operation with a shortened target E. This
overlay shows the beam current measurement at SINQ (green line)
during this period and a picture of the carbon wheel of target E.

(See "Operation of the PSI-accelerator facility 1999", p 4).
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EDITORIAL

1999 has been the first full operational year of the new de-
partment GFA ("Grossforschungsanlagen" or "large research
facilities") and it has been a very successful one:

• we operated the accelerators and SINQ in an extremely
stable mode for almost 6000 hours at currents above
1.5 mA on target E and with an availability higher than
90%.

• the goal of operating SINQ at 1 mA of proton current
has been achieved

• within the legal restrictions we showed that stable pro-
duction is possible at currents of up to 1.75 mA

• after more than 20 years of beam splitter development
we were able to solve the difficult problem of splitting
off a stable beam of 20 fj,A from a main beam of more
than 1.5 mA

• the SINQ target has received the full operational load
of nearly 7 Ah of beam charge. The absence of even
minor problems gives us confidence that the entrance
windows, the target cooling circuits and the target it-
self are based on a sound concept

Since we do not yet have the permission to continuously run
at 1.7 mA - which is needed to produce 1mA of beamcurrent
onto SINQ with a 6 cm pion production target at the E station
- the length of this target E was shortened to 4 cm in Octo-
ber, thereby reducing the losses at this target and increasing
the beam current to SINQ to more than 1 mA with extracted
currents of 1.5 mA from the accelerator.

Despite these achievements we are aware of the neces-
sity to constantly improve and develop our facilities. In this
context I would like to mention two major efforts:

• the development of new high power cavities

• development of a greatly improved neutron production
target

In both fields good progress has been made. The spe-
cifications for a full scale cavity have been established and
fabrication of a prototype cavity is expected to start in 2000.

A new spallation target consisting of solid lead rods, clad
in stainless steel tubes, has been prepared and will be put into
operation in March 2000. We expect an increase in neutron
flux by a factor of 1.5. Furthermore, the project MEGAPIE,
a joint international effort to build and test a liquid lead- bis-

muth target at PS I, has been approved and planning is now
well on its way. As can be seen from contributions presented
in this report a considerable number of studies and experi-
ments addressing numerous questions concerning liquid and
solid targets are being performed or prepared.

Besides these activities related to operation of the facil-
ity we were heavily involved in new projects like the syn-
chrotron lightsource (SLS), design studies of a new proton
therapy facility (PROSCAN), the ultracold neutron source
(UCN) and a new intensive secondary beam line for low en-
ergy muons. Up to 30% of our work is related to the support
of these activities. Not only scientific or technical expertise
is provided, we also apply our experience in planning and or-
ganisation to these projects. The tightening of financial and
human resources requires their ever more efficient use.

Many of our activities go relatively unnoticed and will
not show up in annual reports. It is however of utmost im-
portance for smooth operation and efficient support of the
research programs that dozens or even hundreds of subsys-
tems work reliably and simultaneously. This requires col-
laborators who understand the needs of research groups ,
know the importance of their work and who are devoted to
it. Even simple looking things like crane operation, alloca-
tion and preparation of space for experiments, transportation,
assembly of heavy and delicate equipment and removing of
radioactive waste are essential and need to be done with great
care and efficiency.

A large fraction of this report is devoted to research es-
pecially in the field of materials science. The studies in-
clude large scale molecular dynamics computer simulations
on the elastic and plastic behaviour of nanostructured met-
als, complemented by experimental mechanical testing using
micro-indentation and miniaturized tensile testing, as well as
microstructural characterisation and strain field mapping of
metallic coatings and thin ceramic layers, the latter done with
synchrotron radiation. A lot of effort has gone into the build-
ing or improvement of instruments like POLDI or SANS and
into the development of applications of neutron radiography,
implementing state of the art technology. Since we also ap-
ply the research tools at the spallation source (SINQ) to our
own needs in the study and development of materials used in
spallation targets these instruments will play a key role in the
development of liquid and solid targets especially because it
will be possible to examine also activated probes.

The results of our work done in 1999 will let us further
improve the performance of our facilities for the benefit of
the researchers using it.

Erich Steiner
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OPERATION OF THE PSI-ACCELERATOR FACILITY 1999

A. Mezger, Th. Stammbach (PSI)

The operation of the PSI accelerator facility in the year
1999 was very successful both for the user community and
for the personnel responsible for the development of the
installations, thus giving a pleasing round up of this century
and a good start into the coming millenium. The users on
the pion production targets, on the neutron beams of the
spallation neutron source SINQ and the users of the splitted
beams saw a beam production period of 9V2 months
duration, under stable beam conditions at a beam intensity
of 1.5mA and higher. Besides the good performance data,
the accelerator personnel could reach several important
milestones in the development of the 590MeV beam from
the Ringcyclotron and Inj.2 as injector cyclotron: after two
years of operation at a maximum authorized beam current
of 1.5mA we were allowed to pursue development runs to
higher beam intensities for about four shifts per week. In the
Ring cyclotron the magic limit of 1MW of beam power
could be passed, when the beam intensity was raised above
1.7mA for extended periods under perfectly operational
conditions, and the maximum extracted beam current could
even be pushed up to 1.8mA. The beam current on the
SINQ could be increased to 1.2mA after installation of a

pion production target (TgE) of reduced thickness (4cm
instead of 6cm). This increased the beam transmission
through the collimation system in front of the SINQ beam
line from 60% up to 72%. A record beam intensity of
2.0mA could be extracted from Inj.2. The total beam charge
accelerated in 1999, or the annual integrated beam current
deposited on the pion production targets, reached the new
record level of 8300mAh.

The Injector 1, a variable energy cyclotron for various
particle beams, served experiments over an 11 month
period. Six years after the installation of an ECR heavy ion
source the research program fulfills the demand of
multidisciplinarity with experiments in biology, chemistry,
atomic physics and nuclear physics. Most of the
experiments make use of special installations as the intense
polarized ion source, the heavy ion beams and the polarized
neutron beam facility. OPTIS, the curative irradiation of eye
melanomas with 65MeV protons, is continued with success
and has treated the 3000th patient in December 1999. The
first ever investigation of the chemical properties of
Bohrium was performed at this accelerator.
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Fig. 1: Overview of the 590MeV beam production period 1999. Shown are weekly averaged values of the beam availability on
the meson production targets (delivered beam/scheduled beam time) and the weekly number of beam interruptions (normalized
to interruptions per day).



A summary of the utilization of the beam time is given in
table 1 including the parasitic programs that use splitted-off
portions of the beam in the 72MeV and 590MeV transfer
lines. The performance of the cyclotrons is summarized in
table 2. Fig. 1 shows weekly averaged values of the availa-
bility (ratio of delivered beam time to scheduled beam time)
and the number of interruptions in the course of the beam
period. In the annual average the 590MeV proton beam was
available for experiments during 91% of the scheduled
beam time. Fig.2 gives the availability of the beam in terms
of beam current, plotted is the percentage of the scheduled
beam time during which the beam current exceeded a given
value. The beam loss at extraction from Inj.2 and the
Ringcyclotron remained low. The annually averaged extrac-
tion rate was 99.98% in both cyclotrons. Beam loss at
injection to the Ring amounted to 0.02%. Beam collimation
of around 0.25% in the cleaning slit in the intermediate
energy transfer line is used to reduce beam loss in the
Ringcyclotron.

A detailed analysis of the down time and the frequency of
beam interruptions in the period April - Sept. 1999 was
done for the case of the high power 590MeV beam [1]. Two
kind of interruptions were distinguished, "beam trips", i.e.
short beam interruptions, after which the beam is immedi-
ately turned on again, and component failures.

Short beam interruptions are mostly due to the typical,
reconditioning discharges in RF systems and in the
electrostatic deflectors. The frequency of discharges
depends on vacuum conditions and on the electric field
strength. The number of discharges observed in the three
electrostatic deflectors corresponded to 300/y for the
extraction channel Inj.2, 3100/y for the injection device in
the Ring and 4300/y for the extractor in the Ring. These
elements work with electric fields of 3.2MV/m, 7.4MV/m

Table 1: Utilization of the Beam Time

primary beams
590 MeV beam

meson production
with SINQ

Inj.l primary beam
NE-experiments
OPTIS
isotope production

total primary beam time for
experiments & applications

parasitic beam programs
590 MeV beam

proton therapy
nuclear physics
PIREX/PIF

72 MeV Inj.2 beam
isotope production

total beam time for parasitic
experiments & applications
served with:
590 MeV split beam

direct primary beam
72 MeV split beam

direct primary beam
total beam integral delivered

to meson prod, targets
to SINQ

availability

1999

5700 h
5400 h

4820 h
480 h
200 h

16600h

1760 h
510h

1330 h

1440 h

5040 h

3550 h
50 h

1400 h
40 h

8300 mAh
4700 mAh

91 %

1998

3720 h
2530 h

4330 h
490 h
330 h

11400h

1010 h

1170h

720 h

2900 h

2160 h
20 h

710h
lOh

4900 mAh
2000 mAh

89%

1

250 500 750 1000 1250

Beam current (uA)

1500 1750 2000

Fig. 2: Availability of the beam on the meson production targets as it developed since 1992. Plotted is the percentage of the
scheduled beam time during which the beam current exceeded the values given on the x-axis.



and 8.8MV/m, respectively. Fig.3 shows the frequency of
discharges in the two extraction channels in the course of
the beam production period mentioned above. In the RF
cavities (field strength about 5MV/m) a large number of
discharges are short enough, so that the high power beam
does not have to be interrupted. In a record of the discharges
in cavity 4 over a two month period (Sept./Oct. 1999) 53
such u-sparks were detected. In the same time period only 4
non-recoverable sparks were observed, after which the
beam had to be turned off.

80
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40
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Table 2: Summary of Cyclotron Operations
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Fig. 3: Frequency of discharges in the electrostatic deflec-
tors used for beam extraction from the Inj.2 (EID, upper)
and the Ring cyclotron (EEC, lower plot). The electric field
strength is 3.2 MV/m and 8.8 MV/m in the two devices. The
fluctuations in the rate of discharges are caused by changes
in the beam and vacuum conditions.

The main contribution to the down time is due to compo-
nent failures in RF systems, magnets and their power
supplies and controls. A considerable fraction of the down
time is also caused by outage of support systems like
vacuum, cooling and electricity. Just a few events dominate

Ring cyclotron (590MeV)
prod, for experiments
setup
beam development
unscheduled outage
service
shutdown
standby

Inj. 2 (72MeV)
prod, for experiments
setup
beam development
unscheduled outage
service
shutdown
standby

Inj. 1 (variable energy)
prod, for experiments
setup
beam development
unscheduled outage
service
shutdown
standby

1999

5750 h
230 h
200 h
450 h
290 h

1790 h
50 h

5790 h
350 h
350 h
200 h
250 h

1630 h
190 h

5500 h
750 h
100 h
260 h
520 h
990 h
640 h

66%
3%
2%
5%
3%

20%
1%

66%
4%
4%
2%
3%

19%
2%

63%
9%
1%
3%
6%

11%
7%

1998

3740 h
230 h
120 h
260 h
180 h

4150 h
80 h

3860 h
420 h

1020 h
380 h
200 h

2450 h
430 h

5150h
600 h
70 h

160 h
370 h

1220 h
1190 h

43%
3%
1%
3%
2%

47%
1%

44%
5%

12%
4%
2%

28%
5%

59%
7%
1%
2%
4%

14%
13%

the down time quoted in table 2, namely: the repair of
corroded cooling lines in MIC, the magnetic injection
channel in the Ring (23h repair time), and in AHB, a
bending magnet in the high energy beam line (106h repair
time), - both 25 year old equipment - , a flood from the river
Aare in the main water pump station (54h down time), a
transformer defect in a power supply for FMQ, a focusing
extraction channel (llh), high voltage break down on EEC
and EHT, the electrostatic extraction channel in the Ring
and the beam splitter in the high energy beam line (30h and
35h). Without these six events the average beam availability
during the scheduled beam time of the whole production
period 1999 would have reached 95%.

REFERENCES

[1] Th. Stammbach et al., "The cyclotron as a possible
driver for ADS systems", to be published in the Proc.
of the 2nd OECD Workshop on Utilization and
Reliability of High Power Accelerators, Aix-en-
Provence, 1999.



REPLACEMENT OF 72 MEV PROTON BEAM DUMP BX2

R. Dolling, L. Rezzonico (PSI)

INTRODUCTION

The 72 MeV beam dump BX2 went into operation in 1984
together with the Injector 2 cyclotron [1] and has been
operated during beam development at currents up to 2 mA.
In the 1998 shutdown the conical surface of the 2nd and 3rd of
3 copper blocks was recognised to be heavily damaged. The
surface had been melted, probably due to excessive focusing
of the beam. Since the inclination of the stopping surface is
essential to the distribution of beam power, further damage
leading to loss of functionality was to be expected. The
dump was replaced together with its vacuum vessel and its
local lead and concrete shielding in the 1999 shutdown. It
has since been operated with currents up to 2 mA (Fig. 1).
This paper addresses the design and operation of the new
beam dump. Due to the restrictive time schedule
modifications were restricted mainly to the stopper blocks.
The thermal load capacity and the surveillance protection of
the dump were improved.
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Fig. 1: Integrated beam current on BX2.

The beam leaves the cyclotron surrounded by a thin halo.
The need to transport this halo to the beam dump (aperture
20 cm) avoiding activation of the beam pipe, together with
the lack of focusing elements on the last 8 m of transport
prohibits a large widening of the beam. This leads to an
approximately round beam with a relatively high maximum
power density normal to the beam cross section (-240
W/mm2 at a beam power of 125 kW).

DESIGN ASPECTS

The beam is stopped at the trumpet-shaped inner surface of
6 water cooled stopper blocks made from OFHC copper
(Fig. 2). Surface shape and wall thickness are carefully
adjusted to the beam profile in order to limit the maximum
temperature in the blocks and the maximum heat flux at the
copper-water boundary. (Typical values are 230 °C and
1 W/mm2 at a centered nominal beam of 125 kW and a
maximum heat flux normal to the copper surface of
12 W/mm2 at a different longitudinal position. In case of an
intolerable overload, the melting of the surface and film
boiling of cooling water will take place approximately at the
same heat load.) The intrinsic advantage of the conical
geometry over a planar one is not fully exploited in order to

retain a safety margin against a misaligned and too sharply
focused beam. Nevertheless, good centering of the beam
remains a high priority.

_ cooling water tubes with
electrically insulated feedthroughs

4 thermocouples
cooling grooves, / vacuum

vessel.

lead
(Sb< 10ppm)

Fig. 2: Layout of stopper and local shielding.

Optimisation of the shape and spacing of the helical cooling
water grooves was done with the help of 2-dim. simulations
modeling the heat transfer in the copper and in the thin
cooling water boundary layer. For the chosen dimensions
(groove depth/width/pitch 8/6/9 mm) the heat transfer is
enhanced by -46 % compared to a cylindrical water
envelope and by roughly the same amount compared to the
helical stainless steel cooling tubes brazed into the blocks of
the old BX2. Similar 1-dim. simulations were used to
calculate the radial temperature distribution at many
longitudinal positions taking also into account the heating of
the bulk water flow and approximately the effect of an
assumed beam misalignment (Fig. 3).

beam profile [a. u.]
radial
projection

temperatures [100 °C/div]:
stopping surface
cooling water boundary layer

radius [mm]

boundary between blocks
r ' i ' i •'•

90

Fig. 3: Beam profiles at the beam dump (derived from
measurements with upstream wire scanners and inverse
Abel-transformation) and deduced temperatures (correlated
to stopping surface radius). Beam current 1500 uA. No
misalignment assumed. Water flow 6 x 800 1/s.

The mechanical stress induced in the copper blocks by
temperature variations is relatively high in the present de-
sign. Nevertheless, the old BX2 and the smaller beam dump
BN1, which has been operated at a comparable level of
stress during years, exhibit no fatigue-related problems. The
joints of the L316 stainless steel cooling water feeds to the
copper blocks are formed smoothly in order to prevent
corrosion/erosion (Fig. 4). The velocity of water in the
cooling grooves is limited to 5 m/s.



Fig. 4: The 6th stopper block before brazing. The bore was
manufactured by spark erosion. Brazing was performed in
vacuum. The proper distribution of the silver solder was
inspected endoscopically and by neutron radiography at the
NEUTRA facility at SINQ.

CURRENT MEASUREMENT AND SURVEILLANCE

The currents to each of the 6 stopper blocks are measured
simultaneously every 250 fxs. An interlock signal is
generated according to an elaborate algorithm if the currents
are compatible with an excessively focused and/or
misaligned beam. The beam current is determined indepen-
dently by the measurement of the temperature difference of
inlet and outlet cooling water by thermocouples and the
cooling water flow by a vortex flowmeter. The electrically
measured current (accuracy ~1 %) was 2 % higher than the
thermally determined current (accuracy ~2 %), indicating
that both the effects of secondary electrons and the energy
flow due to neutrons and gammas leaving the stopper blocks
are small.

The currents to 4-segment foil apertures in front of the
shutter and the beam dump are measured in order to prevent
large beam misalignments and activation of beam tube and
shutter. A sensitive but slow control of beam alignment is
provided by 4 thermocouples positioned circumferentially in
the 4"1 stopper block (Fig. 5).

The measurement of the currents, thermovoltages and
output current of flowmeter, the evaluation and the connec-
tion to the interlock system and via CAMAC bus to the
accelerator control system are performed by standard
inhouse developed programmable LOGCAM and LINCAM
modules (in part extended from 4 to 6 channels). In addition
an independent flow switch and thermoswitches mounted to
the outside of each stopper block are monitored by the
interlock system. Most of the measured data, especially
information on beam centering is available at an online
display in the control room.

Fig. 5: Temperature of left and right thermocouple in the 41"
block (lower traces, 50 to 150 °C) and currents to the 4"" and
6th blocks (upper traces, 0 to 300 uA) as a function of the
horizontal beam position (1.4mm/div) varied by an up-
stream steering magnet (vertically centered beam).

OPERATION

The beam dump was operated routinely during 1999 without
problems. The surveillance protection was effective while
causing only a very limited number of interlocks. A slight
increase of beam diameter at the beam dump with beam
current was observed as well as a systematic vertical shift of
about 2.5 mm. During beam development horizontal and
vertical excursions of the beam up to ±3 mm at 1500 uA
occured. Larger excursions were prevented by interlock.

The temperature history of the stopper block surface during
most of the operation was reconstructed, based on logging
data taken every second: A beam profile is derived from the
6 currents to the stopper blocks and is fed into a simulation
together with the beam misalignment following from the 4th

block thermocouple temperatures. The maximum tempera-
ture of the stopper blocks was -170/210/270 °C at an
aligned beam with a current of 1000/1500/2000 uA. About
80 °C higher temperatures occured frequently due to trans-
versal beam excursions.

The shielding of the cooling circuit had to be improved due
to an increased level of short-lived activation of the cooling
water and the higher flow velocity in the feed pipes. In
order to monitor corrosion in the cooling circuit a test
sample of a stopper block was inserted downstream into the
cooling loop of the 5th stopper block, outside the first
shielding. An endoscopic inspection in the 2000 shutdown
revealed no signs of corrosion/erosion.

REFERENCES

[1] SIN Jahresbericht 1983, p. JB10 & 1984, p. JB5



FOUR GENERATIONS OF BEAM SPLITTERS FOR THE PSI HIGH ENERGY,
HIGH INTENSITY BEAM

M. Olivo, S. Adam, D. Gotz, E. Mariani, U. Rohrer, D. Rossetti

1 SPLITTING HIGH INTENSITY BEAMS
Inspired by the good performance of the electrostatic sep-
tum at the extraction from the 590 MeV ring cyclotron a
beam splitter has been installed into the proton beam line
in 1978, four years after commissioning of the accelerator
facility. This splitter allowed the delivery of proton beams
to a separate beam line, simultaneously to the main high in-
tensity beam. The new beam line could be used for medical
applications and experiments not requiring high intensities.

In the case of a splitter, the septum foil has to be placed
in the high density region of the main beam, in contrast to
being in the low density region between two turns in the case
of the extraction septum. Only small changes of the beam
optical properties to match the conditions of splitting were
possible, since the main task of focusing on target could not
be compromised. In order to provide a good performance in
spite of the much higher beam loss at the septum, four gener-
ations of beam splitters have been constructed and used until
today. Each new version could be based on the experience
gained with the previous models and included additional new
ideas. This was necessary, because the substantial increase
of the main beam intensity made the task of splitting such a
beam more and more difficult. The good performance of the
present splitter model (see fig. 1) provides an occasion to look
back into more than twenty years of history and at the same
time to look forward and think of what could be improved
further.

2 THREE GENERATIONS WITH VARIABLE GAP
All SIN/PSI splitter generations have negatively charged high
voltage electrodes on both sides of the grounded septum made
of thin vertically tensioned strips or wires. For a splitter it
is more important than for an extractor to make the strips
or wires extremely thin and to align them perfectly in order
to expose a minimal amount of material to the beam. The
need to make the septum from individually tensioned strips
or wires was based on the fact that the thin septum foil of the
first version of the electrostatic extractor channel of the ring
cyclotron started to buckle due to an uneven beam induced
thermal load at the beam entrance region. Another important
lesson the extractor has taught us was the fact that the spring
used to tension the strips should at the same time be used to
pull the two fragments of a broken strip out of the electric
field region.

The first three generations of splitters had variable gaps:
depending upon the fraction of the beam to be split, the po-
sition of the septum plane was varied in between the two
fixed cathodes. The angular separation due to the two elec-
tric fields in these variable gaps, was proportional to U*(l/x
+ l/(d-x)), with voltage ' U \ electrode distance 'd' and sep-
tum distance from one cathode 'x'. This angular separa-
tion should remain constant, at a value of 6 mrad, defined
by the design of the separating magnet ABS following the
splitter and the optical functions in between. As can be de-
rived from the formula above, changing the splitting fraction

HIGH VOLTAGE
COUPLER

Figure 1: Cross section of the 4th generation splitter, show-
ing the support structure (Major part), movable on ball bear-
ings (top, for the lateral motion), with the two cathodes , and
the individually tensioned septum strips (center) and the high
voltage connector (lower left). The high voltage connection
between the two cathodes is not visible here.

while keeping the angular separation required a variation of
the common voltage 'IT of the cathodes.

The first generation beam splitter was installed in 1978,
four years after the extraction of the first beam from the 590
MeV ring cyclotron. This splitter had to share the limited
space available in the high energy proton beam line with the
fast RF kicker electrode used to produce a special time struc-
ture of the beam for experiments on rare meson decay events.
Due to its restricted length this splitter needed a very high
cathode voltage and high electric field values in spite of its
design using fields on both sides of the septum. In retrospect,
the limited space available at that time was in fact an advan-
tage, since it motivated the design with two-sided electric
fields in contrast to the extractor design.

As soon as the RF pulser was no longer needed the sec-
ond generation splitter was geared to reduce the high voltage
discharge rate by simply doubling the splitter length, thus re-
ducing the operational voltage. In order to save the time for a
new design, two identical splitters of the first generation were
mounted on a common positioning system, but in a new and
larger vacuum chamber.

The splitter of the third generation was a new design us-
ing more efficiently the greater space made available to ac-
commodate the two short splitters. The basic principle of the
variable gap was kept: Depending on the splitting fraction
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the septum had to move in between the two cathodes at fixed
positions. A substantial improvement of the splitter perfor-
mance with the third generation can also be attributed to the
availability of a wider and more parallel beam at the splitter
position after a repositioning of the two quadrupoles in front
of the splitter.

Many experiments have been made within these years us-
ing different materials, comparing strips against wires and
testing strips produced by different manufacturing methods.
The experience gained from these tests clearly favors the
strips of 0.05 mm by 2 mm made from pure tungsten. The
decision for strips and against wires is not based on the split-
ter performance, but on the spatial distribution of beam losses
caused by the different types of splitters. A splitter with wires
[1] produces beam losses widely spread along the two fol-
lowing beam lines while the beam losses provided by strips
are higher at the splitter region[2], but can be confined to a
radiation hardened region just behind the splitter.

TRANSPORT-CONTAINER
7 Tons

SIGNALS FEED-T^fll

COOLING FEED-THRU

8EAM

PROTECTION COLLIHATORS

0 500 m

Figure 2: Remotely handled vertical transfer of the split-
ter EHT4 between its operational place (= vacuum chamber,
shown at the bottom) and a shielding box (top, with shielding
doors open and EHT4 hooked onto the remote manipulator
arm).

3 THE 4TH GENERATION WITH FIXED GAP
A need for yet another new splitter design [3] [4] came up
with the upgrade of the PSI accelerator facility to higher in-
tensities: from 200 /xA in 1982 to 1 mA in 1992. With the
substantially increased beam intensity a perfect alignment of
extremely thin strips became the key factor for a good split-

ter performance. The former designs had a common voltage
but different distances between the septum and the cathodes,
hence different electric field values on the two sides of the
septum resulting in a net lateral force on the strips. Such a
lateral force can cause different lateral positions of the strips
because of some probable differences in their tensions. Fur-
thermore, those strips which are located at the entrance and
exit of the splitter channel experience each a different lateral
displacement because they are in the fringing region of the
electric field. Therefore, the conclusion was that for perfect
alignment of the strips the electric fields had to be symmet-
ric. This in turn required a constant, and substantially higher
distance between the septum and the cathodes, wide enough
to let the full beam pass through when no beam splitting was
required.

The splitter of the fourth generation came into operation
in 1996. Characteristics of this basically new design were
the symmetric field just mentioned and its composition of
easily separable modules as e.g. the collimators to protect
the cathodes, the positioning mechanism, as well as the cath-
odes that can be detached from the frame for tensioning the
strips. The modular concept has fully proven its value for the
maintenance which is primarily based on remote handling fa-
cilities. After a short time of operation the splitter becomes
highly activated with the consequence that only a minor part
of maintenance work can be done manually after having de-
tached the most activated parts with the remote handling ma-
niplators. In case of a defect the splitter has to be raised into
a shielding box that has a built-in manipulator arm (see fig.
2). With this box it is then transported to the remote ma-
nipulation cell. Because the inspection and repair consumes
time and the beam operation has to continue, a fully tested
spare splitter element is always ready to replace the one in
operation.

Critical problems with the new splitter are still the fre-
quency of discharges of the high voltage and the limitation
of the beam fraction which can be split. The maximum beam
fraction is limited by the maximum thermal load allowed on
the first strip of the septum. The temperature of the first tung-
sten strip is approximately calculated to be 1600° C. Such a
hot yellow glowing spot in the electric field further raises the
probability of discharges. Two small improvements lead to
a satisfactory performance of the splitter in 1998 and 1999.
One was the choice of pure tungsten for the strips and the
other was the addition of vertical magnetic fields produced
by small permanent magnets mounted at the entrance region
of each cathode.
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FINAL SPECIFICATION OF THE FULL SCALE RING CYCLOTRON CAVITY

H. Fitze, M. Bopp, J Cherix, P. K. Sigg

During the power testing period in 1999 of our 1:3 scale model cavity, a concept for a new two stage tuning system
was successfully tested. Consultations with several potential manufacturers of the cavity indicate that our mechanical
design concept can be realised as devised in full scale.

INTRODUCTION

Two major problem areas remained to be solved before the
full scale cavity design could be finalised. First, a satis-
factory resonance frequency tuning concept had to be found
and secondly some confirmation was needed that a full
scale cavity of the desired design technology can actually be
manufactured.
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THE NEW TUNING SYSTEM

Full power operation of our model cavity revealed severe
limitations of the initial resonance frequency tuning system.
This first tuning concept was based on the temperature
dependence of a part of the mechanical suspension of the
cavity walls, and its control via the water circuit
temperature. Inherent time delays in this control system
prevented the cavity from staying tuned during full rf power
operation. It was therefore decided to apply a two-stage
concept, with a fast — but range limited — hydraulically
actuated tuning yoke added to the existing water tempera-
ture control system (see Fig. 2). This latter system was
modified to expand the tuning range to the desired value.

hydraulic tuning yoke
water circuit

Fig. 1: Cross section of the full scale cavity.

Prfif

Fig. 2: Block-diagram of the two-stage cavity tuning
system, showing the fast (limited range) hydraulic yoke
tuner, and the slow (full-range) water temperature control
system layout.

As mentioned, full power tests (see [1], [2] ) with the
original tuning system on our 1:3 scale cavity model
indicated that neither the tuning range (Af^) nor the tuning
speed (Af/t) were anywhere near the desired values.

After using finite element analysis methods for a
simulation of the thermal effects, as well as some
experiments to confirm the simulation results, we were able
to extend the tuning range (Aftot) towards 1.4 MHz by using

the water temperature control circuit in a more effective
way. We now use a water channel in each of the four
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longitudinal support bars to cause a lateral deformation with
temperature changes, thus flexing the attached cavity side
walls.

Attached to the centre of these support bars, above and
below the acceleration gap of the cavity, two yokes were
designed and installed, such that they could simultaneously
be used as additional stiffeners and as rapid frequency
tuning devices (see Fig. 1). Subsequent power tests demon-
strated the tuning range Af of this additional system to be
roughly 80 kHz, but also the much higher tuning velocity
Af/t obtained by this method (about an order of magnitude
larger than obtainable with the water temperature control
system). Furthermore, response time delay now became
negligible (< 100 ms).

A phase detector delivers the cavity tune information (e,);
controlling - via a servo valve - the pressure of two
hydraulic bellows, which act on the cavity through the two
aforementioned yokes.

The full range water temperature control system derives its
control input (e2) from the hydraulic tuning systems oper-
ating pressure, compared to a desired range-centred refer-
ence pressure (compare Fig 2).

kW

bar

mm

|water circuit temperature TJ

10 15 20
Time in min

30

Fig. 3: Behaviour of the control signals (p and T) during
short dropouts of the incident rf power. The fourth trace
shows the deformation of the cavity flange in the beam
plane.

Together, the two systems now handle full power
ON/OFF/ON cycles with rapid rise/fall times and variable
cycle length without the previous power amplifier interlocks
caused by cavity impedance mismatch (detuning). Figure 3
shows the robustness of the system with respect to short
dropouts of the incident rf power.

FULL SCALE CAVITY MECHANICAL DESIGN

A description of the mechanical layout of the cavity is given
in [2]. The main parameters of the full scale cavity are
summarised for convenience in the following table:

Frequency

Unloaded Q

Shunt Impedance

Dissipated Power (CW)

Gap Distance

Accelerating Voltage

RF-Wall Material

Mech. Support Structure

50.6 MHz

48000

1.084 MQ

500 kW

300 mm

1MV

Copper

Stainless Steel

One of the most critical tasks in the fabrication of the cavity
will be the vacuum-tight joining of the cavity wall to the
vacuum sealing surface. Discussions with potential manu-
facturers indicate that the welding of the two different
materials is possible. Before going into the fabrication
process of the prototype cavity, the future manufacturer will
have to prove the usability of the chosen joining method.

THE NEXT STEPS

• Define and approve the different steps and production
processes for the manufacturing of the prototype
cavity.

• Manufacture the prototype cavity.

• Set up a test facility at PSI for high power testing of
the prototype cavity at PSI.

REFERENCES
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AN INTERNATIONAL COLLABORATION IN COMPUTATIONAL ACCELERATOR
PHYSICS: GOALS AND ACCOMPLISHMENTS SO FAR

Andreas Adelmann (PSI)

Modelling of present and next-generation accelerators, needs a team effort in order to perform terascale parallel
computing using the latest inventions in applied mathematics, computer science and beam physics. This interna-
tional collaboration will focus on modelling high intense beams in various types of accelerators.

GOALS

The PSI Accelerator Physics and Development Group, the
Los Alamos (LANL) Accelerator Physics and Engineering
Group together with the Advanced Computing Laboratory
(ACL) of LANL will collaborate in the area of modelling
collective phenomena in intense beams using the latest
developments in applied mathematics, computer science
and software engineering.

The collaboration will involve the development of a new
simulation capability, able to model intense beam propaga-
tion from the injector to the target, beyond the present state
of the art.

In order to perform detailed studies with high precision on
space charge dominated beams, one has to do large scale
simulation with a number of particles close to the real
amount of particles in the bunch.

To be able to answer questions where it is not obvious if
observed effects are due to physics or to the used numerical
method, it is desirable to have different field solvers avail-
able to systematically study their accuracy and behaviour.

The collaboration is focusing on the following points:

1. Design, implementation and validation of different 3D
field solvers namely, a Poisson solver based on FFT
techniques and a new griddles tree-fieldsolver. There are
promising ideas of hybrid and direct solvers which are
planed to be taken into consideration as well.

2. Simulation and interpretation of halo effects in linear
and circular machines.

3. Accurate treatment of image charges in various geome-
try's and neighbouring turns in cyclotrons.

4. Collisional effects in high intense beams.

5. The field solvers will be threaded generic on top of the
POOMA (Parallel Object Oriented Methods and Appli-
cations) [1] framework, in order to be used in other
physical areas, e.g. astrophysics.

During a three months stay of the author at Los Alamos
National Laboratory in 1999, a partial parallel version of
Mad9 [2], named Mad9p could be developed.

OVERVIEW ON MAD9P

Mad9p is based on CLASSIC (Class Library for Accelera-
tor Simulations and Control) [1] and the above mentioned
POOMA framework. It is written entirely in C++ and uses
extensively object oriented design approaches. So far the

thin lens tracker is parallelized and space charge capabili-
ties were added. Gauss-Distributions can be generated or
any other distribution maybe read in from a file. The
general treatment of RF-Gaps is possible by using E(z) and
dE(z)/dz as input to generate a first order map. The required
field data can be read in from a file or defined analytically.
The remaining external forces are derived from a general
relativistic hamiltonian using a curved co-ordinate system.

Validation

First principal tests are done on a FODO channel including
acceleration. A cold beam coasting in a drift space is
another test case which the code passes well. Mad9p is
tested against a modified version of MaryLie (3.0) [3] and
the IMACT [4] code from Los Alamos.

The new tree-fieldsolver shows its performance (speed) and
robustness in runs with 10s particles using 1024 processors
on the Nirvana super computer at ACL. Beside the use in
Mad9p, this tree-fieldsolver is meant to be used in astro-
physical problem areas as well.

Future Plans

This novel simulation environment is now ready to tackle
real problems namely the 870 keV injection beam line
including the buncher section and the first few turns of the
Injector II cyclotron. At Los Alamos, linac simulations will
be made and comparisons with existing codes will investi-
gate the accuracy of Mad9p.

Only in a team effort terascale parallel computing, modern
numerical methods and state of the art beam physics can be
combined. This leads to simulation capabilities which are
required for the accurate modelling of present and next-
generation accelerators.
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RESULTS OF PORTING REAL-TIME FRONT-END SOFTWARE TO LINUX

D. Anicic, T. Blumer, I. Jirousek, H. Lutz, A. Mezger

Accelerator Control

Looking at the future needs for the accelerator control
system one can not overlook the constant desire to achieve
better performance, which is easily managed by introducing
faster CPUs. In order to keep the hardware costs of the
whole system at an acceptable level, we are evaluating
inexpensive standard PCs, powered by an Unix like
operating system, Linux, instead of the HP-RT rt743 VME
based Real-time Unix single board computers.

In our distributed, client-server based control system, the
server front-end computers interface the client requests to
the accelerators over the CAMAC fieldbus. All input/output
is handled at the front-end level. The front-end SW is
divided into "services", Unix multithreaded processes,
implemented relying on POSIX, POSIX Threads and
POSIX Real-time extensions standards. The client-server
communication is implemented as raw Ethernet or UDP/IP
messages. The internal communication relies on Unix IPC
(message queues). We use, as hardware, in our present
system a CERN developed VME to CAMAC serial inter-
face, on the PC-Linux platform a commercially available
PCI based one.

Although the POSIX Threads library should be the same on
all the platforms, we did not find it such. There are small
discrepancies between the HP-RT and the Linux implemen-
tation. The minor differences are mostly in parameter
passing mechanism (by reference vs. by value) and in very
few cases different function names. The porting was done in
less than two days, by changing threads related macros in a
single C header file.

Raw Ethernet access is rather operating system specific, and
therefore not portable. Although the newest Linux kernel
supports it, we have decided not to port it, making our SW
even more portable in the future. Adapting UDP/IP and IPC
based communication required just slight modifications.

Software drivers, in general, are not portable. They always
have to be redone. Since the present system is Real-time
Unix and we were porting to the Unix like Linux, the
changes were not enormous. One of the differences is that
the present HP-RT system supports kernel threads while
Linux does not. That means that the interrupt handling
kernel thread would have to be implemented as an interrupt
service routine. The interrupt service routine was not done
since the serial CAMAC interface we used for testing did
not support serial CAMAC demands (interrupts) properly
yet. The rest of the driver code was ported in about one
week, and one more week to understand how to handle the
tested CAMAC interface. We had some worries about PCI
plug and play mechanisms, but it turned out to be no
problem at all.

Porting the process memory locking, to avoid any possible
swapping and/or paging, involved just a few trivial modi-
fications. We have spent a great amount of time (about
20 %) because the GNU C compiler is stricter than HP C
compiler. A lot of castings and function prototypes had to
be inserted in a few dozen C files.

We were very pleased with the rapidness of the porting
which took less than three weeks. It also resulted in our
code being even more portable. We are also satisfied with
the performance of the PC-Linux FEC. As an average we
achieved an up to three times performance improvement,
see Figure. We have to mention that some (15 %) of the
performance win is due to the 100 MBit full duplex
Ethernet on PC-Linux against the 10 MBit half duplex on

FEC loaded to saturation with N repetitive lists

10 20 30 40

cells'list

50 60

—•—HP rt743 64MHz, ByteSerial Caitac, Raw
Ethernet

—H—Linux 333MHz, H5992 ByteSerial Camac, UDP,
Switched Ethernet, lOOMbit FD

HP rt743. Of course there are some disadvantages, too. We
have found that a scheduled sleep on Linux can not take less
than twenty milliseconds, reducing the required hundred
times per second repetitive execution to fifty. Furthermore,
Linux threads can not be scheduled with the accuracy and
priority of the Real-time Unix. The result are the lags in
request-reply closed loop times. We have observed the lags
of up to 100 milliseconds. They occur in less than one in a
thousand, and the overall performance improvement highly
compensates that.

The so far good results should additionally be tested for
long run stability of the ported software, the PC hardware
and the Linux operating system in our control system as a
whole. Altogether it seems to be a very good and an highly
acceptable solution for getting additional processing power
with less cost.
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OPTICAL FIBRE LINK VME-INTERFACE FOR POWER SUPPLY CONTROLLER

/. Jirousek, G. Janser, [collaboration with S. Hunt (SLS), A. Luedeke (SLS) and F. Jenni (LOG)]

OVERVIEW

The following Fig. 1 shows an overview of the new VME
Fibre Link Controller for the point to point communication.

Transmission
Modulo

4 - *

Start Wt Slop bil Parity bit

Arfdrress Dalai Data3 Data4

Fig. 1: Overview of the VME Fibre Link Controller.

The XILINX is used for the FPGA based Industry Pack
module on an SBS (for example Greensprings VIPC664)
Carrier Board (IP Modules Standard,VITA 4-1995, Draft
1.0.d.O ). The opto electronics part is realised on a VME-
Transmission module (Fig. 1). The FPGA (XILINX)
firmware contents three logical parts for two fibre optic
links:

Manchester encoder

To avoid distortion at high baud rates (5 -10 MHz), caused
by dc components in the signal, biphase level (manchester
encoding, IEEE 802.3) is applied with 12 times signal over-
sampling.

Communication Controller

The opto link communication is always organised in identi-
cal blocks as shown in the Fig. 1. Each block starts with a
"preamble", followed by a six byte Frame (byte consists of
1 start bit, 8 data bits, 1 parity- and 1 stop bit). The pream-
ble identifies the begin of a new block. The "preamble" is a
repeated " 1 " signal for the duration of 12 bits or longer and
it will also be send on the link in the idle state. No signal on
the link for more than 30 bits is interpreted as a break on the
link. The error diagnostic, linkdown-, timeout-, frame-,
parity- and comparerror, of the communication is done on
the receive frame as shown in Fig. 2.

Dual Port Memory

Each "link" has 64 bytes write-only memory and 64 read-
only memory in VME I/O space which are implemented in
the FPGA. The VME-CPU writes in memory mapped reg-
isters of the IndustryPack module. This causes the module
to send over the optical fibre link to the client e.g. power
supply controller. The answer from the controller comes

back across the fibre link and will be written in the corre-
sponding read register. An interrupt or flag will tell the CPU
that new data has arrived. Read/write commands can be
done simultaneously by several CPUs.

The test-setup for four fibre opto links is shown in Fig. 3.
The final implementation will be for eight fibre optic links
(two per IP module).
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Fig. 2: State Transition Diagram of the Communication
Controller.

Fig. 3: Hardware for four fibre optic channels:
a.) VIPC664 Carrier Board Greensprings
b.) FPGA based IP module
c.) Transmission module with opto electronics
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SMOOTH SHIMMING OF POLE PROFILES

V. Vrankovic, D. C. George (PSI)

INTRODUCTION

We describe a novel approach to the age-old problem of 2D
shimming of finite magnet poles in the region between the
central pole face, described by a line of constant scalar
potential and the pole sides, which can be defined as
straight, tapered or curved (Rogowski-tapered). In most
practical cases, a smooth positive-negative shim combina-
tion will ensure good field matching over a wide excitation
range. This approach avoids many of the problems
associated with the use of the MIRT programme [4] and
provides better results.

OPTIMISATION METHOD

Constraints

If the pole face width is not given by space limitations and
for a field matching in the order of 10"4 over a specified
good field region GFR, a pole overhang of 0.65-gap is suffi-
cient. The half pole face width w is then given by the sum of
the GFR width and the pole overhang (Fig. 1). The shim
width s is typically one half gap wide, which gives the
anchor points C and E on the pole profil.
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Fig. 1: Defining the pole cross section width and the shim
region.

For quadrupole, sextupole or higher multipoles, these points
should be determined by conformal mapping into dipole
space.

Geometric Modeller

The central pole region, from the middle point M to the
point C, is set equal to the perfect pole contour and this
remains unchanged during the optimisation process. The
perfect pole contour for a dipole magnet is a line parallel to
the mid-plane (Fig. 1), for a quadrupole it is a hyperbola
(Fig. 2) but for higher multipoles and especially for multi-
harmonic magnets it becomes more complex. Nevertheless,
it can be calculated easily by taking the scalar potential line
that passes through the middle point M {rff <p0) of the pole.

The shim region is defined by a cubic spline function
through 4 points C, P,, P2 and E (Fig. 2). Two intermediate
points Pj and P2 are sufficient in order to model smooth
positive-negative shims between points C and E. The spline
is tangential to the central region at point C, assuring a
smooth transition between the regions. The other transition
at point E depends on the given pole side. The spline is
tangential only to a Rogowski-tapered pole side or to a
strongly tapered pole. Otherwise, the spline angle (its first
derivative) should be set. Our best results were obtained by
enlarging the angle (by 10° to 15°) of the extended central
pole contour at the end point E in order to eliminate the
creation of sharp pole corners.

Parameter Definition

During the optimisation, the points P, and P2 are allowed to
move in both (X and Y) space directions, while point E is
constrained to follow the given pole side form. This requires
optimisation of 5 parameters for the symmetrical poles
(Fig. 2) or 10 parameters for asymmetric poles. Earlier
versions which also allowed the point C to move along the
perfect pole contour were unsatisfactory.

Fig. 2: Pole cross section of a symmetrical quadrupole
during optimisation.

A direct search method must be used for the optimisation in
order to handle this number of parameters in a reasonable
computation time. The system is well defined, it does not
contain erroneous local extrema, and therefore the method
cannot stray or get trapped, so the downhill simplex method
can be used [2].

The initial set of parameters (coordinates of points P,, P2

and E) is provided by user. We usually place the points Pp

P2 and E on the extended central pole contour. The next N
sets (N is the number of parameters) required to form the
simplex are then scattered automatically around the initial
set by randomly altering the initial parameters up to about
0.5 mm.
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Quality Check

Each parameter set is a candidate to be evaluated using any
2D electro-magnetic (EM) code. The interpretation of the
field calculation is done by analysing the vector potential
along the good field region boundary. This ensures that all
of the GFR area is included and not just points on the mid-
plane. In order to take saturation effects into account and to
avoid solutions that are good for one excitation only, the
evaluation is done at several excitation levels. We found
that normally two cases suffice, one at the operational exci-
tation level and the other at low excitation, which can be
simulated with a very fast linear computation.

The optimisation is terminated when either the change in
geometry becomes negligibly small (a few microns) or
when the field quality insignificantly improves (10"5, order
of magnitude less than specified).
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Fig. 3: OPTIMA flow chart.

SOFTWARE

For this task we have developed a group of FORTRAN
codes that form the optimisation programme OPTIMA
(Fig. 3).

While the search part of OPTIMA is universal for all opti-
misation problems, the other two parts, the evaluation part
and the geometric modeller must be tailored to each
problem separately. In practice, the evaluation part may be
the same for a group of magnets with similar specifications.

The field calculations have been done with the POISSON/
PANDIRA [4] programmes on a VMS Alpha computer.
The outputs from the geometric modeller are meshed by
AUTOMESH and LATTICE. All the programmes are
managed and controlled by a single VMS command file.

A typical optimisation of 10 parameters requires some
hundreds of calculations before it converges. The time
needed for OPTIMA to find a solution depends strongly on
the model involved and our experience is that it can take
anything from 10 minutes to 10 hours on an AlphaServer
8400. In most cases we were able to obtain a solution within
a working day.

SLS EXAMPLES

Elliptical Quadrupole

The quadrupoles for the SLS storage ring have an aperture
diameter of 60 mm and a nominal field gradient of 20 T/m.
The quadrupoles are DC powered but laminated.
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Fig. 4: Field error of an elliptical version of the quadrupoles
for the SLS storage ring.

In the early stages of the SLS design and for stability rea-
sons, quadrupoles made out of two halves have been studied
[1]. The consequence of such a solution is that the coil size
is limited by the distance between neighbouring poles. Since
the GFR is specified inside an ellipse of 60 mm by 40 mm it
is possible to cut back the pole on one side without any loss
of field quality, thus allowing larger coils.

The central part of the pole is a fixed hyperbola. Since the
quadrupole is not symmetric, both pole ends have to be
optimised (Fig. 4). The pole end points are constrained to
follow the tapered pole side.

Dipole

Dipoles BE and BX for the SLS storage ring have a gap of
41 mm. The nominal field is 1.4 Tesla for the electron beam
energy of 2.4 GeV but the magnets may also operate at
1.2 Tesla for the lower beam energy of 2.1 GeV and at
1.6 Tesla for the higher beam energy of 2.7 GeV. Ro-
gowski-tapered pole sides were necessary to avoid satura-
tion (Fig. 5).
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Fig. 5: Field error of BE and BX magnets for the SLS
storage ring.

The GFR region is specified inside a circle of 40 mm
diameter. The central pole part is flat and the end point is
constrained to follow the Rogowski profile. The shim is
symmetric on both sides so that only 5 parameters were
needed to optimise.

Multiharmonic Magnets

The SLS booster ring magnets BD and BF [3] have dipole,
quadrupole and sextupole harmonics built into their profile.

Bo - 7133.2 Gauss
X Gauss

Fig. 6: Field error of the combined function magnet BD for
the SLS booster ring.

BD is basically an indexed magnet with a gap of 23.3 mm
(Fig. 6), while BF is very close to a half quadrupole with an
aperture diameter of around 60 mm (Fig. 7).

The central pole regions are neither straight nor part of a
hyperbola due to the multiharmonic field content. The
specified GFR is inside an ellipse of 30 mm by 20 mm.
Both magnets are asymmetric and 10 parameters were
optimised.
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Fig. 7: Field error of the combined function magnet BF for
the SLS booster ring.

CONCLUSION

The smooth shimming method is simple, robust and always
converges to a reasonable solution. It is fast and easily
adaptable to a wide range of pole profile optimisations.

The programme OPTIMA has been successfully used for
designing magnets of PSFs SLS synchrotron. Prototype
measurements proved the quality of the achieved field
matching [3].
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DESIGN AND MEASUREMENT OF THE SLS BOOSTER COMBINED FUNCTION MAGNETS

M. Werner, V. Vrankovic, D. George

DESIGN

For the booster synchrotron of the Swiss Light Source (SLS)
at PSI two types of bending magnets are required: the
focusing magnet BF and the defocusing magnet BD. Both
magnets are combined function magnets containing dipole,
quadrupole and sextupole field components [ 1 ].

One important requirement is to connect all magnets
electrically in series.

The magnetic field on the axis in a 2D approximation is
given by the following formula:

B(x) = BQ + Bl x x + B2 x x2 (1)

where: Bo corresponds to a dipole
Bi corresponds to a gradient or quadrupole
-B2 corresponds to a sextupole
the coordinate system has its origin in the
center of the beam

The specified values for an energy of 2.4 GeV are given in
Table 1.

The pole profile form includes dipole, quadrupole and
sextupole components and has to be shimmed to compensate
pole edge effects. The procedure for smooth shimming
which makes use of the 2D computer code POISSON is
described in [2].

For magnet BF the calculated magnetic field profile and
the corresponding cross section of the magnet are shown in
Fig. 2 and Fig. 3, respectively. For magnet BD see Fig. 4 and
Fig. 5, respectively.

Both magnets are curved according to the bending radius
of the beam.

The pole ends have to be chamfered to take care of
3-dimensional end effects. During the design stage, we
concluded that a single cut would be sufficient since the sex-
tupole components are not critical. The chamfer also reduces
eddy currents in the end laminations. Even a single cut has
four parameters, two angles, the lateral position and depth
of the cut. We therefore used 3D TOSCA [3] calculations
to find a good starting point and chose neighboring config-
urations to independently see the affect of each parameter.
We limited ourselves to three cases for each magnet type
and asked the manufacturer to provide removable pole end
pieces on the prototype magnets accordingly. This enabled
us to measure and parameterise the various configurations in
a short time and choose the final chamfer by interpolation.
In practice, the sextupole components of the end fields were
higher than assumed during the early design stage. This was
not a problem for BF since, by varying the chamfer angle, we
could react with the curved pole face and compensate. For
BD we decided to add additional sextupole shims, see Fig. 1.

In operation the booster magnets will be excited using a
sinusoidal current of 3 Hz overlayed by a direct current. To
reduce eddy current effects the yokes are laminated with a
lamination thickness of 0.5 mm. Furthermore, the material
used is an (non grain oriented) electrical steel with low
electrical conductivity.

straight cut

sextupole shims

Figure 1: Pole end piece for magnet BD.

Table 1: Specified values
Magnet BF Magnet BD

Bo
B x

B 2

Radius
Bend.Angle
dx = BQ/BI

d2 - B±/B2

Leff

0.1577
4.656
7.0
50721.0
1.130
33.9
665.1
1000.0

0.7138
-3.088
-10.0
11208.0
6.441
-231.2
308.8
1260.0

Tesla
Tesla/m
Tesla/m2

mm
Zdeg.
mm
mm
mm

Because the magnetic field in the magnet BF at the
moment of beam injection is very low (only 7 mT), the
material for the yoke has been specified with low coercivity:
Hc < 35 A/m.

The laminations are treated on both sides with a coating
which serves as an electrical insulation and as an adhesive.

To obtain a solid yoke the laminations are stacked, put
in a strong tool and glued together by compressing the
laminations at approx. 200° Celsius. In order to avoid
internal stresses, no welding or bolting was used.

All magnets for the booster synchrotron, 45 BF magnets
and 48 BD magnets, will be electrically connected in series.
Hence we chose a coarse conductor cross section of 11 x 11
mm with a cooling channel of 5 mm diameter. To be able to
adjust small differences in the excitation behaviour between
BF magnets and BD magnets a correction turn for a current
of 7 A (1.4 mm enamel wire) is integrated into each BF coil.

MAGNETIC MEASUREMENTS

Adjustment of magnet and Hall probe

For this purpose we use a magnetic active tip mounted
into reference holes in the magnet yoke. Small field maps
measured close to the magnetic active tip are used to relate
the Hall probe magnetic center to the yoke position.
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Figure 4: Field profile of magnet BD.

Figure 3: Cross section of magnet BF. Figure 5: Cross section of magnet BD.

For pure dipole magnets the precision of adjustment is
not so important, but for magnets containing gradient fields
a high precision is required.

Field maps

Field maps with a rectangular mesh have been measured
in the magnetic midplane only. It was not possible to measure
above or below the mid plane due to the limited space. The
probe holder has a length of 2 m to allow the measurement
of the field maps with a length of 1800 mm. We used a
carbon fibre tube with 12 mm diameter. To reduce transversal
oscillations we mounted two tubes in parallel. The minimal
gap height for magnet BF is 13.8 mm, for magnet BD it is
19.9 mm. Most of the field maps were measured with a step
size of 2 mm in the transverse direction. In the longitudinal
direction the step size was 2 or 4 mm.

Excitation

During operation of the booster the magnets are excited
by a 3 Hz sinusoidal current of Ipp « 800 A (!« 400 A)

overlayed by a direct current of IDC ^ 430 A. For all
our measurements we used a direct current, ranging from
35 A up to 950 A corresponding to an injection energy of
the electron beam of 100 MeV and an extraction energy of
2.7 GeV. The design energy of the booster is 2.4 GeV.

Excitation procedure

Ferromagnetic material shows a hysteresis behaviour: the
magnetic field depends on the history of excitation. For the
booster the acceleration of the beam will take place during
rising magnetic field, and the current will never be smaller
than 10 A (the latter is given by the power supply). We
therefore chose the excitation procedure shown on Fig. 6
where the correct point of the excitation curve is reached on
the ascending part.
The max. current of 950 A used in this procedure is higher
than any current needed for operation of the booster at an
energy of 2.4 GeV.



21

Start of measurement
Table 2: Magnet BF

0
0 5 10 Time [min]

Figure 6: Excitation procedure for magnet BF and BD.

MEASUREMENT RESULTS

Field maps

We measured field maps with all types of pole end pieces at
various currents.
After measuring the field maps we had to evaluate the above
mentioned field components. Here we distinguished between
"local" values and "integrated" values:

• "local" values refer to the magnet without pole end
effects. We used these values to decide whether the
pole profile could be accepted and the stamping of the
laminations for the series magnets could be started.

• "integrated" values refer to the whole magnet includ-
ing its pole end effects. According to these values we
decided whether the pole end pieces had the correct
chamfer and the length of the yokes was correct. The
field values for the integration along the theoretical
beam path, which is taken as a circular arc and two
straight lines at the entrance and exit (hard edge
model), are found by linear interpolation within the
measured rectangular mesh. The integration was also
done on several lines "parallel" to the theoretical beam
path.

In the Tables 2 and 3 the specified values and the values
calculated according to our field measurements are listed and
compared for a current of 1= 833.0 A. This current value is
required for the electron beam at an energy of 2.4 GeV.
Thanks to the careful preparation including the 3D pole
end calculations it was possible to achieve the design goal,
to produce six connected parameters (dipole, quadrupole,
sextupole) from a single current, within a reasonable time.

Excitation curve

The excitation curve has been measured to quantify the
saturation effect. In Fig. 7 the deviation from a linear
excitation curve is shown for both magnets, BF and BD:

AB = B(I) -Gxl (2)

where G is the gradient G = B(I)/I for the linear part of
the excitation curve.

Leff
Bo
B1

B2

d\
d2

Leff
Bo
Bx

B2

d\
do

Specified
E= 2.4 GeV

1000.0
0.1577
4.656
7.0
33.9
665.1

Measurement
1= 833.C

local (profile)

—
0.1574
4.646
6.2
33.9
751.1

Table 3: Magnet BD
Specified
E= 2.4 GeV

1260.0
0.7138
-3.088
-10.0
-231.2
308.8

IA
integral

1003.4
0.1574
4.648
7.2
33.9
643.4

Measurement
1=833.0 A

local (profile)

—
0.7108
-3.071
-9.9
-231.4
311.8

Integral

1262.3
0.7108
-3.091
-9.1
-230.0
339.4

mm
T
T/m
T/m2

mm
mm

mm
T
T/m
T/m2

mm
mm

For magnet BF the saturation effect is nearly zero as was
expected due to the low magnetic induction in the iron parts.
For magnet BD, due to the higher magnetic induction in the
iron parts, a small saturation effect exists. The difference in
the magnetic behaviour can be compensated by exciting the
correction turns, which are integrated in the coils of magnet
BF, in an appropriate way.
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Figure 7: Excitation curve of magnet BF and BD.
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PROJECT STUDY FOR PROSCAN

H. Reist, T. Blumer, E. Egger, G. Goitein, M. Goitein, M. Jermann, A. Mezger, E. Pedroni, P. Sigg, T. Stammbach,
E. Steiner

PSI plans to acquire a dedicated cyclotron for use in proton therapy which is intended to be installed in the NA2 Hall.
The cyclotron will deliver protons to the existing therapy gantry by a connecting beam line and to the OPTIS facility
which is designated to be moved from the Injector I to the NA2 after the injector cyclotron has been shut down. In the
layout, locations are also allocated to a second gantry to be developed in co-operation with industry and to an
experimental area for applications in materials science and biology.

INTRODUCTION

Proton therapy using the Spot Scan Technique which was
developed at PSI is an up-to-date and optimised high-
precision form of radiation treatment of deep-seated
tumours. The Spot Scan Technique is expected to maintain
a great potential in future due to its high spatial precision in
applying the dose and its ideal adaptability even to difficult
shapes of tumours. The Swiss Proton Users Group intends
to open up new possibilities for treatment indications in
addition to those already established. Furthermore, from the
medical point of view, a 12-month period of operational
availability is demanded. These requirements can only be
achieved with an independent dedicated cyclotron. The
following key features build up the frame of the PROSCAN
project:

• Increase treatment capacity in order to enable
verification of the potential of the Spot Scan Technique
with the required statistical significance.

• Transfer of the Spot Scan Technique to industrial
partners (technology transfer).

• Development of the next generation of the PSI gantry
which will be suitable for treatments in hospitals in co-
operation with industry.

• Continuation of the OPTIS program with possible
expansion to additional treatment capacities and medical
indications.

THE PRE-PROJECT STUDY

The pre-project study aimed to lay down an optimised
proceeding plan for the PROSCAN project. This involved:

• identify the technical problems which will need special
attention in respect to realisation, expenditure and man-
power.

• work out a time schedule in co-operation with the
subject sections involved which allowed for bottlenecks
in the different teams of specialists in respect of
personnel and available capacity and to clarify when
additional external personnel would be needed and
where priorities would have to be set to achieve an
optimal course of the project.

• identify potential conflicts with other ongoing projects at
the west side of PSI such as SLS, AKOLA (underground
storage room for activated components) and the New
Ring Cavity (a prerequisite in order to increase the beam

intensity to ~2mA for the spallation neutron source
SINQ). Major activities scheduled to be realised during
the shutdown periods at the beginning of the years 2000
and 2001 such as the up-grades of the beam line section
between target M and E and in the centre of the ring
accelerator had to be considered as well.

Special attention was directed to the continuation of
dismounting of the experimental infrastructure in the NA2
Hall to avoid interference with the medical program and to
allow an undisturbed treatment program of gantry 1.
Furthermore we had take into account the capacity available
in the Experimental Hall and in the ATEC to disassemble
radioactive components. The tasks to be accomplished
during the shutdown and those which could be done during
the beam periods had to be identified.

Besides the optimisation of the proceeding plan, the costs
had to be estimated. Critical technical tasks had to be
examined and their feasibility had to be ascertained in order
to avoid later setbacks. It has to be stressed that without the
very helpful and constructive support of all the subject
sections and groups the pre-project study would not have
been successful.

Attention was given to the specifications of the cyclotron
and conditions were specified for the beam transport from
the cyclotron to the treatment gantries. New ideas to
improve the Spot Scan Technique include implementation
of a fast raster scanning of the depth dose in addition to that
of the lateral dose. For that, the beam line has to be
adjustable to a rapid sequence of different beam energies in
time scales of the order of 30 ms. A fast beam degrader
system has to be developed which should be applicable in a
hospital with respect of maintenance and activation. A
special challenge makes up the development of magnets and
power supplies which enable the desired rapid change of the
beam setting in order to transport the beam properly.

Special emphasis has also to be given to the steering and
control system which has to be adaptable to the cyclotron,
the beam line and to the treatment gantry. A conceptual
design has to be established which would allow modularity
and separation of machine control and the very important
safety system. Connected to the beam control is the beam
diagnostics. Here a fast response is needed at beam
intensities as low as a few nano amperes of beam current.
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TIME SCHEDULE

As a result of the above mentioned restrictions the
PROSCAN project is structured in 4 phases. During the first
two phases the NA2 Hall will be prepared to permit the
installation of the cyclotron and the beam line to the
existing gantry. After installation of the infrastructure the
cyclotron is scheduled to be assembled in the second half of
the year 2002. Subsequently, beam will be extracted and
transported through the first section of the beam line to a
beam stop in order to test the performance of the cyclotron.
In Phase III, late 2002, beginning of 2003 the gantry will be
connected to the cyclotron and performance tests should be
accomplished by June 2003. After that, up to the end of
2003, the new OPTIS area should be ready for beam. Phase
IV comprises the development of the new gantry. Gantry 2
can be developed in parallel with the construction phases I-
III in co-operation with an industrial partner.

LAYOUT

The layout shows the cyclotron in the intersection between
the Experimental Hall and the NA2 Hall together with the
beam lines to the existing gantry 1, to the new OPTIS fa-
cility, to the planned next generation PSI gantry 2 and to the
experimental area which may be used for research in
radiobiology and materials science. It will also be used to
test radiation hardness of electronic equipment. The en-
larged treatment facilities need structural modifications and
an expansion of the Medical Pavilion.

COSTS AND FINANCING PLAN

Construction of the cyclotron and the beam lines to the
existing gantry, to the OPTIS facility and to the experi-
mental area amount to 21 to 23 million SFr. These invest-
ment costs include the manpower costs involved in the
construction of facilities and installations. Not included is
gantry 2 with the required beam line section which is
estimated to amount to 8 to 10 million SFr. and should be
financed by industry.

The operating costs are estimated to amount to ~ 4.5 million
SFr. per year.

The financing plan is based on the assumption that a third of
the investment costs will be contributed by PSI and two
thirds by a combination of sponsors, benefactors, industry
and by special agreements with financial institutions. These
include a financing arrangement with subsequent repayment
from the income from the treatment costs which should be
covered by the health insurance funds. The estimated annual
income is estimated to amount to 5 to 6 million SFr. per
year.

Experimental Hall

Fig. 1: It gives an idea of the planned configuration of the medical cyclotron and of the irradiation rooms in the NA2 Hall
together with the beam line. Adjacent to the irradiation facilities is the Medical Pavilion which has to be adapted to the new
treatment opportunities and expanded.
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Experimental Facilities
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REDUCTION OF TARGET-E LENGTH FROM 60 MM TO 40 MM

K. Deiters, F. Foroughi, G. Heidenreich, U. Rohrer (PSI)

In order to increase the intensity of the proton beam to the
SINQ target from 0.85 mA to more than 1.0 mA (with
1.5 mA extracted from the 590 MeV Ring Cyclotron) the
length in beam direction of the graphite target at the target
station E (see Figure 1) was reduced from 60 mm to 40 mm.
With the reduction of the target length several parameters of
the proton beam to the SINQ target changed by some
amount (see table 1) and therefore the settings of the bend-
ing magnets and the quadrupoles had to be adjusted up to
about 1 % in order to get the same beam spot size at the
SINQ target and about the same proton losses in the beam
cellar below the SINQ target. The differences of these
parameters extracted from Monte Carlo computations for a
location just behind the collimator system after the thick
target are shown in table 1.

Table 1: Parameters for the 2 target lengths.

C-target length (mm)
p-Momentum (MeV/c)
Vertical 2a-angle (mr)
Horizontal 2o-angle (mr)
Proton beam losses (%)

60
1.17
8.3
11.6

43

40
1.18
8.0
10.4

30

The 2 sets for the bending- and quadrupole-magnets are not
shown here. But the computed differences of the 40-mm-
optics from the 60-mm-optics could be verified after a short
tuning session. Because of the necessity of running with
about the same intensity of the beam at the rim of the target
window at SINQ, the relative intensity (measured in
}iA/cm2) in the center is 20 % higher with the 40 mm target
compared to the 60 mm target at E. This is due to the rela-
tively longer tails of the beam profiles caused by less beam
cut-off at the collimator system behind Target E.

The shorter target reduces the secondary particles from the
target interactions and increases the peak proton density at
the beam center due to less coulomb scattering of the target.
As a consequence the heat load of the shielding collimators
after target-E decreases and the heat load of the beam dump
collimators increases. Figure 2 shows the change of the heat
load of the collimators evaluated from the logging-data
using a spreadsheet-based program [1],

All collimators are made from OFHC copper. Fatigue
behavior is a central design criterion since the collimator
material will be subjected to thermal-mechanical cycling, as
a result of the cyclic operation of the accelerator due to
interruptions. The collimators have been designed for the
operation of a 2 mA beam with a 60 mm target. In order to
keep the heat load within the design limits with the 30 mm
target the beam intensity has to be kept below 1.6 mA if the
beam has to be stopped at the beam dump.

\ • •

Fig. 1: Picture of the target-E unit. The target consists of a
rotating truncated cone of polycrystalline graphite. The
length of the target in beam direction was reduced from
60 mm to 40 mm.
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Fig. 2: Measured change [%] of the heat load of the target-
E shielding, the shielding collimators KHE0 and KHEl, the
shaping collimator system KHE 2&3 and the beam dump
collimators BHEl-3 as a result of the reduction of the target
length from 60 mm to 40 mm.
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A major concern is the mechanical long-time stability of the
graphite target wheel design [2]. There is an easy method to
check on-line if the target wheel is still behaving well. This
is accomplished with the help of the so-called AHPOS
scatter plot (see figure 3). While changing slowly and care-
fully (to avoid an interlock) the horizontal position of the
beam on target E by about ±1 mm with the help of the
super-knob parameter AHPOS, the beam transmission
parameter (MHTR2E) and one of the beam loss parameter
(MHI31) are simultaneously observed and plotted with dots
(sampling rate = 10 Hz). After about 30 seconds this yields
to the 2 curves shown. When the rim of the beam spot
reaches the edge either to the left or to the right side of the
6 mm wide target, a small portion of the beam (horizontal
width 4a = 4 mm) will not pass entirely through the target
material (width = 6mm) and it causes one or both para-
meters to rise. As long as the flat region has a width of
about 2 mm the target geometry is still OK (wheel running
round within an accuracy of about ±0.1 mm). Otherwise the
flat region would shrink with time and beam transmission
interlocks would be becoming gradually predominant during
the operation of the beam.

&»:

S mmk mi S
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Fig. 3: Scatter plot of the beam transmission through the
target E region (MHTR2E, upper curve) and the ionization
chamber loss monitor behind target E (MHI31, lower curve)
as a function of the horizontal position of the center of the
beam spot on target E. With a given target width of 6 mm
and a 4a-width of 4 mm a horizontal flat spread of about
2 mm of the 2 curves is indicating that the geometry of the
rotating (1 Hz) target is stable.

The Pion and Muon production is roughly proportional to
target length. The reduction from 6cm down to 4cm should
decrease the rate by about 30%. 7tEl is being used by the
Pion-Beta experiment. The expected rate reduction was
found. Opening the slits the experiment could recover the
DAQ rate. The Sindrum experiment using the 7tE5 beam
line observed a similar rate decrease. Important for Sindrum
is the separation of the electrons from the muons. Again

opening the slits improved the DAQ conditions, because
due to better phase space conditions the electron / muon
ratio improved. The Pionic Hydrogen experiment in the 7tE5
area requires the highest possible pion rate (112 MeV/c).
This experiment suffers from the 30% rate reduction.

The uEl beam is mainly used by the U.SR community. They
operate with low rates. The muon decay experiment how-
ever will suffer from the rate reduction. Opening the slits
will reduce the muon polarization which is essential for this
experiment.

The influence of the target length reduction onto the uE4
beam line has not been measured. An intensity reduction of
30% would have been expected. The experiments, which
take place there, do not require high particle fluxes. There
are at the moment no requests for new experiments using a
high rate beam for this area.

The TTE3 beam line is optimized for the use of surface
muons. (Since the extraction in the achromatic mode de-
pends linearly on the target length a muon rate reduction in
the order of 30% is assumed.) The beam line originally
designed for LEPS is now mostly used by the JJ.SR commu-
nity including the low energy muon facility (LEM). The
operation of the uSR device ALC and LEM need high rate
surface muons and can not compensate for the lower inten-
sity adjusting the slit openings.

We conclude: The two large experiments Sindrum and
Pion-Beta do not suffer from the target modification. The
experiments in pEl and uE4 generally do not need high
particle fluxes. Parts of the uSR facilities and the Pionic
Hydrogen experiment ask for higher rates. There is a new
experiment (jiLAN) proposed to measure the muon lifetime
at the 7tE3 beam line. It will require high rates and a kicker.

To improve the situation in the long run for uSR and LEM a
study will be made to modify the uE3 beam line to achieve
higher rates there.

The future experiment \iey will ask for high fluxes of
28 MeV/c surface muons which can be delivered by the JTE5
beam line.

One should also consider to have dedicated beam times with
a 6 cm target.
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POST-PROCESSING OF LOGGING-DATA USING THE STANDARD PC SOFTWARE
EXCEL

A. Strinning

The increase in beam intensity necessitates a close control
of the heat load on collimators and beam dump elements.
By comparing the temperature of devices in the proton
channel with the corresponding beam current on target E,
one can detect eventual changes of the component cooling,
of the beam line settings etc.

We also observe the effect of the shortened target E (from
6 cm to 4 cm) on the distribution of the heat loads (see
fig. 1). As expected, the temperature is reduced in the
section target E to beam dump and increases in the beam
dump. This is due to the reduced scattering of the protons in
the target and therefore the greater amount of protons
dumped onto the beam dump.

The temperatures and currents were retrieved from the
accelerator logging data using a set of functions provided by
the accelerator control group. These functions support also
VisualBasic and communicate by RPC (remote procedure
call) with the logging host computer using TCP/IP protocol.

We integrated the functions according to [1] into an Excel-
macro (VisualBasic), which easily allows to compute,
analyse and display the data.

The worksheet as shown in fig. 2 allows to define any list of
devices (data base names) whose data are to be retrieved.

The system is very fast since the requested data are pre-
pared on the host computer and transferred to the client PC
in blocks.
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Fig. 2: Excel-worksheet to read and process logging data.
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Fig 1: Influence of shortening the target E from 6 to 4 cm on the temperatures of a set of elements in the proton channel.
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NEW SPIN ROTATOR WITH DOUBLET

F. Foroughi

For some yuSR experiments, there is a need to have sur-
face muons (~ 28 MeV/c) with a transverse polarization. For
this, we use a spinrotator to rotate the longitudinal polariza-
tion by 90°. The principle of a spinrotator is the same as
that of a separator. A magnetic and an electric field "per-
pendicular" to each other and to the trajectories, separate the
electrons and rotate the polarization. For technical reasons,
it is foreseen to build a two stage spinrotator, each stape pro-
ducing a rotation of 45°. Out of about 5 proposals we choose
the one worked out by D George. It has a gap of 15 cm and
supports a maximum of 600 kV, allowing a rotation of the po-
larization up to 50°. There where numerous designs for the
related optic, having a doublet of quadrupoles between the
two spinrotators, and two doublets or a triplet and a doublet at
the end, with various types of quadrupoles (QSK,QSB,QSE).

Finally due to cost problems, only one such spinrotator
will be built first, and the optic chosen uses a doublet of
QSE quadrupoles. This optics gives 32 % transmission for
± 3 % momentum dispersion. The transmission deacresses
as the momentum dispersion increases ! However if we have
more than ± 3 % momentum dispersion, the rotation of the
polarization drop below the ideal value of 45°. The figures
show the results of beam tracking , using three dimensional
field maps (from magnet group), with the chosen optic. The
two first quadrupoles are of QSB type, and are part of the
TTE3 beam line. The last doublet is made of two QSE type
quadrupoles. Notice that the TTE3 beam line has a vertical
bending plane (X-Z on the figure 1). The used initial phase
space simulates the one from 7rE3 secondary beam line in
mixed mode, just before the two last QSB quadrupoles.
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New rotated 1/2 spin rotator with mirror plates & doublet
PD= 28. MeV/c ; Ap = 0.56 MeV/c
X,= 0. cm ; Z f = 429.9868 cm
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Figure 1: Example of trajectories in the spin rotator, for
muons issued from TTE3 beam line in the vertical plane.

Figure 2: Example of trajectories in the spin rotator, for
muons issued from TTE3 beam line in the horizontal plane.
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A SPECTROMETER FOR THE SEARCH OF THE DECAY //+ -> e+7

F. Foroughi

One of the proposed spectrometers for the search of the
fi+ —> e + 7 decay uses superconducting solenoids and con-
sists of two parts. The first partis made of two superconduct-
ing solenoids, the first has an inner radius of 9 cm an outer
one of 14 cm and a length of 30 cm. The second solenoid
is with inner radius 25 cm, outer one 30 cm and length 40
cm. It has a current of opposite sign as the one for the first
solenoid. This first part focuses the fi+ (~ 24 MeV/c) from
the TTE5 beam line onto a target, where they will be stopped,
producing possibly 50 MeV/c electrons from the decay reac-
tion /j,+ -> e + 7 [1]. This part has to match the TTE5 beam
optics and does not allow escape of electrons toward the j
detector (backward emitted electrons around 120°). The fol-
lowing figure shows the trajectories of fi+ in the fist part of
the spectrometer which indeed fulfill the above mentioned
requirements.
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Figure 2: Example of fi+ injection into the spectrometer.
The phase space used is the one calculated for the TTE5 beam.
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Figure 1: Example of /j,+ injection in the spectrometer. The
used phase space simulate the one from TTE5 beam line.

The second part of the spectrometer consists of a two
stage intermediate image spectrometer, with the tracking de-
tector in the second stage. It has three identical solenoids,
with inner radius 20 cm, outer one 30 cm and length 40 cm,
placed at a distance of 60 cm from each other. It has to select
an angular range of 30° - 45° for the 50 MeV/c electrons, us-
ing a blocker between the target and the first intermediate fo-
cus. The second figure shows the path of 50 MeV/c electron
for 8 = 30° - 45° in steps of 5°. In the actual version the
superconducting solenoids are not shielded, and their fields
where calculated with a programme using Carlson's elliptic
integrals [2],[3],[4].
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ESTIMATION OF THE COUNTING RATE LOSSES IN TTE3 BEAM LINE DUE TO THE
SHORTENING OF TARGET E

F. Foroughi

Using a 4 cm production target instead of a 6 cm one at
the target station E , produces a loss of ~ 30% in counting
rates assuming a constant beam acceptance as function of the
position along the target. This loss includes the attenuation
of the primary proton beam in the target. For the mixed optic
mode in TTE3 beam line, according to a study of the polar-
ization of cloud muons, this acceptance is constant only over
the 2 cm around the center of the target. This results in a loss
on geometrical grounds of ~ 17 %.
However ultimately this loss, depends also on the details of
the ?r production mechanism. If this mechanism favors one
target extremity (or both), the loss will be less due to the ac-
ceptance.

M production as fonciion of target length Z

.10" 6 cm target

2 3

2 tcmi

Figure 1: Muon production as function of the path Z along
the 6 cm E target.

In order to estimate this effect, I have written a package
of programmes. The main programme used the Monte Carlo
method, and takes into account the n+ production cross sec-
tion [1] (p + C -> 7T++ anything), TT+ energy loss in target
(C), the pL+ production factor, fi+ energy loss, the TTE3 beam
acceptance as function of the position along the target length
and the solid angle of the ?rE3 secondary beam line. Only
the 7r+ multiple coulomb scattering is not included, but this
has only a drastic effect for very low w energy, which decay
almost isotropically.
The number of surface [i+ (due to pion decay at rest) domi-
nates by orders of magnitude.

Fig 1-2 show the /J,+ production toward TTE3 beam line,
as function of the position Z along the target length for 6
cm and 4 cm E target. There are more /z+ produced at both
extremity of the targets, and the production at the entry is
more pronounced for the 6 cm target. This effect is even
much more accentuates for a 10 cm target, as it was observed
with the old target before the rebuilding of the E target in
1990!
The calculations yield an estimate of (12 ± 5 %) loss of / i +

counting rates for the mixed mode optic in the wE^ beam line,
and a loss of (30 ± 5%) in the approximation of a constant
acceptance for both target's length.

fi production as fonction of target length Z

4 cjn target

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 2: Muon production as function of the path Z along
the 4 cm E target.
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DEVELOPMENT OF CONCRETE CONTAINERS FOR A 9 METER DROP

E. Wagner

Concrete containers were developed at PSI in several sizes
specially for large waste components of the accelerator
facility.

The advantages of these packages are the following:

• Guaranteed integrity for a long time period
• Radiation attenuation is quite effective
» Corrosion resistance is good
® Adjustment of the material to the surrounding of final

repository
» Costs are relatively low
• Water penetration can be kept low by choice of mixture
• Gas permeability adjustable by different mixtures
• Effective barrier for nuclide migration during interme-

diate storage

The total weight of the largest type of container goes up to
60 tons with a corresponding volumes of 18 m3.

The containers are licensed in Switzerland for intermediate
storage and final disposal and in addition they can be used
as ,,Industry Package Type III" (IP-III) according to the
International Transportation Regulations [1].

Drop-tests were carried out (see figure 1) and the result
showed that the integrity can be guaranteed even for the
weakest container (12 cm wall thickness) for IP-III require-
ments [1].

Since the demand is rising in various countries to have the
conditioned waste retrievable also in a final repository (see
NAGRA report NTB 98-04), we started to improve the
container concept with new sulphate resistant concrete
mixtures achieving more resistance in corrosive environ-
ment for the container shell.

In addition better gas permeability for the filling mortar can
be achieved with changing the sieve line a little bit into
direction of equal grading.

Another aim is the use of crane fixing devices cast into the
concrete, which should last for more than 100 years to
ensure the possibility to have the containers retrievable after
this period of time.

Since PSI has experience in development, production and
use of these containers for more than 20 years a collabora-
tion with ,,Colenco Power Engineering AG [2] was started
for development of containers for radioactive waste in
similar dimensions for a Japanese project.

The main aims are to guarantee the integrity of the
container for 100 years, to withstand a drop height of
9 meters without spread of activity and the development of
a self controlling system of gas vents so that gas produced
inside will not damage the container.
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Fig. 1: Drop test from 2m height on a hard surface.

About 500 pieces were produced up to now and most of
them are conditioned.

Fig. 2: Effects of two consecutive drops on the same edge
(first drop: 0.8 m, second drop: 2 m).
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Spallation Neutron Source
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SINQ IN ITS THIRD YEAR OF OPERATION

H. Heyck (PSI)

After irradiation of SINQ's first day target of a integrated
proton beam of 0,5 Ah in 1997, the second target with a low
number of target- and cladding material candidates and with
thermocouples in representative positions was irradiated
with a total integrated proton beam of 2 Ah during 1998 and
4,7 Ah in 1999 without any difficulties.

The commissioning and licensing of a new control and
surveillance system in the summer of 1998 admitted full
time unmanned operation without the previous restrictions
due to limited personnel resources. This increased the total
operating hours by a factor of three and the average
availability to more than 90%.

A significant improvement of the neutron flux was achieved
by reducing the thickness of the second graphite target in
the proton beam line of the accelerator experimental hall
from 6 cm to 4 cm. This increased the proton beam current
on the SINQ target from 0.87 mA to above 1 mA based on a
1,5 mA current extracted from the high energy ring
cyclotron. Further improvement was achieved by increase
of the accelerator current to 1,7 mA during a series of test
periods, which resulted in proton beam currents of about
1,17 mA on the SINQ target.

Availabilities and weekly integral currents, scheduled and
achieved, are displayed in the diagram below. The average
availability of the whole system (charge scheduled/charge
accepted) was 91%; the availability of the SINQ systems
(charge offered/charge accepted) was 98%.

Major unplanned shut down periods of the whole facility
were caused by the unavailability of cooling water during
the big flood of the river Aare in spring, by a malfunction of
a deflection magnet in the beam line and for SINQ only by a
down period of the supply system of cold helium for SINQ's
cold neutron source. Some minor interruptions were caused
by false alarms in the control system, which could by easily
rectified.

The plating out of Beryllium-7 in the components of the
cooling systems contributes most to the radiation level in
the cooling plant several hours after shut down. The fact
that no significant increase of the dose was measured in
1999 relative to 1998 indicates, that filters and ion
exchangers of the heavy- and light water systems remained
effective during all of 1999.
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Fig 1: SINQ's operational statistics during 1999.
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EXPERIENCE WITH THE SINQ COLD NEUTRON SOURCE AT HIGH BEAM
CURRENTS

H. Spitzer, T. Hofmann, W. Gloor (PSI)

In order to produce as high a flux as possible of cold
neutrons for their associated experimental facilities,
research reactors and spallation neutron sources install so-
called cold neutron sources. Cold neutrons are neutrons
with an energy of about 5~meV, which corresponds to a
neutron speed of about 800~m/s. They are generated by the
moderation of higher energy neutrons in the cold neutron
source.

The SINQ cold neutron source uses deuterium (D2) as
moderator. The moderator vessel, which is situated close to
the SINQ target in an area where there is a high thermal
neutron flux, is filled with 20 1 of liquid deuterium. The
circulation of the deuterium through the heat exchanger,
which is driven by natural convection (thermic syphon),
operates at the boiling point of deuterium (25 K) and a
pressure of 1.5 bar abs. The cold neutrons which emerge
from the moderator are led to the experimental facilities via
two extraction channels. These lead to the neutron guides of
the Guide Hall and to the beam channels of the SINQ target
block. A very simplified diagram of the cold D2-source is
shown in Fig. 1.

Of the 15 experimental facilities which are currently in
operation in the SINQ Guide and Target Halls, 10 are
supplied with cold neutrons from the D2-source. This large
dependence on the D2-source demands that it should have a
high availability. This requirement is enhanced by the fact
that the moderating medium itself, i.e. the deuterium, also
acts as coolant for the moderator vessel. Accordingly, SINQ
operation is not possible unless the D2-source is fully
operational.

This state of affairs demands a high level of reliability of all
the individual components of the D2-source such as the
horizontal and vertical inserts in the SINQ target block and
the various external supply systems, e.g. the He-
refrigeration plant, vacuum system, D2-gas system and the
protective gas system, in order to achieve as high an
availability of the total equipment as possible.

Some statistics on the operation of SINQ, viz. the proton
current on the SINQ target and the cold operation of the D2 -
source, for the period from March to December, 1999, when
SINQ was in operation are shown in Fig. 2. The monthly
availability of the D2-source is also shown.

Following the modifications to the muon production
target E, and the resulting increase in the proton current on
the SINQ target, there has been a consequent increased load
on the components of the cold source which are built into
the SINQ target block. The items which have been

particularly affected are those close to the target, such as the
tubes of the vacuum enclosure of the moderator and helium
protective gas containment and the moderator vessel itself.

Wall or
tarj'^1 hniil Hi-

Hvdride
Murage

D i\|vnsion volume

Heatexch;.n;vi

Heavy water iefl&uui
Target system

/Shielding Helium 11 i jerator

Protectiv gas
enclosure
Insulating vacuum

Cold D2-moderator

Fig. 1: Schematic of the Cold Moderator System at
SINQ

The dependence of the temperature on the proton current at
the two points of highest load, viz. the cap of the zircaloy
tube (vacuum enclosure) and of the aluminium tube (He
protective gas containment), is shown in Fig. 3.

The difference in the slopes of the two curves is due to the
different structures and it results from differences in the
thermal conductivity of the cooling media. The outer
aluminium tube is cooled directly by a D2O circuit; the inner
zircaloy tube is connected indirectly to this cooling circuit
via a He gas filled gap and is, in addition, cooled by the
circulating He gas.

The measured temperatures at the cap of the tube are
consistent with the calculated values, which formed the
basis for the selection of the materials and design.
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• Proton beam current [mAh]

• D2-source available [h]

Jul. Aug. Sept. Oct. Nov. Dec

Fig. 2: Operation statistics of the SINQ Cold Source in 1999. Shown are the total number of hours/month the Cold Source
was in operation the total number of mAh received by the SINQ target (graph) and the availability of the Cold Source (in %)
and the total number of mAh lost per month due to the Cold Source not being available.
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Fig. 3: Measured temperatures at the two tubes
surrounding the Cold Source (vacuum and He-containment)
as a function of proton current on target.

The higher nuclear heating of the moderator vessel and
deuterium must be transferred via the deuterium, which is
circulating in the thermic syphon, to the He circuit of the
refrigeration plant. Both the heat exchanger and the
refrigeration plant of the cold D2-source have sufficient
reserves to handle the foreseeable, enhancements in the
performance of SINQ also in the future.

Although the power requirement for the cooling system of
the SINQ cold source is modest in comparison to cold
sources at research reactors, e.g. the total cooling power of
SINQ is about 800-W for an incident proton beam current
of 1.2 mA (see Fig. 4), there is a very severe demand on the
cooling system's control capabilities. This is because of the
rapidly varying heat load to which the system is subjected
as a result of random interruptions in the proton beam
current. The control system requires careful tuning in the

case of varying operational conditions such as changed
proton current or modifications to the target.

The non-linearity of the curves in Fig. 4 results from the
fact that it is not possible to measure the nuclear heating of
the moderator directly. It is only possible to measure the
required cooling power in the cold helium circuit of the D2

heat exchanger.

In conclusion, it can be said that the measurements on and
operational experience gained with the complete cold D2-
source, during the first runs of the accelerator at higher
beam currents, have demonstrated the continued good
reliability and availability of the system.

1200

1000 n Cooling power (p-beam induced) [W]

A Total cooling power [W]

500 1000
Proton current [uA]
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Fig. 4: The cooling power in the cold helium circuit of
the D2 heat exchanger as a function of proton current on
SINQ-target.
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MESOSCOPIC MAGNETIC CORRELATION IN CuNiFe ALLOYS OF
NANOSTRUCTURED TWO-PHASE MORPHOLOGY

W. Wagner, J Kohlbrecher (PSI)

Small Angle Neutron Scattering (SANS) was applied to characterize the mesoscopic magnetic correlation in alloys of
the ternary system CuNiFe. These alloys, upon annealing, establish a nanostructured two-phase morphology where
ferromagnetic precipitates are embedded in a nonmagnetic matrix. Size and interparticle distance of these
precipitates can be varied by choosing different compositions, annealing times and temperatures. The primary aim of
this study is to characterize the interparticle magnetic coupling of the precipitates and the response to external fields
of different strength.

The study of micromagnetism and magnetic correlation on
the nanometer scale is motivated not only by the interest in
fundamental properties but also from technologies where
magnetic exchange interaction across interfaces or
interfacial barriers play a major role. One of the open
questions is the influence of the structure and thickness of
the interfaces on these properties. In a foregoing sequence
of experiments, we have studied the mesoscopic magnetic
correlation in nanocrystalline ferromagnets [1,2] where the
interfaces are usually the grain boundaries established
during the synthesis and processing.

In order to adress the role of the interfaces more closely, we
have extended these studies to bulk magnetic materials. The
present report deals with the ternary alloy Cu-24at.%Ni-
8at.%Fe. This alloy, upon annealing at temperatures around
800 K, establishes a two-phase morphology which is
characterized by predominantly isolated, Fe/Ni-rich
ferromagnetic clusters dispersed in a paramagnetic matrix
of almost pure Cu, with a small and relatively well defined
spacing between the clusters.

As before, Small Angle Neutron Scattering (SANS) was
used to characterize the magnetic correlation on the
nanometer scale. For these measurements the samples were
placed between the pole pieces of an electromagnet which
allowed to apply a homogeneous, horizontal field,
perpendicular to the beam direction. In zero field, the
scattering is found to be fairly isotropic, with a slight
rectangular distortion which originates from the interplay
between texture of the (rolled) samples and the
magnetocrystalline anisotropy. For nonzero fields, the
intensity contours become highly distorted and show
pronounced anisotropy: Starting with elliptical distortions
with the elongation parallel to the external field direction, a
fourfold symmetry arises with scattering peaks in planes
tilted by about 45° against the external field. Fig. 1 shows,
as a typical example for this situation, an iso-intensity
contour pattern on the area-sensitive detector of the SINQ-
SANS facility.

The same type of pattern is observed for different
precipitate sizes, in the present experiment for average
diameters ranging from <D>=10 nm to 36 nm. The peaks
then occur at different external fields (between 0.8kOe and
4.5kOe), with their position shifting to smaller momentum
transfer Q when the precipitate size is increased. For still
stronger fields these peaks shift towards the direction
perpendicular to the field, broaden and finally join.

— 70.0000

--30.0000

J -8.21 e+04

Fig. 1: SANS isointensity contours of the alloy Cu-
24at.%Ni-8at.%Fe after annealing at 823 K for 500 h
(<D>= 30 nm), measured in a horizontal magnetic field of 2
kOe (Q-range 0.02 - 0.2 nm"1).

Fig. 2 shows scattering curves as function of Q, i.e. the
azimuthal average of the 2-D pattern (like that of Fig. 1), for
zero-field averaged over the whole azimuthal angle, for
non-zero field averaged in sectors, each 18° wide, in
directions parallel, perpendicular and 45° relative to the
external field, respectively. The intensity maximum which
shows up in the high-field scattering originates from
interparticle interference in the relatively dense system
(volume fraction 26%). Beyond this maximum, towards
smaller Q, the scattering curves are bifurcating due to a
considerable extra scattering occurring in zero-field. This
extra-scattering, obviously of magnetic nature, originates
from a magnetic correlation over intermediate distances,
joining groups of precipitates to a correlated magnetic
alignment. The extra scattering extends to a minimum Q
around 0.02 nm"1, which tells us that correlation lengths are
limited to distances of about 300 nm, similarly for both
cases shown in Fig.2 which represent average precipitate
sizes of 10.2 nm and 36 nm, respectively.

The SANS-results clearly show that the magnetic
precipitates are highly correlated, joining groups comprising
several tens of precipitates to a common magnetic
alignment. The evaluation of the SANS data for different
directions relative to the external field shows in detail that,
when an external field is applied, this alignment is not
uniformly rotated towards the field direction.
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Rather, up to intermediate fields in the range of some kOe
the majority of commonly aligned precipitate groups
remains tilted at a finite angle relative to the external field.
This spin canting of correlated precipitate groups causes
elliptical distortions of the SANS intensity in the center of
the pattern (Fig.l) with the elongation parallel to the
external field. The observed fourfold array of intensity
peaks, however, must be attributed to the magnetic
scattering of individual precipitates. The spin canting of
those obviously stabilizes at a well-defined angle around 45°
relative to the field direction (cf. Fig 1). The persistent spin
canting of precipitate groups is consistent with the
prediction of the modified Stoner-Wohlfahrt model applied
to nanostructured magnetic metals [2]. The spin canting of
individual precipitates at a well defined angle around 45° is
not explicitely predicted by this model and is a matter of
further research and more specific model considerations.
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Fig. 2: SANS scattering curves from the alloy Cu-
24at.%Ni-8at.%Fe after annealing at 823 K for 16h (bottom,
<D>=10.2 nm) and 967 h (top, <D>= 36 nm). Data are
shown for zero-field and maximum field of 4.5 kOe, for
different directions relative to the external field.
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SANS STUDY OF MICROSTRUCTURE AND MICROPOROSITY IN THERMALLY
SPRAYED METALLIC DEPOSITS

Th. Keller, W. Wagner (PSI), J. Ilavsky, J. Pisacka (IPP, Prague, Czech Republic), N. Margadant,
S. Siegmann (EMPA, Thun, CH)

Thermally sprayed deposits exhibit a special type of microstructure related to the manufacturing method. Anisotropic
Porod scattering was used to characterize thermally sprayed deposits made of metals and metal composits (Ni, NiCr,
and NiAl). Strong microstructural variations were found in deposits produced by different techniques, with a Porod
constant varying by up to a factor of 5. Analyzing the coatings 'edge-on', some of the samples, depending on the
manufacturing method and the material, showed only small anisotropy whereas others showed an anisotropy as
pronounced as known from ceramic coatings.

An improved understanding of the relationship between
microstructure and the (macroscopic) properties of thermal
spray deposits can help to shift from purely empirical to
science-based developments. The research on this subject
done so far was based in most cases on deposits
manufactured by only one of the thermal spray techniques.
The results therefore are often specific for the spray
technique applied and cannot readily be generalized. The
present study aims to overcome this drawback by involving
samples manufactured by a number of different thermal
spray techniques: flame spraying, HVOF, and plasma
spraying (APS, VPS, WSP), in order to generate a wide
range of different microstructures. Various Ni-based alloys
are included in this program, starting from a simple
chemistry (Ni) and ending with complex NiCrAlY alloys.
The here presented results were obtained with NiCr (80%
Ni, 20% Cr) feedstock.

In the present project various techniques are applied to
characterize the microstructure, including optical and
electron microscopy, and the scattering techniques XRD
and small-angle neutron scattering (SANS). The present
report concentrates mainly on the SANS-measurements
which were carried out at the SINQ-SANS facility at PSI.
The coatings used for these measurements were about 1.5
mm thick. Cross sections of the coatings on their (steel)-
substrate were prepared, mostly 2 mm in thickness,
mounted in pairs face-to-face on the sample holder and
measured with the neutron beam entering the samples edge-
on. To prevent influences from multiple magnetic
refraction, the samples were placed in a (saturating)
magnetic field at the sample position. The measurements
were usually made with neutrons of 5 A in wavelength, and
at sample-to-detector distances of 2m, 4.5m and 20m.

Fig 1 shows two typical scattering curves to illustrate that
the Q"4 (Porod) behavior is observed over a wide range in Q,
and also, comparing the absolute intensities, that the
differences observed from samples of the same material, but
sprayed by different techniques, can be quite significant.
The related Porod-constants were found to differ by up to a
factor of 5. From the Porod constants, the voids specific
surface area can be determined, which in a quite
characteristic way could be related to the fabrication
technique and to the macroscopic properties like wear and
corrosion resistance [1].

Q/nm Q/nm

Fig 1: Over a wide range the Q4 (Porod) behavior can
be found. VPS-NiCr coating (left) and HVOF-NiCr coating.

Also, anisotropy in the scattering was found quite
pronounced in many of the samples, whereas in others the
scattering was found fairly isotropic. Fig. 2 gives two
examples by means of the Porod constant as a function of
the rotation angle relative to the sample orientation. The
sample shown on the left is only slightly anisotropic, the
one on the right shows pronounced anisotropy with the
indication of a neck at 90o and 270o (the sample orientation
in both cases was vertical). This type of anisotropy can be
interpreted in terms of a well organized porosity system
with extended voids in-plain and small voids or cracks in
the direction from the substrate to the surface.

Fig 2: Isotropic behavior of the Porod constant can be
seen for the WSP-NiCr coating (left), whereas the APS-
NiCr coating shows pronounced anisotropy.

Further research in this project is oriented towards the
increasing quantity and quality of data for this material as
well as gaining data on more complex Ni- based materials.
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MICROSCOPIC DESCRIPTION OF PLASTICITY IN COMPUTER GENERATED
METALLIC NANOPHASE SAMPLES

H. Van Swygenhoven (PSI), A. Caro (Centro Atomico Bariloche, Argentina)

Molecular Dynamics simulations on the plastic behavior of two model fee metals, Ni and Cu, with different stacking
fault energies, and average grain sizes in the range of 3-12 nm are performed. A change in deformation mechanism is
observed: at the smallest grain sizes all deformation is accommodated in the grain boundaries. At larger grain sizes
intragrain deformation is observed: intrinsic stacking faults are produced by motion of Shockley partial dislocations
generated and absorbed in opposite grain boundaries. In Cu dislocation activity is observed already at smaller grain
sizes than inNi, which is attributed to the lower stacking fault energy.

The relation between yield stress and grain size has been the
subject of intensive research in recent years due to the
complex behavior observed in nanophase materials. Most of
the results confirm the validity of the classical Hall-Petch
relation down to grain sizes of the order of a few tens of
nanometers, eventually with a different slope in the sub-
micron range but keeping the classical exponent -1/2. At
smaller grain sizes (below 20 nm) the results are
controversial: whereas some results indicate a yield stress
independent of the grain size, or even a reverse H-P
relation, others confirm a yield stress increasing with
decreasing grain size. The reasons to expect a departure of
the Hall-Petch relation are well known from dislocation
theory: dislocation pile-ups cannot be supported at the very
small grain sizes. Clearly, a new mechanism has to be
invoked for even smaller grain sizes. The fraction of atoms
in the grain boundaries is significant (16% at 12 nm, 50% at
3.5nm, as estimated in computer simulations) and GB
processes are expected to become important.

Massive parallel computers offer nowadays the possibility
to perform atomic-scale simulations of nanocrystalline
metals to study the structural and mechanical properties as
function of grain size and texture. In the present work
computer simulations are performed, designed to address
the question of dislocation activity in two fee metals with
different stacking fault energy. Cu and Ni samples with
grain sizes in the range 3-12 nm are deformed by uniaxial
tensile loading with constant stress. The microstructures of
samples with different mean grain size are compared, all
deformed at about the same strain rate and to the same level
of plastic deformation. The conditions under which partial
dislocations can be created are determined . The simulations
are performed using a parallel molecular dynamics code
(Cray-T3D and Eridan, EPFL) with a tight binding potential
in the Parrinello-Rahman approach, with periodic boundary
conditions and fixed orthorhombic angles.

In both materials we observed a critical grain size where a
change in deformation mechanism occurs: at the smallest
grain sizes all deformation is accommodated in the grain
boundaries; at larger grain sizes we observe intragrain
deformation, which is detected by the presence of stacking
faults inside the grains (fig.l: ). Accurate analysis of the
atomic configurations shows that the stacking faults are
produced by the passage of partial dislocations generated
and absorbed in opposite grain boundaries. In Cu we
observe the stacking faults appearing at smaller grain sizes

than in Ni which can be attributed to the lower stacking
fault energy. The release of local stress by the emission of
partial dislocations seems to be large enough to inhibit
further emission of a partial in the same or in a neighboring
plane, making mechanical twining a rare event that has not
been observed in these model materials. Atomic
displacement analysis shows that deformation starts often
close to triple points, with GB sliding followed by the
creation of intragrain Shockley partial dislocations which
glide on slip systems that are not necessarily those favored
by the Schmid factor.

above: 0%, below3.4% strain

Fig. 1: Slice of Cu_8nm: open circles are fec-atoms,
closed are hep, representing the stackingjfaults.
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STRUCTURAL AND ELECTRONIC PROPERTIES OF NANOSTRUCTURED Ni3Al

V. Bonny, H. van Swygenhoven, W. Wagner (PSI), J. van der Klink (EPFL)

Nanostructured Nifil has been produced by the inert gas condensation method (IGC). To investigate the structural
and electronic features of this material, various methods including X-ray diffraction, electron microscopy and nuclear
magnetic resonance have been used

The ordered, Ll2-structured Ni3Al is one of the well-known
weak itinerant-electron ferromagnetic systems with TC=41K.
Small deviations from the ideal stoichiometry have strong
effects on the magnetic properties, with nonmagnetic
(exchange-enhanced paramagnetic) behavior for slight Al
enrichment and weak ferromagnetic behavior for slight Ni
enrichment. The critical concentration for the transition
from nonmagnetic to ferromagnetic behavior is found to be
74.5 at.% Ni [1]. However, there still remains controversy
concerning the density of states at the Fermi level and the
magnetic moment of Ni3Al, the observed value of which is
0.23 ^3 per unit cell. So far, all reported band-structure
calculations have failed to account for the observed
magnetic moment.

Investigating nanostructured Ni3Al aims to bring in some
new perspectives for the interpretation of the controversly
discussed properties. Generally speaking, nanostructured
materials are a new class of materials where the grain size
defines a characteristic length scale of between about 5 and
100 nm. Such systems are of particular interest when
studying the size dependence of physical properties in
mesoscopic systems. For instance, the mechanical
properties change drastically with the grain size.

Nanostructured Ni3Al powder has been produced by the
inert-gas condensation technique. The starting material is
coarse-grained ordered Ni3Al. The evaporation process does
not have a major effect on the final composition of the
nanostructured powder. The lines of the X-ray diffraction
pattern correspond unambiguously with the standard ones
for Ni3Al with no indication of the presence of another
phase. The mean grain size determined by X-ray diffraction
is 7-8 nm. The superlattice peaks are already visible in the
X-ray diffraction pattern as well as in the electron
diffraction of the TEM. Electron Microscopy agrees with
the X-rays with regard to the absence of contamination by
another phase (oxide phase or another Ni-Al phase) in the
grains but shows some scattered larger grains (30-40 nm)
with an excess of Ni. The order in the grains could be
further confirmed by the line width of the NMR line, see
Fig 1, which was found very close to the one of bulk
ordered Ni3Al. Thus the synthesis method yields Ni3Al
powder of good cristallinity and rather good purity. The
mean Ni concentration was measured to be 74.66 at.% in
one of the samples. However, an XEDS analysis with the
TEM shows that the composition varies from grain to grain.
Magnetization measurements indicate that the entire sample
behaves like a superparamagnetic system.

The NMR parameters of interest related to the electronic
structure are the Knight shift and the spin-lattice relaxation
time T,. 27A1 NMR measurements have been performed on

two different samples: a powder and a compacted sample,
the latter cut in pieces to be suited for NMR measurements
(note that due to the skin effect, it is not possible to make
the NMR from compacted metals.) The reference
compound used to determine the metallic shift is A1C13. In
the paramagnetic state, the Knight shift of 27A1 in Ni3Al is
negative and decreases with temperature. The decrease is
much more pronounced for the powder. The relaxation
times are quite different for the two samples. For the
powder the nuclear spin-lattice relaxation rate (TjT)"1

becomes constant and equal to 0.19 (sec.K)"1 in the high-
temperature limit. It increases with decreasing T. In the case
of the compacted sample we get the value of 0.6 (sec.K)'1

which remains constant with T. The value found in the
literature for bulk Ni3Al is 0.17 (sec.K)1 at RT. The
enhancement of the relaxation rates with decreasing
temperature is attributed to spin fluctuations effects [2]. The
measured line shapes are quite similar at RT in the two
cases. However, the difference between the two samples
becomes more pronounced when decreasing the
temperature: Then the line shape broadens much more in
the case of the powder, exceeding the value of 1 MHz
FWHM at low T, see Fig 1. All these results indicate that
the electronic structure of the powder and the compacted
sample of Ni3Al are quite different, most likely due to the
presence or absence of grain boundaries.

7000

6000

5000

4000

3000

2000

1000

0

:

i f

• •
Q

a

;

•
°.

j _J

_ 4 i

j :

-
i

1 - - - 1 .

85 86 87 88 89 90

Frequency (MHz)

Fig. 1: 27A1 NMR line in nanostructured Ni3Al powder at
RT (open circles) and at 76 K (full circles).
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GRAIN BOUNDARY STRUCTURES IN POLYCRYSTALLINE METALS AT THE
NANOSCALE

H. Van Swygenhoven (PSI), A. Cam (Centro Atomico, Bariloche, Argentina),
D. Farkas (Virginia Tecnology, Blacksburg, USA)

We present a detailed analysis of the grain boundary structure in computer generated Cu and Ni bulk nanophase
samples. Both, totally random and textured structures are studied, in the grain size range 5-12 nm. We studied the
boundaries in detail using direct visualization at the atomic scale. We were particularly interested in the possibility of
finding regions in the boundary exhibiting order and structural units normally expected for high angle boundaries in
coarse grained samples, as well as dislocations accommodating the misfit between the grains. A significant degree of
crystalline order was found for all boundaries studied.

The reduction of the grain size down to the nrn regime
opened new and fascinating avenues for research in several
aspects of materials science, including mechanical
properties. At the lower end of the grain size range
obtainable nowadays, half of the atoms belong to, or are
affected by, the interfaces. Grain boundaries are believed to
play a predominant role in plastic deformation of such
materials, although the details of how precisely deformation
occurs are still uncertain. In this work we focus on the study
of the interfaces responsible for the plastic deformation,
aiming at providing a structural characterization of them.
The question to be answered is whether the grain boundaries
have similar structural units as found in the coarse grained
samples or whether the structure of the grain boundary is
fundamentally different, as it has been predicted that the
grain boundary in nanocrystalline materials are amorphous-
like.

In this contribution we focus on the structural
characterisation of the interfaces, responsible for the plastic
deformation studied in the former contribution of the same
authors: "Micoscopic description of plasticity in computer
generated metallic nanophase samples". We report a
detailed analysis of the microstructure of several relaxed,
undeformed, nanophase samples, namely Ni 12 nm, Ni 8
nm, and Ni 5.2 nm random HA (high angle), and Cu 8 nm
textured LA (low angle) .We used two different procedures
to create them: unconstrained and constrained stochastic
methods. In the first one, the simulation cell volume was
filled with nanograins grown from seeds with random
location and crystallographic orientation; the space was
filled according to the Voronoi construction. In the second
procedure, the grain misorientations are still random, but
constrained to be less than a given angle (17 deg in this
case). We call them High Angle (HA) and Low Angle (LA)
samples respectively. The Voronoi procedure gives
irregular Vigner-Seitz polyhedra, whose faces, the grain
boundaries, result randomly oriented as well. Samples were
then annealed for few picoseconds at 300K using molecular
dynamics, giving a final density at 300K between 96 and
97% of the perfect crystal value. All HA samples are
constructed using the same set of random locations and
orientations, so the same microstructure appear, differing
only in the scale of the sample (that is the number of atoms
and therefore the grain size). This comparison allowed us to
study the same grain boundary for different grain sizes,
isolating the effect of grain size on grain boundary structure.

We used second moment (Tight Binding) potentials for Ni
and Cu , in the Parinello - Rahman approach and periodic
boundary conditions. Characterisation of the microstructure
is made in several ways: by atomic energy and coordination
number and by the local crystalline order in terms of a bond
analysis technique described in. On this basis, we define
four categories of atoms: i- fee, atoms having a local fee
crystalline order, ii- hep atoms having a local hep order till
first neighbors, iv- atoms having other 12 coordinated
combinations, and v- non-12 coordinated atoms. The
presence of hep atoms is relevant because they help
visualize the existence or activity of partial dislocations,
since two nearest neighbor hep planes indicate an intrinsic
stacking fault in the fee lattice. Also, making a difference
between atoms with a local fee order up to both fourth and
first neighbors helps us identifying the fee atoms which are
close to the boundaries or to other defects. In this report the
plots are black-and white, so that the difference between the
several classes of atoms cannot be seen. For coloured plots
we refer to ref. 1

In grain boundaries adapting misfits within about 10 degrees
deviation from the perfect twin (70.5), we found that the
grain boundaries contain a repeating building structure, as is
shown in fig.l a and b for Ni 12 nm. The GB appears as a
sequence of structural building blocks, each one formed by
a portion of a (111) twin boundary plane, and a step
between them, which is a disordered region. The
misorientation between grains in this boundary is 75 deg,
close to a £3 coincidence lattice, 70.5 deg. The view in (a)
is along a common axis, which is close to a <110>
direction, view (b) is perpendicular on GB plane. In the Ni
12 nm sample these blocks are repeated several times within
the grain boundary plane. The same structure was found in
the 5.2 nm sample, but with nearly no repetition due to size
restrictions.
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Fig. 1: a (above) and b (below): In (a) the view axis is
contained in the GB plane, while in (b) it is perpendicular;
in both cases the sample is Ni 12 nm HA.

Fig. 2 shows a grain boundary in the 12 nm sample where
the misfit between the [100] directions is ~ 50 deg. The
common axis for this grain boundary is close to a <110>
axis. This means a deviation from a perfect £3 twin of about
20 degrees. No structural blocks of a £3 twin are observed
in this boundary. The grain boundary is, however, not
amorphous. This is demonstrated in this figure where a view
along a non-common <110> direction for the grain on the
right side of the figure is shown. In this figure one can see
that there is a structural coherence across the grain
boundary plane: the {111} planes of the grain on the left
side continue into {311} planes of the grain on the right
side.

Fig. 2: View of a grain boundary in Ni 12 nm HA. with
a misfit between the [100] directions of ~ 50 deg

For even larger departures from perfect twin, the atomic
structure reveals clear evidence of dislocation networks,

with some degree of partial decomposition. Similar results
are obtained for low angle GB (textured), where usual
regular dislocation patterns are observed. Fig. 3 shows a
boundary with a 12 degrees misfit in the Cu 8.0 nm LA
sample. Figure 3a shows a projection of the two grains,
taken along a nearly common <110> axis; the boundary
plane is close to a {112} type plane. In the grain on the left
hand, the grain boundary plane is rather close to a {111}
type plane. Figure 3b shows the two dimensional network of
dislocations that accommodate the misfit. The view axis is
perpendicular on the plane of the grain boundary. The plot
shows the two dimensional network of dislocations that
accommodate the misfit.

Fig. 3: Two dimensional network of dislocations in a
grain boundary with 12 degrees of misfit (a) above: view
along the GB plane, (b) below, view perpendicular on the
GB plane

These results provide evidence against the interpretation in
terms of highly disordered, amorphous or liquid-like
interfaces. The results suggest that the grain boundary
structure in nano-crystalline materials is actually similar to
that found in larger grain polycrystals. The relation between
the GB structure and the mechanism of plastic deformation
(grain boundary sliding and dislocation activity) is a matter
of further research.
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DEVELOPMENT OF A MICROTENSILE TESTING MACHINE

F. Dalla Torre, A. Bollhalder, M. Schild, H. Van Swygenhoven, W. Wagner (PSI), R. Schaeublin,
M. Victoria (EPFL)

With the objective to study the elastic and plastic behaviour of nanocrystalline pure metals and alloys it is intended to
make creep and tensile tests of these materials. Because of the limitation in producing large amounts of
nanocrystalline material the miniaturisation of samples used in tensile tests is . required. For this purpose a
Microtensile Testing Machine is under development combined with the preparation of miniaturised tensile samples
produced by Inert Gas Condensation (IGC) or Electrodeposition

The production of large amounts of nanocrystalline (nc)
material and therefore of samples large enough to suit to
conventional tensile tests is still impossible with the
techniques available nowadays. For this reason, mechanical
properties are normally described in terms of hardness
measurements, while creep and tensile tests are still rare [1].
Miniaturised tensile testing machines for dog-bone shaped
samples of only 3 mm in length have recently been
developed elsewhere [2]. Our goal is to build an improved
version of the not yet standardised Microtensile Testing
Machines (MTM) using more accurate components, such as
a linear voice coil actuator or a more accurate load cell with
an improved force resolution.

The machine is designed for running in two main modes:
the tensile test mode with a constant driving velocity or a
constant strain rate (rate of elongation), where the force is
recorded as a function of elongation and the creep test
mode, where the force is kept constant and the strain is
recorded as a function of time. To be able to control the
actuator by the load cell or the displacement measurement
system, data acquisition and response time has to be very
fast. For this reason we are using a 16 bit processor.

Fig. 1: SEM-picture of one of our dog-bone shaped
tensile specimens; nanocrystalline Palladium.

The tensile samples are prepared by electrical discharge
machining from formerly pressed discs made by IGC or
Electrodeposition. The Electrical Discharge Machine
(EDM) provides an accuracy of 0.01 mm for the tensile
samples measuring only 3 mm in length, and 0.3 x 0.3 mm2

in cross section in the gage region (Fig.l).
The elongation of the dog-bone shaped specimens will be
measured only in the central part of the sample, where all
the deformation takes place. This gage length measures
about 300 micrometers. The quality of the measurement is
therefore highly dependent on the resolution of the
detectable changes in elongation. For this reason the
displacement measurement is based on a technique using
laser interferometry, which provides a resolution in the
nanometer range.

For the displacement recording we will use a combination
of two systems: a linear CCD camera array [2] and Position
Sensitive Detectors (PSD), the latter being more accurate
with a faster read out. To avoid any damage in the gage
length, which could be caused e.g. by small indentations, we
developed, in collaboration with the Laboratory for Micro-
and Nanotechnology of PSI, a special technique for the
reference pattern, to measure the elongation: by holographic
exposure of a grating pattern onto a polimer varnish
covering the samples, a reference pattern with a period of
680 nm and a thickness of a few hundred nm is obtained.
Additionally, two gold markers are photolithographically
printed onto the opposite side of the samples. The change in
distance between the two markers during deformation is
measured with the CCD array, while the change of the
grating is recorded with the PSD. The latter is used for
measuring the elastic part of the specimen up to the
beginning of the plastic regime, while the former one is
used for the plastic and superplastic regime.
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TRANSMISSION ELECTRON MICROSCOPY OF NI-RICH Ni-Al
NANOCRYSTALLINE MATERIAL

M. Yandouzi, D. Schryvers, G. Van Tendeloo (EMAT), V. Bonny, H. van Swygenhoven (PSI)

High-Resolution transmission electron microscopy was performed on pressed powder Ni-rich Ni-Al nanocrystalline
material Several nickel aluminide ordered structures, i.e. B2 (NiAl), L12 (Ni3Al) and L10 (NiAl martensitic) type
structures, have been observed.

Nickel-aluminium metallic systems have wide applications
ranging from metallisation of integrated circuits to high-
temperature structural materials. Moreover, the alloy NixAl,.
x is extensively studied because of its martensitic properties.
The emphasis of the present research is on the atomic- and
microstructure of nanocrystalline Ni-rich Ni-Al alloy. The
nanocrystalline NixAl, x with x= 62,5 is prepared by the
inert gas condensation technique at PSI.

Thin foils transparent for the electron beam are prepared by
ion-milling using Ar-i- ions. The samples are investigated in
a CM20 Philips and a 4000EX JEOL microscope, both
equipped with a LaB6 filament. The composition of the
films is measured by energy dispersive X-ray analysis
(EDX) using a Si(Li) detector in a Link QX-2000 system
with an atmospheric thin window attached to the CM20
instrument.

EDX measurements done at different locations indicate a
non-uniform composition of the sample: local variations in
at% Ni between 59 and 65 are measured. According to the
phase diagram, room temperature bulk Ni-rich Ni-Al
material of these compositions can consist of a mixture of
the B2, orthorhombic Ni5Al3 and Ll2 phase. Also the Llo
martensitic phase can be expected. It is known that in this
alloy system the onset temperature for the martensitic
transformation upon cooling (denoted Ms) strongly depends
on the composition: the temperature increases by about
160°C/at%Ni, with Ms at room temperature corresponding
to a Ni content of 63 at %.

Careful analysis of the nanocrystalline sample using
Selected Area Electron Diffraction patterns (SAED), show
clearly the presence of three phase: B2, Ll2 and the
martensitic phase Llo. The bright field (BF) image of
Fig. 1. shows the polycrystalline arrangements of B2 grains
having grains sizes between 5 and 15 nm diameter. The
corresponding SAED pattern, obtained using a 0.5mm
aperture, is given in the inset. From the SAED pattern (ring
pattern) it is clear that the grain sizes are small and
randomly oriented. The presence of rings in the diffraction
pattern indicates that the B2 structure is chemically ordered,
i.e. a superstructure is observed even in the small grains.
From the current ring pattern a lattice parameter of the B2
structure of (0,28 ±0,01) nm is measured.

The above results are confirmed when viewing the samples
under high-resolution conditions. Fig. 2 shows a HREM
image of part of Fig. 1. The image reveals the atomic
lattice. The cubic grains with [001] zone orientation are
visible (a power spectrum is shown as a circular inset). The
HRTEM image of a single grain (see inset) clearly reveals

the expected white dot patterns for the [001] zone of the B2
structure. For column structures such as the B2 viewed
along a cubic direction, the geometry of the white dots in
the HRTEM image corresponds well with that of projected
atomic columns. However, in some regions the square
symmetry of the dot pattern is distorted. When viewing the
image along a grazing incidence parallel with the lattice
planes, numerous local distortions of the lattice fringes are
observed. Atomic modulations in HREM images of the B2
structure have been observed as precursor to the martensitic
transformation in bulk coarse grained Ni-Al material.

Fig. 1: SAED and BF image revealing the
microstructure of a B2 Ni-rich NiAl alloy.

SAED pattern of other regions show the f.c.t L lo structure
of the martensitic phase, as shown in Fig. 3a. From the ring
pattern the lattice parameters for the L10 phase are
measured: a=0.38 and c=0.31 (±0.01) nm. A lower
magnification HRTEM image corresponding with the
SAED of Fig. 3a is shown in Fig. 3b.

Here the high-resolution image reveals a white dot pattern
characteristic for the [101] zone of the Llo structure. It is
know that upon quenching, Ni-rich Ni-Al transforms
martensitically from high temperature - phase with B2
structure to a multiply twinned Llo- structure. However, in
our sample, we have not seen any twins in the Llo phase.
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A possible reason could be the very small grain sizes. The
co-existence of the three phases and especially the

formation of the martensitic phase in nano-crystalline Ni-
rich Ni-Al alloys will be a matter of further research.
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Fig 2: [001] HRTEM image of a B2 grain in a Ni-rich NiAl with the corresponding power spectrum
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Fig 3: HRTEM image showing grain exhibit <101> zone axes of Ll0 structure and corresponding SAED



47

MAGNETIC CORRELATIONS IN NANOSTRUCTURED FERROMAGNETS

Jorg F. Loffler1'2, Hans-Benjamin Braun1, and Werner Wagner1

JPaul Scherrer Institute,CH-5232 Villigen PSI, Switzerland California Institute of Technology, W.M. Keck Laboratory,
Pasadena, California 91125

Small-angle neutron scattering experiments on nanostructured Fe, Co and Ni reveal magnetic correlations across
grain boundaries which strongly depend on the grain size. In Fe the shortest correlations are found for grain sizes
where the coercive field shows a maximum. The observed magnetic correlations are always larger than a critical
length scale related to the domain wall width in the bulk material. The results are explained within a generalized
random anisotropy model.

Nanostructured materials often reveal macroscopic prop-
erties that strikingly differ from their bulk counterparts. Iso-
lated magnetic particles above the onset of superparamag-
netism are magnetically hard, i.e., they have a large coer-
civity [1], In contrast, nanostructured magnets consisting
of consolidated grains are often magnetically soft as a re-
sult of the interaction between the grains. Their superior soft
magnetic properties render these materials ideal for applica-
tions such as transformers. Quite remarkably, the coercivity
in such materials can be tuned by a variation of the grain size.
It shows a distinct maximum at grain sizes of typically some
tens of nanometers, falling off sharply towards smaller grain
sizes [2], see inset of Fig. 1.

In order to design magnetic materials for specific appli-
cations, it is important to understand how such macroscopic
properties arise from the interplay of microscopic parame-
ters such as grain size, intergrain coupling and anisotropies.
With the aim to relate microscopic and macroscopic prop-
erties we performed small angle neutron scattering exper-
iments (SANS) and determined the magnetic correlation
length in nanostructured samples of different grain size and
anisotropy. In Fe and Ni samples, we observe magnetic cor-
relations extending over many grains for grain sizes below
the bulk domain wall width. In particular, for nanocrystalline
Fe we were able to produce a set of samples covering the
range of grain sizes from 12nm up to 60nm. Fig. 1 shows
the corresponding (volume weighted) correlation length that
is determined from the SANS data.

One clearly observes a minimum of the correlation length
for grain sizes in the range between 30 - 40nm, followed
by a sharp increase of the correlation length at small grain
sizes. A similar increase has been observed in Ni samples
where in the available range of grain sizes of 14 — 22nm the
observed correlations always exceeded loOnm. The corre-
sponding values of the bulk domain wall width are tfpe =
46nro and d^i = 122nm. This observed increase of the
correlation length at small grain sizes indicates a coupling
between adjacent grains and is consistent with the random
anisotropy model (RAM). However, the RAM is based on
the assumption of uniform exchange and small correlation-
length of randomness and thus may not be adequate for a
nanostructured material: Magnetic correlations may either
not be transferred between adjacent grains due to the lack of
intergrain exchange coupling, or magnetic order is disrupted
by the creation of domain walls within one grain.
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Figure 1: Spatial magnetic correlation length L versus aver-
age grain size D for nanostructured Fe. The solid line in the
low grain size regime is primarily a guide to the eye, but also
represents a fit proportional to 1/D3 predicted by the RAM.
No magnetic correlations in the range L < LCT-a are observed
(gray shadowed region). For comparison, the inset shows the
grain size dependence of the coercivity which has a maxi-
mum at similar grain sizes. Data are taken at T = 300 K on
a different set of Fe samples.

A theoretical description of the observed correlation struc-
ture, based on a generalised random anisotropy model that
takes into account the reduced coupling between grains and
domain wall formation within grains, is described in a sepa-
rate report [3].
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THE VIBRATIONAL SPECTRUM OF H-DOPED NANOCRYSTALLINE Pd

U. Stuhr (PSI), T. Striffler, H. Wipf H. Hahn (TU Darmstadt), G. J. Kearley (ILL, Grenoble)

Neutron-time-of-flight spectroscopy was applied for the investigation of vibrational excitations in nanocrystalline Pd.
The hydrogen, located in the grain boundaries, can be used as a probe for the vibrational motions in these regions.
At frequencies below 3meVM the neutron spectrum is dominated by the H scattering. The spectrum of the hydrogen
can be described by a local VDOS-O) down to the lowest investigated energies of 0.15meV.

Nanocrystalline materials consist of grains with a size of a
few nanometers. Therefore, the number of atoms within the
lattice regions and those on the surfaces of the crystals or in
grain boundaries are in the same order of magnitude.
Vibrational excitations attracted special interest since
specific heat measurements as well as a theoretical
calculation indicated a strong increase of the phonon density
of states at low energies.

In a previous study [1] we investigated H-doped
nanocrystalline Pd in a time-of-flight experiment with
neutron spin analysis. This allowed us to separate the
incoherent H scattering from the (spin-) coherent Pd
scattering. The main result of this experiment was that the
H-spectrum (representing the atoms at interfaces) can be
described by a local vibrational density of states (VDOS)
which is linear in frequency co, whereas the Pd atoms
(mainly within the grains) shows a normal Debye behaviour
(VDOS ~ co2). This leads to the situation that below 2 meV
the coherent scattering is small compared to the incoherent
H-scattering, therefore, in this energy range, polarisation
analysis is not necessary.

In order to get information about the vibrational spectrum of
the H-atoms well below lmeV we performed a time-of-
flight experiment on the instrument IN6 at the ILL in
Grenoble (incident wavelength 5.1 A). The nanocrystalline
Pd (average grain size 15nm) was doped with 3 at%
hydrogen. At this low H concentrations the hydrogen
occupies nearly exclusively sites at the grain boundaries
and, at low frequencies, the vibrational spectrum of the
hydrogen represents essentially the vibrations of the
neighbouring Pd atoms (band modes; the extra hydrogen
modes are above 50meV). Therefore we use the large
scattering cross section of the hydrogen to enhance the
contrast between the grain boundary and the inner-grain
regions.

Fig. 1 shows three spectra of the nanocrystalline PdH003-
sample for neutron energy transfers up to 6meV. The three
spectra were taken at temperatures of 75, 100 and 130K:
The background and the elastic line were subtracted and the
spectra were normalised with the Bose-occupation factor to
a common temperature of 100 K. After this normalisation
all three spectra are (within the statistical errrors) identical.
This demonstates that (i) there is no quasielastic
contribution (due to hydrogen diffusion) at these
temperatures, and (ii) multiple phonon excitation (iii) and
non-linear effects are negligible. The first point is
important since a strong increase of intensity near ftco=0 is

usually assigned to a quasielastic broadening due to
relaxation processes and not to inelastic scattering.

The thin solid and dashed lines in Fig. 1 represent the
spectra expected for a VDOS ~ co and VDOS ~ co2 (Debye-
spectrum). The sum of both are given by the thick solid line
which fit excellently the measured data points (note that the
only adjustable parameters are the intensities). The dashed
line can be assigned to the coherent scattering of the Pd-
atoms and the thin solid line to the scattering of the atoms at
interfaces (mainly incoherent H-scattering). This interpre-
tation is in agreement with the result of the previous
experiment where similar intensities were found for the
incoherent and coherent spectra at ~3 meV.

Therefore the H-spectrum can be described by a VDOS~co
down to 0.15 meV. This result is quite surprising, since, if
the modes are collective excitations like phonons, at 0.15
meV, the corresponding wavelength should be expected to
be in the range of the grain size, where a confinement of the
excitations to a lower dimension is unlikely.

neutron energy transfer (meV)
6 5 4 3 2 1 0.5 0

200 250
tof channels

300

Fig. 1: Time of flight spectra of the vibrational excita-
tions in nano-PdHx (open circles: T=75 K, closed circles:
T=100 K, triangles:T=130 K). Details see text.
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SEGREGATION AND IN-PLANE STRAIN IN BURIED OXIDE INTERFACES

W. Wagner (PSI), J.A. Eastman, G. Soyez, G. Bai, C. Thompson, L.J. Thompson, G.B. Stephenson, A. Munkholm
(Argonne National Laboratory, USA)

Grazing-incidence x-ray diffraction and x-ray fluorescence measurements on epitaxial yttria-stabilized zirconia (YSZ)
thin films at the APS BESSRC beamline 12-ID-B were used to characterize the lattice parameter and Y2O3
concentration as a function of distance from the heteroepitaxial interface. This study has demonstrated that grazing-
incidence x-ray diffraction and fluorescence techniques can be used to characterize in a non-destructive way the in-
plane strain as well as the chemistry of buried interfaces. For a sample annealed at 1500°C in Ar-2%02, evidence
was seen for Y2O3-depletion at the YSZ- A12O3 interface.

Epitaxial yttria-stabilized zirconia (YSZ) thin films have
been produced on an A12O3 (sapphire) substrate by metal-
organic chemical vapor deposition (MOCVD). With the
objective to characterize the lattice parameter and Y2O3

concentration as a function of distance from the
heteroepitaxial interface, grazing-incidence x-ray diffraction
and x-ray fluorescence measurements at the APS beamline
12-ID-B (BESSRC collaborative access team) were used.
This is the first study to make use of the high penetrating
power of x-ray beams obtained at an APS undulator
beamline in order to probe a buried interface through a thick
substrate, providing significant advantages in terms of
sensitivity to strain and composition in the buried interface.
Fig. 1 illustrates schematically the grazing incidence
geometry. Note that for + a being below the critical angle
(total reflection), the penetration depth of the evanescent x-
ray wave is localized to the upper surface of the YSZ
coating, while for - a it is confined to the YSZ-A12O3

interface region. Fig. 2 shows the intensity of the in-plane
200 peak of YSZ as a function of the grazing-incidence
angle a for a sample annealed at 1500°C in Ar-2%02 . The
Q-position of the peak allows to determine the YSZ-lattice
parameter as a function of distance from the upper surface
and heteroepitaxial interface. This is shown in Fig. 3, along
with the Y2O3-composition determined from the
fluorescence data recorded simultaneously. The data is
consistent with a 2-phase YSZ microstructure with Y2O3

segregation to the upper surface of the coating and Y2O3-
depletion at the YSZ-AL,O3 interface.

+a

YSZ coating

" * -—_

alumina substrate

Fig. 1: Schematic view of the grazing-incidence
geometry used. Note that for + a below the critical angle,
the penetration depth of the x-rays is localized to the upper
surface of the YSZ coating, while for - a it is localized to the
YSZ-A12O3 interface region.

This study has demonstrated that grazing-incidence x-ray
diffraction and fluorescence techniques can be used to
characterize the in-plane strain, as well as the chemistry of

buried interfaces non-destructively. These experiments lay
the groundwork for planned future experiments
investigating the evolution of strain and composition under
controlled temperature and oxygen partial pressure
conditions.

YSZ 20C

-a

alpha (tkgrees)

Fig. 2: 200 peak intensity as a function of the grazing-
incidence angle, a . The high brightness of the APS
undulator beamline provides sufficient intensity even at -a,
where the beam travels through several millimeters of the
sapphire substrate.
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Fig. 3: 200 lattice parameter as a function of a. The data
are consistent with a 2-phase YSZ microstructure with Y2O3

segregation to the upper surface of the coating and Y2O3-
depletion at the YSZ-AL,O3 interface.
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EXAMPLES FOR NEUTRON IMAGING AS A TOOL FOR INDUSTRY RELATED
INSPECTIONS

E. Lehmann, P. Vontobel (PS!)

Investigations with neutrons were performed at the radiography station NEUTRA in 1999 for very different samples
of industrial partners. Most of the questions could be solved using high resolution neutron transmission techniques.
The need for methodical and analytical improvement becomes obvious for the remaining unsolved problems.

INTRODUCTION

The demand in non-destructive testing increases as more
complex (and expensive) systems come into operation. One
branch of investigations is the routine check for failures
before and during the installation of the device. Another
kind of research aims at general understanding the materials
behaviour and the distribution of agents and materials in
basic and laboratory test series.

Compared to the commonly used X-ray techniques,
neutrons have higher transmission capabilities for most
metals and the advantage of distinguishing among different
metals. As an example, Fig. 1 shows a test rod for the

SINQ-Mark-3 target with an outer steel cladding and small
specimen of different steel compounds and a lead-bismuth
filling inside.

Another big advantage of thermal neutrons is their high
interaction probability with hydrogen which can be found in
most of organic compounds. A very sensitive and precise
estimation of moisture can be obtained [1,2] by adapted
neutron radiography techniques.

The examples of investigations for different technical
problems presented should illustrate the principal approach
by neutronic methods and give an idea of what kind of
results will be possible to obtain.

Fig. 1: The example of a test rod of the SINQ-target MARK-3 filled with specimens for irradiation tests embedded in a
lead-bismuth alloy shows how different metals can sensitively be distinguished by neutron inspection (the lower projection was
obtained by turning the sample by 90°).

METHODICAL PROBLEMS IN NEUTRON
TRANSMISSION RADIOGRAPHY

The inspection of macroscopic samples by neutrons is
limited in two respects:

• Ability to penetrate of the sample
• Ability to discriminate and distinguish different

materials or zones in the samples.

The transmitted beam signal I through a sample with the
thickness d and a macroscopic cross-section X can be
described in first order by:

= ln-e (1)

where Io represents the incident neutron flux signal. State-
of-the-art neutron detectors for neutron radiography (CCD-
camera based, imaging plates) have a dynamic range of
about 5 orders of magnitude. However, the background
signal from gamma radiation and dark current in addition to
inherent noise will reduce the applicable range to about 3
decades. Depending on the naturally given attenuation

properties of the different materials investigated (described
by X) the thickness of the material which can be penetrated
can be obtained from (1). For example, it will hardly be
possible to investigate water layers which are thicker than 2
cm. However, lead with about 20 cm thickness can easily be
penetrated.

The search for structural faults is limited by the possibility
to separate different grey levels in the images obtained.
Theoretically, a 16 bit format enables to distinguish between
about 65000 levels. However, the inherent noise of the
images will strongly reduce the effective number of
distinguishable levels. Therefore, the detector inherent
signal-to-noise ratio (S/N) will be the important parameter
which gives the right indication how many effective levels
can be separated. For imaging plates S/N is about 250, for a
camera based system about 150 [2] at the upper limits of the
dynamic range. More than one noise level distance from the
neighbouring signal is necessary to distinguish separated
zones or structures in the images. Therefore, the number of
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separable features is exactly 65000 divided by the S/N ratio
at the valid dynamic range.

EXAMPLES FOR MATERIAL INVESTIGATIONS

During the operation of the NEUTRA facility in 1999,
solution of several very different problems was attempted
by neutron transmission measurements. Some few selected
examples are shown in Fig. 2-6, where the question and also
the solution is easily presented by an image. In other cases
like moisture analysis and boron concentration
measurements it was more appropriated to use the data sets
related to the images and make a numerical analysis. There
the advantage for getting digitised information from the
radiography measurements became very important.

The measurements were carried out with imaging plates
within an exposure time of about 10 seconds. For
investigations of time depending processes (e.g. combustion
of fuel, distribution of lubricant) other detectors have to be
applied. Some developments in this directions were started.

Fig. 2: In a first survey examination the cylinder of a car
engine with aluminium in the upper part and steel in the
lower part as wall material (diameter about 60 cm) could
easily be penetrated by thermal neutrons and a certain fuel
level was observed on the top of the piston.

Fig. 3: An insulation layer between two steel tubes was
inspected as a quality check after the bending procedure.
The tube system has to sustain internal pressure of more
than 100 atm during operation. The hydrogen containing
material of the insulation gives for thermal neutrons a
contrasts comparable to much thicker steel layers.

Fig. 4: The solder between the observed steel test samples (about 1 cm in length) contains boron which can be investigated
very efficiently by neutrons. The images show how deep the boron diffused into the steel; a quantification of the boron content
can extracted from the transmission data.



52

Fig. 5: A printer cartridge in the filled and empty state:
all operation steps between (including failures and
instabilities) can be observed in a non-destructive way very
sensitively and space resolved.

Fig. 6: The (explosive) gas producing part of an air-bag
system gives very low contrast in X-ray inspection (right),
but a good image can be obtained by neutrons. Neutrons
could favourably be applied for quality assurance
investigations (without destruction) or for interpretation of
reasons for non-operating parts.

PROSPECTS AND POINTS OF FOCUS FOR
FURTHER ACTIVITIES

To fulfil the demands of industry means to be flexible in the
choice of the adequate detector system, the right sample
environment and to support evaluation methods by post-
processing procedures. Although many possibilities exists at
the NEUTRA station by the at least 4 radiography methods
available, a large beam diameter, space of several m3 space
at the measurement position and a removable shielding,
some options remain on the detector side for improvement.
Because there is an urgent demand in inspections of time
dependent phenomena it will be studied in how an
intensified camera system can optimally be applied under
NEUTRA conditions. For real-time investigations the
available neutron beam flux is the most limiting factor.
Improvements in beam intensity [3] will help to be more
successful in this direction.

Flat panels produced with amorphous silicon becomes
recently in use for X-ray inspection. With an adapted
modification for an efficient neutron detection these devices
should be very useful for several problems in neutron
imaging, especially for tomography. Despite the presently
high price level, these devices will improve the efficiency in
investigations with neutrons dramatically. The activation
which can possibly be induced in material samples during
the neutron exposure will be reduced than too.
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INVESTIGATION OF MOISTURE DISTRIBUTION IN WOODEN STRUCTURES BY
NEUTRON RADIOGRAPHY

E. Lehmann, P. Vontobel (PSI), P. Niemz (ETHZ)

Several experiments were performed with neutron radiography to investigate the moisture transport in wooden
samples (uptake and drying). Due to the high interaction probability of hydrogen with thermal neutrons this method is
very sensitive regarding small amounts of water in the wooden matrix. The experimental set-up, the detector systems
used and the evaluation procedure are described. First promising results indicate the potential for further use of this
method in solving several practical problems of the wood manufacturing industry but also for the general
understanding of the behaviour of wood in interaction with the environment.

INTRODUCTION

Wood has been a very common and cost efficient building
material since many centuries. Also nowadays, it plays an
important role in the building industry. Wooden structures
are heavily influenced by environmental conditions
(temperature, humidity, light), but they should survive for
periods of years to decades. For this purpose, the raw
material will often be treated with different agents to protect
the surface and the whole structure against rottening and
destruction. The water content in wood plays a key role for
the understanding of different main properties of the
material.

Hydrogen is very strongly interacting with thermal neutrons
and can therefore be detected very sensitive. Although wood
already contains about 6 mass % of hydrogen in its dry
structure, there is enough dynamic range in neutron
radiography to investigate additional water by transmission
measurement. An estimation about the dependency of the
attenuation coefficient of the sample in relation to the
content of additional water is presented in Fig. 1. Assuming
that an attenuation of about 10~3 can easily be measured by
state-of-the-art detector systems, the detection limits are
indicated for sample thickness of 2, 3 and 5 cm.

Therefore, neutron radiography should be a very powerful
and efficient method for studies on interactions of wood
with moisture under different conditions. The paper
describes the applied procedure and gives first results for
water uptake and drying experiments.

EXPERIMENTAL PROCEDURE

The conditions at the neutron radiography facility NEUTRA
which is using a thermal beam line of the spallation neutron
source SINQ [1] are quite well suited to perform
investigations with relatively large samples (up to 40 cm in
diameter). The well collimated beam with low divergency
penetrates the sample and will be detected as a distribution
in two dimensions by a CCD-camera based neutron detector
[2] with a spatial resolution of 0.5 mm. The transmission
image represents the open beam outside the sample and the
attenuated beam behind the sample. In the first order, the
material properties (described by a macroscopic cross-
section) can be extracted from the attenuation value for each
pixel when multiple scattering effects in the sample are
neglected. This procedure can be applied for a comparison
between perturbed and original sample when a first

approximation of the quantitative distribution of moisture
should be extracted from the experiments.

A more qualitative impression about the sample behaviour
will be obtained by image post-processing tools where the
effect of the wooden matrix can be subtracted in order to
visualise the water distribution alone.
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"""""wood with additional water

85 range for measurements

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
density of additional water in the sample [g/cm5]

Fig. 1: Attenuation coefficient of a ,,standard" wooden
sample as a function of the water content, starting from the
dry state. The limitation in the transmission of thermal
neutrons is indicated for sample thickness of 2, 3 and 5 cm
respectively.
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Fig. 2: Increase of the sample weight during the wetting
procedure for different kinds of wood, observed for about
20 hours. The different integral values of the sample can
much more detailed verified in spatial distributions as
shown below. A comparison of the situation after 5 hours
water uptake is described by transmission images in Fig. 3.
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PERFORMED MEASUREMENTS

Moistening process

Wooden blocks (16 mm thick, 40 mm wide, 200 mm high)
were set into a shallow aluminium walled water bath (1 mm
water level). Transmission images through the 16 mm thick
sample were produced after different time steps (3 to 300
minutes) and the integral water uptake was measured in
parallel via the weight increase. The following sample
materials were examined: spruce, pine, MDF (medium

dense fibre plate), sweet chestnut, particle board, beech.
The total increase in sample weight is shown in Fig. 2,
where large differences among the samples becomes
visible.

The main question was how the water will be distributed in
the different wooden materials used for this procedure.
Because the measurements at the different time steps were
performed at exactly the same position in the beam, it was
possible to eliminate the contribution from the completely
dry sample.

Fig. 3: Water uptake within 5 hours by different kinds of wooden samples (from left to right: spruce, pine, beech, sweet
chestnut, MDF, particle board) from a water bath applied from below.

This was done with an image processing software by
dividing both images and normalising to the full dynamic
range. The results for all six kinds of samples are presented
in Fig. 3 as difference image between dry and nearly
saturated status (after 5 hours).

Drying process

The opposite approach was taken for spruce by saturating a
3 cm thick plate (10cm in the two other dimensions) by
storing it under water for 3 days. About 60 g of water was

picked up by the sample with a dry weight of 143.5 g. The
drying procedure was performed at 20°C and 65% relative
air humidity for 70 hours. The investigations with neutrons
were done at several time of some hours each.

Two series of tests were made: with an aluminium layer as
insulation at the large lateral surfaces (in beam direction)
and without any insulation. The results are presented as
difference image to the original saturated state. A
comparison of both series of measurements is given in Fig.
4.

; o-̂ . , * \

Fig. 4: Observation of the drying process of a spruce sample (lOcmx lOcmx 3cm) when the sample is insulated on the front
sides (below) and without any insulation (above). The images show the deviations from the original saturated state. The
individual time steps for observation were 2,8,22,30 and 70 hours after the start of the drying process.
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RESULTS AND DISCUSSION

Moistening process

The qualitative information from the images of the samples
after 5 hour sucking in the water bath obtained from Fig. 3
is in good correlation with the quantitative data in Fig. 2.
Most water was picked up by beech, the lowest amount by
MDF. However, especially in the case of beech, this water
is mainly distributed close to the surface only. A deeper
volume penetration can be found for particle board and
spruce.

Drying process

The drying of spruce is relatively homogeneous in the
beginning. Noticeable deviations becomes visible first after
about 8 hours at the outer surfaces of the samples. The
insulated sample can deliver the moisture to air only
through the sides. Therefore, the anisotropy inside the
sample becomes more and more important over the
observation time. The main transport way of water will be
go through the large front surfaces if the sample will not be
insulated and the difference images look homogeneous.
During the drying process it is also possible to observe a
shrinking effect where the annular ring structure becomes
visible. This is less important for the isolated sample, but a
local drying crack can be observed at the top face.

PROSPECTS

The examples for measurements of wooden samples in
interaction with water demonstrated how sensitive the local
distribution can be studied with neutron radiography. By the
use of digital neutron detectors (CCD camera, imaging
plates) it is possible to quantify the local amount of water as
shown [3] in a first attempt. Future work will concentrate on
special practical questions from wood manufacturing
industry and a higher level of accuracy in the quantification
of moisture. The three-dimensional water distribution can
be obtained by neutron tomography [4].
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CHARACTERISATION OF TRANSPORT PROCESSES IN SURFACE NEAR ZONES
OF CONCRETE BY MEANS OF NEUTRON RADIOGRAPHY

A. Gerdes, F.H. Wittmann (ETHZ), E. Lehmann (PSI)

In practice the absorption of aggressive salt solution often leads to the deterioration of concrete structures. The
capillary suction of cement-based materials can be reduced drastically by the application of water repellent agents
based, for instance, on silicon organic compounds. For the performance of this surface treatments the shape of the
penetration profile of the silicon resin is crucial. In this investigation the influence of the chemical reactivity of
silanes on the penetration depth has been studied. It will be shown that the penetration depth ofsilane as a function of
contact time can be estimated by applying the square-root-of-time relation. Neutron radiography is a powerful tool to
study transport processes in the surface near zones of concrete (covercrete) and is useful for the further development
of new products and application techniques.

INTRODUCTION

De-icing salts containing chlorides are often used for winter
service on roads. The ingress of aqueous chloride solution
into concrete structures such as bridges or tunnels can lead
to the corrosion of the embedded reinforcement and has
been responsible for a lot of damage of reinforced concrete
structures over the past years [1].

In order to reduce the capillary uptake of aggressive
aqueous solutions, water repellent agents based on reactive
chemical compounds have been applied on the concrete
surface. Crucial factors of the performance and durability of
these water repellent treatments with silicon organic
compounds are the penetration depth and content of active
substance in the covercrete [2-4]. For civil engineers in
charge of designing water repellent treatments the
calculation of a minimum contact time for a given
penetration depth would be useful as they could specify
requirements in the contract to guarantee high quality
treatments in practice.

However, Sosoro [3] has shown that chemical reactions
between penetrating reactive organic fluids and concrete
can cause deviations from the square-root-of-time relation
and reduction of sorptivity [5].

So far, there is a lack of information about the influence of
the composition and chemical reactivity of silanes on the
transport into the concrete. In this project we have prepared
concrete specimens to study the transport of silane in order
to check the applicability of the square-root-of-time
relation. First results of this investigation are presented in
this contribution.

EXPERIMENTS

Preparation and conditioning of the specimens

For the experiments aimed at studying the transport of
silanes in the covercrete, concrete specimens with the
following mix composition were prepared. The maximum
size of the aggregates were 16 mm, the Portland cement
content was 350 kg/m3. The water/cement ratio were 0.35,

0.40, 0.45 and 0.5, respectively. After demoulding the
specimens were stored at 20 °C under water for 28 days.
Afterwards the specimens were dried at 50 °C and 50% rel.
humidity until the weight was constant. The side-faces of
the specimens were coated with Al-foil to guarantee a one-
dimensional transport of the solution through a suction area
of 40x30 mm2.

Experimental set-up

The experiments were carried out at the NEUTRA facility
of SINQ at the Paul Scherrer Institute. In the first step we
characterised the penetration depth of 100 % silane as a
function of the duration of contact for different concrete
mixes. For this aim the specimens were placed into a small
vessel with about 2-3 mm fluid level of silane on two-line
supports for different durations of time. During the
experiments the penetration depth of silane was measured in
situ by means of neutron radiography. The uptake was
determined gravimetrically.

RESULTS AND DISCUSSION

Uptake of water repellent agents

During the capillary suction experiments the uptake of
silane was measured gravimetrically. In Fig. 1 the amount
of absorbed silane as a function of duration of contact is
shown. For comparison, the water uptake of this concrete
mix has also been measured. The silane absorption
coefficient Asilanc and water absorption coefficient Awatcr

calculated with equation (1) for a duration of contact of 24 h
are also presented.

mliquid ~ ^-liquid •VF (i)

mbqui(1 = mass of adsorbed liquid [kg/m ]
•̂ •liquid= liquid absorption coefficient [kg/m2h0'5]
t= duration of contact [h]

The calculation of the liquid uptake as a function of the
square root of duration of contact has shown that the
absorption of silane and water also follows the square-root-
of time-relation for a duration of 24 h.



57

2,5

E 2 -

5 1,5
3

£ 1
0)

(0

S- 0,5

Concrete, w/c ratio 0.5
Asiiane = 0.399 kg/m2h°5

Awater = 0.205 kg/m 2h 0 5

10 15 20

Duration of contact [h]

25 30

Fig. 1: Absorption of silane and water as a function of duration of contact for concrete, w/c ratio 0.5

Penetration depth of water repellent agents

The neutron radiography is based on the fact that neutrons
are adsorbed or scattered by hydrogen-containing
substances such as water or silicon-organic compounds. The
degree of adsorption depends on the concentration of the

hydrogen-containing molecules. The results of these
measurements can be visualised by grey-scaled images [6-
9]. In Fig. 2 neutron radiography images for specimens
placed in silane for various duration of time are shown.
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Fig 2.: Neutron radiography images of a concrete specimen with water/cement ratio 0.5 placed in silane for (a) lh, (b) 4h
and (c) 24 h. The extracted data base is shown on the right side.

The darker grey-coloured zone below the white line
represents the silane saturated zone. The brighter grey-
coloured zone over the white line represents the moisture
content of the concrete after drying. The white line
represents the shape of the silane front. First, the presented
results show that neutron radiography is a suitable method
to measure the penetration depth of silanes in porous
materials such as cementious materials with an accuracy of
0.5 mm. It is also obvious that the penetration depth
increased with increasing contact time. For concrete (w/c
ratio 0.5) in contact with liquid for 24 h, distribution
profiles have been calculated from these images in order to
determine the penetration depth for silane and water (Table
1). With these results and by applying equation (2) the
silane penetration coefficient Bsilanc has also been calculated.

'•liquid ~ ^liquid ' V ̂ (2)'liqu

xiiqm<i= penetration depth of adsorbed silane [cm]
liquid = silane penetration coefficient [cm/h05]
t- duration of contact [h]

With the coefficients AsUajlc and Bsilmc the specific capacity \\f
suanc °f t n e surface near zones for different concrete mixes
can be calculated with equation 3. The results are presented
also in table 1.

B,'liquid
_ •^•liquid

Y-P

\\i = liquid capacity [mVm3]

p = liquid density [kg/m3]
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Table 1: Calculation of the penetration coefficient B]iquid

and the liquid capacity \|/

Penetration
depth after 24 h

[m]
Penetration
coefficient B
[m/h ]
Liquid absorption
coefficient A ^
[kg/m2h0-5]
Liquid density p
[kg/m3]
Liquid capacity \\i
[mVm3]

Silane
0.0375

0.0077

0.399

900

0.0576

Water
0.0210

0.0042

0.205

1000

0.0488

The results for the liquid capacity show that the value for
silane is significantly higher as compared to the value for
water for this concrete mix. Contrary to this, Sosoro found
that the effective porosity of concrete can be different for
different fluids and depends mainly on the surface tension
of the fluid. With increasing surface tension of the fluid the
amount of adsorbed fluid increases at the same penetration
depth [3]. The surface tension of a silane is in the range of
20 mN/m, the surface tension of water is 72.75 mN/m. Due
to the results of Sosoro the effective porosity of concrete for
silane should be lower than the value for water. One
explanation for the difference between both measurements
could be the regime of pre-conditioning of the specimens.
Sosoro dried the concrete specimens at 105 C until the
weight was constant. This treatment leads to the total
evaporation of physically adsorbed water. After re-wetting
different chemical and chemomechanical interactions occur
which have a strong influence on the absorption behaviour
of cement-based materials. Further work must still be
carried out to clarify these differences in results.

• Neutron radiography is a powerful tool to characterize
the transport of silicon organic compounds into cement-
based materials. Testing of new developed water
repellent agents or application technologies can also be
optimised with this method.

• The uptake of silane can be described sufficiently by the
square-root-of time-relation for a duration of contact of
24 h. This relation can be used to calculate the minimum
contact time for a given penetration depth if for the
chosen silane the effective porosity of the covercrete is
known.

• The differences between the liquid capacity of the
covercrete for water and silane presented in this
contribution and the results of Sosoro can not be
explained satisfactorily at this moment. One reason for
the different behaviour of the concrete could be the
regime of pre-conditioning of the specimen. Further
work must be done to clarify this phenomenon.
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MEASUREMENT OF THE BORON CONTENT AND DISTRIBUTION OF
ALUMINIUM AND STAINLESS STEEL PLATES BY THERMAL NEUTRON

RADIOGRAPHY

P. Vontobel, E. Lehmann (PSI)

Thermal neutron radiography is the most appropriate method to determine the homogeneity of the boron distribution
in structures used to ensure criticality safety of nuclear reactor spent fuel storage pools or transport casks. The boron
content can be derived from quantitative transmission measurements. We measured the neutron transmission of
representative boron containing stainless steel and aluminium plates using neutron sensitive imaging plate detectors.

INTRODUCTION

Stainless steel or aluminium structures containing natural or
lightly enriched boron are used in tightly packed storage
pools or transport casks. They provide excellent mechanical
and heat conduction properties together with a high neutron
absorption capacity. For nuclear criticality safety reasons a
certain minimum content of boron and even distribution
have to be guaranteed. Although mobile neutron sources
exist, which allow neutron transmission measurements in
the factory, checks have to be performed on representative
samples at a stationary neutron source under more
favourable conditions regarding the spectral quality and the
collimation of the neutron beam.

METHOD

We measured the position dependent transmission T = I / Io

= e z'd of boron containing plates using thermal neutron
sensitive area detectors i.e. Gd doped imaging plates (IP)
with dimensions of 200x400 mm [1]. The spatial
distribution of the boron content (1% - 3.5%) of the plates is
easily seen because of the much higher thermal neutron
absorption in boron (£=102 I/cm) than in the bulk material
(Al, Fe).

RESULTS

In order to assess the relative performance of boron
containing stainless steel (1% boron) and aluminium plates
(3.3% boron) with d=9.5 mm, neutron transmission
measurements were performed, placing the plates at various
positions. The measured transmission of the 1% boron
content stainless steel plate TSSboron=0.024 shows a relatively
low value compared to the 3.3% boron content aluminium
plate TAlboron= 0.055. The possible effect of primary or
induced y-radiation was studied by placing a 6mm thick
lead shielding plate in front or behind the boron plates. The
additional reduction of the measured transmission could be
explained by the thermal neutron transmission of the lead
alone. The influence of scattered neutrons from the walls
was shown to be negligible by placing 3mm thick lithium
polymer plates adjacent to the sample and imaging plate
detector. Finally the transmission of pure iron or aluminium
step wedges was measured together with the boron
containing aluminium or stainless steel plates (cf. Figure 1).
The derived macroscopic total cross section values are
listed in Table 1:

Table 1: Thermal neutron macroscopic total cross
sections 2 t , estimated accuracy A2 t and neutron mean free
paths A, derived from step wedge transmission
measurements.

Material

Aluminium

Iron

BoronatedSS 1%

X,[l/cm]

0.093

1.05

4.50

AX, [I/cm]

0.0018

0.021

0.2

X=l/Xt

[cm]

10.7

0.95

0.22

Table 2: Thermal scattering S s and absorption Za cross
sections taken from cross section tables.

Material

Iron

Alummiu
m

X[l/cm]

0.85

0.084

XJl/cm]

0.27

0.015

X,[l/cm]

1.12

0.099

X./X

0.32

0.18

[cm]

0.89

10.1

The measured iron and aluminium total cross sections of
Table 1 are in good agreement with literature [2] values
listed in Table 2.

The measurement of the quite low (0.02 - 0.05)
transmission values in the above mentioned boronated
aluminium and stainless steel sheets is influenced by
scattered neutrons. These are detected by the highly
sensitive imaging plate detectors. We attribute transmission
differences seen when a profile is put more to the boundary
(profile 5 with higher T value) or at the center (profile 6
with lower T value) of the plate shown in Figure 1 to
scatterd neutrons. The portion of scattered neutrons
escaping the highly absorbing plates is higher at the
boundaries than in the center. This difference is higher for
boron containing (1%) stainless steel, than for aluminium
with 3.3% boron, due to the higher scattering probability in
stainless steel. Similar transmission differences are
measured when a boronated sheet covers almost the whole
imaging plate detector compared to the arrangement as
shown in Figure 1.

DISCUSSION

The homogeneity of the boron distribution of representative
samples of stainless steel or aluminium can be demonstrated
using large area imaging plate detectors. The estimate of
the boron content of highly absorbing samples however is
influenced by scattered neutrons reaching the detectors.
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Although this effect can be minimized by choosing a large
sample to detector distance of about 50cm, transmission
differences dependent on profile position can be seen. We
attribute the lower measured transmission values of boron
containing SS plates relative to that of the aluminium plates
partly to the effect of multiple scattered neutrons in the
plates and the much higher scattering probability of the
neutrons in stainless steel compared to aluminium.
Furthermore, iron has a much higher absorption probability

Si . •

C - . - . . V "• * • . . • .

l_

as well. Multiply scattered neutrons at the center of the
stainless steel plate have a lower chance to hit the imaging
plate detector, than those at the boundary. This effect is
smaller in the aluminium plates because of their much lower
scattering and absorption cross section. Monte Carlo
neutron transport calculations are planned to investigate this
hypothesis.
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Fig. 1: Dependence of measured transmission from profile position in 1% boron SS plate (d=9.5mm), shown at top left.
Additionally boronated steel and aluminium step wedges are shown together with a 3.3% boron content aluminium plate
(bottom right).
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LAMINOGRAPHY WITH NEUTRONS AS A SIMPLE TOMOGRAPHY METHOD TO
STUDY INNER STRUCTURES IN MATERIAL SAMPLES

E. Lehmann (PSI), B. Schillinger (Technical University Munich), A. Ellenberger (PSI)

A new method for slice tomography in a parallel neutron beam is discussed and some examples of first experimental
tests are presented. Neutron sensitive imaging plates were successfully used as flat detectors with a high inherent
spatial resolution. A powerful and relatively simple inspection method for bulky samples will be available when a
high precision in positioning of sample and detector can be achieved.

INTRODUCTION

Neutron radiography is mainly applied by producing a
transmission image of a macroscopic sample where all
layers in beam direction will be superimposed. For
complicated structures and bulky samples it becomes
difficult to distinguish different components inside the
object regarding position and size.

One way to overcome this situation is the application of
tomography where a set of projections of the sample rotated
about a vertical axis are used for the volume reconstruction
[1]. This method is relatively time consuming to get about
200 single images and because of the complicated
reconstruction algorithm. Furthermore, there are limitations
in the spatial resolution given by the applied detector system
which are in the order of about 0.5 mm. The amount of data
during the reconstruction limits the achievable accuracy too.

A slice tomography technique is in use for X-ray [2] where
the source and the detector are rotated around object or
moved in opposite direction with the object between. Only

one layer inside the sample will be projected as a sharp
image for all constellations of the source - detector
arrangement during the exposure.

However, this technique will not be applicable for neutrons
because all strong neutron sources in use are fixed ones
(reactor or accelerator based). Therefore, a different
arrangement must be found for source, sample and detector
if similar results should be obtained with neutrons. This
method, called ,,laminography" will be described and first
experimental results at the radiography NEUTRA are
presented.

LAMINOGRAPHY SETUP

The neutron beam at SINQ used for neutron radiography
purposes [3] can be considered as quasi-parallel
(collimation ratio L/D=550). No significant geometric
unsharpness will be found for a bulky sample if different
inner positions are compared.

Arrangement for lamlnography with parallel neutron beam

parallel '.:

neutron team
parallel : i i :.
neutron beam

parallel • \ . .
neutron beam

parallel j i . ;1 -j
neutron beam

parallel M
neutron beam

sample / -

plane detects^

rotating desk 2

Fig. 1: Several positions of the sample - detector arrangement during the exposure in the parallel neutron beam at NEUTRA
for slice tomography

To perform sectional tomography, the sample and a flat 2-
dimensional detector have to be rotated simultaneously in
the beam parallel to each other from -90° to +90° (0° means
that the sample and the detector are perpendicular to the
beam direction).The two rotation desks are coupled together
for a synchronous movement by a tooth belt. Some positions
during the movement of the sample - detector assembly are

shown in Fig.l. In this way, only one projection will be
measured clearly (the one who is on the rotation axis and
parallel to the detector) in all positions during the rotation.
All other layers of the sample should be ,,washed out"
because they change their projections on the detector and
will not produce sharp images.
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Because the detector should integrate all projections during
the rotation in the beam, a neutron sensitive imaging plate
[4] seems to be best suited for this laminography. The high
intrinsic spatial resolution of 0.05 mm, an excellent
sensitivity for neutrons and a big detector area (20 cm x 40
cm) make it possible to obtain a good result after about 30
seconds of exposure. The digitised information of the
measurement must be filtered in a manner that the valid
dynamic range is applied for the slice image and the blurred
part is suppressed.

FIRST RESULTS

Several samples were investigated with the set-up described
before. They are compared with the transmission
radiography image where all projections are added together

with best spatial resolution (the limitation is only given by
the detector).

In the example of a turbine blade (Fig. 2), the slices in the
middle planes (parallel and perpendicular) were intended to
be measured by two independent runs. It was in fact
possible to image an inner plane only, but the resolution
achieved was much poorer than in transmission
radiography. This may be attributed to mechanical
imperfection in the test set up, where insufficient alignment
was maintained between the detector and the rotation axis
of detector and sample respectively. To get the same
resolution as the imaging plates have inherently, the
positioning must have the same precision, which is not easy
to achieve.

Fig. 2: Transmission radiography (left) of a turbine blade; two slice images for the middle planes (perpendicular to each
other) are shown on the right side. All experiments were performed with neutron sensitive imaging plates.

As a second example a hard-disc drive of a PC was
investigated and several parallel layers were observed. This
was done by changing the position of the sample relative to
the centre of rotation. The results are shown in Fig. 3.

Although it is really possible to move through the sample, it
was again not possible to reach the image quality of the
static transmission radiography.

Fig. 3: A hard-disk was investigated by laminography at different depths in the object; the transmission image (left)
represents the superposition of all layers (not only the ones shown).
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METHODICAL IMPROVEMENTS

Some limitations were found during the measurements with
the first improvised experimental set-up. First of all, it is not
possible to get high resolved images if the imaging plates
are not precisely placed parallel to the rotation axis of the
sample and perpendicular to the beam. The positioning
accuracy should be in the order of 0.1 mm which can only
be achieved by a flat frame for stabilisation of the imaging
plate and two precision desks which can be aligned
regarding their rotation axis.

From the methodical point of view, the extraction of the
slices can only be successfully if all blurred projections are
separable in the dynamic range from the valid information.
Otherwise, there is an overlap with a faded background
which reduce the content of information. This problem
limits the range of samples to observe. However, this
problem could be solved by measuring of two independent
images where the sample is slightly moved parallel. The
difference image should have more information because the

blurring is subtracted additionally. Such investigations will
be made during the next beam time available.
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NEUTRON TOMOGRAPHY SETUP AT SINQ: STATUS AND FIRST RESULTS

P. Vontobel, E. Lehmann, A. Ellenberger, E. Manfrin (PSI)

A tomography system has been set up at the thermal neutron radiography beamline NEUTRA of SINQ. Its main
components are a liquid nitrogen cooled CCD camera system, a stepping motor driven rotating table and a neutron
beam monitor. A LabView interface has been implemented to control the image acquisition sequence. An IDL based
image preprocessing and reconstruction software package has been adapted to calculate the tomographic slices using
filtered backprojection. We describe the system and show images of test objects analysed by neutron tomography.

INTRODUCTION

The non-destructive analysis of an object by neutron
radiography is mostly done taking one or more 2D parallel
projections. In some cases however the transmission
properties of the object seen from any angle are looked for.
This can be achieved by rotating it over 180° and calculating
tomographic slices using the inverse Radon transform. The
excellent beam collimation properties of the NEUTRA
beamline [1] can be used to provide 3D transmission
volume data from a series of 2D parallel projections of an
object placed on a turning table and rotated in small angular
steps through 180°.

COMPONENTS

The 150-240 times repeated turning of the object and
acquiring a neutron transmission image is implemented in
an automatic procedure connecting a camera with the
rotating table and a neutron beam monitor. We use a
nitrogen cooled CCD camera system (Astromed 3200 by
PerkinElmer Life Sciences, Cambridge U.K.), which can be
run in looping mode and allows for an external trigger
signal. Depending on the object size (maximum
weight/dimension 20kg/25cm), and the camera lense in use,
it provides 512x512 pixel images with a resolution of 0.25 -
0.5mm. Exposure times in the range from 10 - 60 seconds
are imposed by the neutron flux level of SINQ and the
objects neutron transmission given by its thickness and
isotopic composition. Objects consisting mainly of strongly
neutron absorbing isotopes and with a large length/thickness
ratio are not suitable for neutron tomography.

IMAGE ACQUISITION

Because the setup of the rotating table unit at the NEUTRA
beamline for tomography is not a permanent one (yet), the
exact relative position of the CCD field of view and sample
position on the rotating table has to be arranged and checked
first. There should be no tilt of the axis of rotation of the
table and its projection should coincide with the CCD's
image matrix vertical symmetry axis. The number of
projections to be taken in order to get a good spatial
resolution is in our case given by the achievable resolution
of the CCD camera and scintillator screen. It should be as
low as possible, in order to have a small overall neutron
exposure of the sample. We use 200 projections with an 0.9°
angle increment, which leads to a typical acquisition time
of about 3 hours. About 40% of the total acquisition time is
spent by reading out the CCD chip of the slow scan camera.

A rotating table (Franke, Aalen, Germany, type 12062) is
driven by a 2-phase stepping motor controlled by its own
steering unit (in house PSI AEI assembly) and is
supplemented by an additional goniometer. It allows a
smooth and reproducible angular positioning. In order to
avoid direct neutron illumination of the motor unit, the
objects are fixed on a table with 160mm diameter,
supported by an aluminium extension pipe. The rotating
table unit itself is mounted onto a 2-axis tilting table, which
in turn sits on a x-y axis motion table used to position the
sample precisely with regard to the CCD camera's field of
view.

Due to the proton beam induced intensity variations of the
spallation source, the neutron flux level at the sample
position is monitored indirectly by measuring the y-
background radiation originating from the sample and beam
dump. It is checked before and during the camera shutter is
open, in order to guarantee sufficient neutron fluence for a
single exposure i.e. a fluence threshold is set at 50%
nominal fluence, below which an image acquisition will be
repeated. This rough measure suffices, because a single
image is later on normalized with regard to an open beam
region of interest of its own.

A LabView based software interface implemented on a PC
allows to set up any rotation sequence. It sends the motion
commands to the motor control unit, processes the neutron
monitor signal and communicates with the CCD control
software watching for the camera shutter trigger signal and
providing the shutter close signal.

The image acquisition is started by setting up the camera
software in looping mode with fixed exposition time and
external trigger input and simultaneously starting the
rotating sequence via the LabView interface. The latter
checks the availability of the neutron beam and the camera
shutter position before it sends the motion commands to the
stepping motor control unit and the trigger signal to the
camera. No trigger signal is sent, if there is no beam.
Imaging at any given angular position is repeated, if there
was not sufficient neutron fluence during the time the
camera shutter was open.

RESULTS AND CONCLUSION

After the installation of the tomography setup images of test
objects were acquired to check the correct communication
of the components through the LabView interface and to
establish suitable procedures for sample positioning. The
image preprocessing and reconstruction methods have been
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implemented previously using an IDL based set of
procedures provided by Mark Rivers (APS, University of
Chicago [2]), together with data acquired on the rotating
table setup from B. Schillinger (TU Munich) [3]. The
parallel projection images have to be corrected a) for the
spatial inhomogeneity of the neutron beam and scintillator,
b) for white spots induced by y-rays hitting the CCD chip
and c) for varying neutron fluence during the 2h acquisition
period. The following 3 figures show on the left parallel
projection radiographs of a floppy drive, a car heat
exchanger and a relay and to the right their tomography

volume images. Objects which are penetrated easily by
thermal neutrons, show a similar spatial resolution in the
tomography as provided in the single parallel projections.
Further improvements in the sample positioning and on the
detector side will enhance the spatial resolution and shorten
the total time needed for image acquisition. A collaboration
of the European groups engaged in neutron tomography
within a COST project provides the framework to share
knowledge and experiences made with this useful method
for non-destructive testing.

Fig. 1: Floppy drive radiography (left), tomography (right).

Fig. 2: Car heat exchanger.
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Fig. 3: Relays 28x20x36mm.
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DEVELOPMENT AND OPTIMIZATION OF A CCD - NEUTRON RADIOGRAPHY
DETECTOR

S. Korner, E. Lehmann, P. Vontobel (PSI)

A CCD - camera based neutron radiography detector is a suitable imaging device for quantitative investigations and
for neutron tomography. The strategy of the selection of the individual detector components is described.
Comparisons are demonstrated of the influence of the use of different components on the properties of the whole
position sensitive imaging device. The properties of the detector are characterized.

BASIC PRINCIPLE OF A CCD - CAMERA
NEUTRON RADIOGRAPHY DETECTOR

For quantitative investigations, as well as for neutron
tomography, a CCD - camera neutron radiography detector
has been developed [1]. The basic principle of this detector
is the following:

II neutron
beam

__ object
s- scintillator

mirror

lens

CCD-camera

light tight box

computer

Fig. 1:
detector

Set-up of a CCD-camera neutron radiography

The neutron beam reaches the neutron sensitive scintillator
screen after penetrating the sample. As the CCD - chip
would be damaged by neutron radiation, it is necessary to
have the camera outside of the direct neutron beam.
Therefore the light emitted from the scintillator screen is
reflected to the camera by a mirror and focused on the
CCD-Chip by a lens. These components are located in a
light shielded tube together with shielding material to
protect the CCD-camera from scattered neutron and y-
radiation. The CCD-camera is connected to a computer to
read out the information stored by the CCD-Chip and to
reconstruct and process the digitized image data obtained
with this imaging device.

SELECTION, CHARACTERIZATION AND
COMPARISON OF THE DETECTOR
COMPONENTS

CCD - Camera

Quantitative investigations require excellent reproducibility
of the measurements. For tomographic investigations, a
large number of images of the sample from different
viewing angles have to be made [2], which requires a highly
sensitive camera (to save beam time) with a good signal to
noise ratio and a large dynamic range. Based on these
requirements, a nitrogen cooled slow scan CCD-camera
with a thinned SITe SI502A chip has been chosen. The

pixel array format of this chip is 512 x 512 pixels with a
pixel size of (24 x24) urn. The Quantum Efficiency of the
CCD-camera is in the range of 80 - 90 % for wavelengths
from 350 to 800) nm. The high precision CCD driver
electronics provides 16-bit digitization (65535 gray levels).
The nitrogen cooling keeps the CCD - chip at a temperature
of about -130 °C to suppress dark current. Fig. 2 shows the
correlation of the temperature of the CCD-chip with the
dark current. To obtain this curve, images without neutrons
and with closed camera shutter have been made at different
CCD-temperatures with an exposure time of 5 minutes. For
the ideal case a gray-level of zero in each pixel is expected
for each image (due to the influence of background
radiation, which causes white spots in the image the mean
gray-level within a dark picture can never get zero). Fig. 2
shows that for ,,high,, CCD-temperatures this value is far
away from zero, but for lower CCD-temperatures the value
of dark-current decreases rapidly.
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Fig. 2: Dark-current depending on the temperature of the
CCD-chip.

Lens

As the light transmission should be maximized and picture
distortion has to be avoided, the high quality of the lens is
extremely important. A Nikon NOKT 58 mm F 1,2 lens has
been chosen and for all experiments the aperture was
completely open (1,2) to maximize light transmission and
therefore to obtain the highest possible sensitivity of this
detector component. The adjustment of the distance
appeared to be extremely difficult with this aperture. Fig. 3
shows how the light intensity decreases for smaller
apertures. As expected, it is about a factor of two from one
aperture to the next one (i. e. from 1.2 to 2). This means that
the sensitivity of the detector increases tremendously if an
open aperture (1.2) is used.
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Fig. 3: Detected light quantity vs. aperture.

Mirror and Box

The demands for the mirror are a high reflectivity (95 %)
for the light emitted by the scintillator, generation of as few
y-rays as possible and no lasting activation of the material
of the mirror. In order to meet these conditions, a 2 mm
thick glass plate coated with Al and with TiO2 as protecting
layer was manufactured by SWISS NEUTRONICS.

A light shielded tube which also serves as a positioning
device for the detector components has been designed
according to the boundary conditions given by the size and
properties of the individual detector components. The
material for the whole box is Al to avoid long term
activation. Light tightness of the box has been successfully
tested.

NEUTRON SENSITIVE SCINTILLATOR SCREEN

According to the spectral sensitivity function of the selected
chip, a neutron sensitive scintillator screen with a suitable
emission spectrum had to be found. Four potentially useful
neutron sensitive scintillators have been compared:

1. Bicron 705: ZnS(Ag)-1iF
2. Kasei Optonics: unknown scintillation material, ^Li

doped
3. Levy Hill: ZnS(Ag)-6LiF
4. NE 427: ZnS(Cu)-6LiF

The following issues have been investigated separately for
each of the four neutron sensitive scintillator screens:

DETECTOR - EFFICIENCY AND - LINEARITY

To compare the efficiency and linearity of the whole CCD-
camera NR detector depending on the choice of the
scintillator, series of open beam measurements with
different exposure times for each scintillator were made.
From each of these images, the mean gray-level was
determined (the gray-level is higher for a brighter image,
respectively for longer exposure times, and vice versa).
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Fig. 4: Linearity and efficiency: dependency of the mean
gray-level on the exposure time.

Fig. 4 demonstrates the good linearity of this imaging
device independent of the choice of the scintillator. Small
deviations from the linear increase of the mean gray-level
with the exposure time are most likely caused by small
neutron flux fluctuations at the facility. Besides, fig. 4
shows that the detector has the best efficiency and linearity
with the Levy Hill or the NE scintillator screen.

INHOMOGENEITIES OF THE SCINTILLATOR
SCREENS

The scintillator screens have been compared regarding the
homogeneity of their light emission. For each scintillator an
open beam image has been investigated in the following
way: The image has been subdivided in small areas of
interest (AOI). In each of these areas the mean gray-level
had been determined and these values have been compared.
Only the Bicron scintillator showed severe inhomogeneities.

AFTER GLOW

For neutron tomography investigations, where series of
measurements have to be made within a short period of
time, it is extremely important to investigate the after glow
of the scintillator, as this might influence the quality of the
images.

To determine the after glow of the neutron sensitive
scintillators, the screens have been exposed to the neutron
beam for one hour. After closing the neutron shutter several
images have been taken with the CCD-detector to observe
how long the scintillator emits light after exposure. Fig. 5
shows that the after glow of the scintillators decreases
relatively fast, especially for the Kasei Optonics and the
Levy Hill scintillator screens. The after glow can therefor
be neglected for most applications.
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Fig. 5: Behavior of the emission of light of the scintillators after the exposure to neutrons.

SPATIAL RESOLUTION

Due to the size of the CCD-chip , (512x24) Jim x (512x24)
jim, and the size of the sensitive area of the detector, (26.3 x
26.3) cm2, the area of the sample seen by one pixel is (513 x
513) (im2. As the inherent resolution of neutron sensitive
scintillator screens are usually in the range of 200 |im, the
choice of the scintillator does not affect the spatial
resolution of the whole imaging device.
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THE NEUTRON CAPTURE RADIOGRAPHY (NCR) FACILITY IS OPERATING NOW

G. Kuhne, R. Erne (PSI)

In June 1996, the first version of a Pflichtenheft (booklet of duties) for NCR has been written based on the idea of a
neutron capture irradiation facility for biological probes at SINQ, at this time initiated by Prof. Borje Larsson. In the
meantime, this concept was extended to provide a multi-purpose irradiation and radiography facility for a variety of
applications in biology, medicine and materials science. End of August 1999, the routine operation has started

INTRODUCTION

The NCR facility now operating at the end position of the
cold neutron guide =1RNR13 was initially designed to serve
in the program for testing substances to be used for boron
neutron capture therapy (BNCT). Independent from
investigations in this field, the NCR station now presents a
universal facility for the investigation of planar samples
with sizes up to 30 cm x 30 cm by different radiography
methods with cold neutrons. A beam of 3-10s neutrons cm'2

s1 with 12 cm x 3 cm (height x width) field size can be
applied in a scanning mode, controlled by a computerized
system. Other applications beside biological ones such as
auto-radiography of boron distributions in metals and
radiography with cold neutrons will be included into the
program at the NCR station.

LAYOUT OF THE FACILITY

The NCR facility is a well-shielded (1 cm of boron
containing plastic material and 15 cm of lead) irradiation
chamber with a volume of about 1 m3 (Figure 1).

Fig. 1: The layout of the NCR facility: 1) sample
exchange unit, 2) video control system, 3) scanning table.

Irradiation samples with sizes up to 30 cm x 30 cm and a
thickness up to 3 cm can be mounted on a frame (see figure
2), which is inserted in the sample exchange unit on top of
the irradiation chamber (figure 1: Nr. 1, and figure 2). When
the samples are ready for the irradiation, the NCR operator
starts the preparation program from a PC. The frame will
then be pneumatically moved down to the scanning table
(figure 1: Nr. 3, and figure 3) in the irradiation chamber.
The video control system (figure 1: Nr. 2) displays the
content of the frame (i.e. the sample) on the PC screen. The
operator defines the desired neutron fluence, the start and

end position of the region, which has to be irradiated and
starts the irradiation. The program moves the scanning table
to the start position, opens the neutron shutter and starts the
scanning. The velocity of scanning is controlled by the
actual neutron flux density. When the irradiation has
finished, the frame will be moved back into the sample
exchange unit and the next frame will be irradiated.

The software for this automatic irradiation procedure was
developed by students of the University of Applied
Sciences, Aargau (Fachhochschule Aargau). The
mechanical and electrical construction was done by
specialists of PSI.

We would like to thank all these people for their engaged
work.

Fig. 2: Up to ten frames can be inserted in the sample
exchange unit.

Fig. 3: Scanning table with an inserted frame.
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OUTLOOK

Different users from PSI and from outside have announced
their interest to use the new facility at SINQ. The planned
experiments cover a wide variety of applications:

Biology and medicine: Efficiency of boron compounds in
cell killing by cold neutrons (radiation induced damage of
the DNA; preclinical studies for BNCT and for the
treatment of polyarthritis of the finger joints)

Material science: Diffusion of the solder in soldered metals
(solder contains boron, which can be visualized using track
etch foils).

Radiography: Biological samples (see figure 4); different
thin probes (like stained glass window) using imaging plates

Table 1: Physical properties at the NCR facility.

Neutron flux density:

Neutron energy:

Neutron guide opening:

Maximum sample size:

3-108cm"V

3meV

3 cm x 12 cm

30 cm x 30 cm

Fig. 4: The boron distribution in a cryogenic slice of a mouse can be visualized using neutron auto-radiography. [NCR / 23.
August 1999 in collaboration with E. Lehmann et al., PSI and J. Rant, Slovenia].
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STATUS OF THE TOF- DIFFRACTOMETER POLDI

U. Stuhr, H. Spitzer (PSI)

The present status of the neutron time- of-flight diffractometrer POLDI and the computer programs for data analysis
are reported.

We started to build up a time-of-flight diffractometer at the
thermal neutron beam tube SK31 at SINQ. The instrument
is optimised for strain field measurements in large samples.
The design principle design of the instrument is described in
previous reports [1,2]. It is based on multiple frame overlap,
which allows to achieve high intensity and high resolution
simultaneously. This modus is especially suitable for
samples with small elementary cells which are typical for
engineering materials (steel, aluminium alloys etc).

In the following we will present the present status of the
instrument.

i) The design of the whole instrument, with the exception
of the special requirements for highly radioactive
samples, is nearly finished.

ii) The concrete bunker which encloses the whole
instrument is complete.

iii) The beam tube and the neutron shutters have been
installed.

iv) One chopper and its support, designed for the
operation of two choppers alternatively, has been
installed.

v) The support of the neutron guide is in place.

vi) The glasses for the elliptical neutron mirror and the
neutron guide have been manufactured and, with the
exception of three glasses, coated with supermirrors
(critical angles between 3 and 3.6 times that of natural
nickel).

vii) The vacuum system for the chopper and neutron guide
is in operation.

viii) A 3He banana-type detector, especially designed for
this time-of-flight diffractometer is presently being
assembled.

The instrument will be finished next year after the
installation of the neutron guide itself (expected for spring
2000), the sample and detector table, the detector (expected
for summer 2000) as well the detector electronics (expected
for September 2000). In spring 2001 the facilities to handle
highly radioactive samples should also be in place.

Along with the instrument itself completely new computer
routines for the data reduction have to be developed, since
there exists no similar instrument. This includes programs
for raw data handling (visualisation, simple treatment like
adding or subtracting different spectra), calculation of
diffraction patterns without any a-priori information and
finally a complete Rietveld-analysis.

For the optimisation of the instrument parameters as well as
for the development of the software a Monte-Carlo-program
which simulates the whole instrument is used [2]. Different
samples can be treated by this program, simply by giving
the theoretical Bragg-reflections (as calculated for example
by Fullprof [3]) and an incoherent background. The
neutrons can be monitored throughout the instrument and
the final result is the time-position plot of all neutrons
absorbed in the detector.

The first step in data evaluation is now to calculate the
diffraction pattern without any a-priori information. This is
done by a program which adds all data points which might
correspond to a certain scattering-vector and a given
chopper-slit. Then the resulting intensities of different slits
are correlated and a first diffraction pattern is calculated.
This spectrum contains all information necessary for strain
field analysis (position of every peak with full accuracy,
relative intensities of reflections with sufficient accuracy for
texture analysis).

However, in order to get the full information of the spectra
it is necessary to fit the whole time - angle pattern. The
starting parameters of the fit are derived from the above
routine, therefore this routine is always the starting point for
the data analysis. There are, at least, two possible
application that require a fit.

The first one is for detailed texture analysis. The fitting
routine has to determine the angle dependence of the Bragg
intensities (the opening angle of the detector is 30°). The
variation of the Bragg-intensities in this range in
combination with the ratios of the intensities of the different
Bragg reflection will give, for only one sample orientation,
a significant amount of information about the texture. Of
course for a full texture analysis many orientations of the
sample have to be measured.

Structure analysis is second, the application where a fit of
the time- angle pattern is essential. For this purpose a
Rietveld analysis program has been developed which is
based on the common used program Fullprof [3]. In this
program Fullprof is used to calculate the integrated
intensities of the Bragg-reflections. The main part of the
program calculates the time-angle plot and optimises the
parameters in order to get the best fit to the measured time-
angle-plot.
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SINQ TARGET IRRADIATION PROGRAM, STIP

Y. Dai, G.S. Bauer, X.J. Jia, H. Kaiser (PSI)

The SINQ Target Irradiation Program (STIP) has been going on since 1998 under an international collaboration. In
the first experiment 1646 samples were irradiated in SINQ target MARK-II which received a total of 6.8 Ah proton
charge after two year operation. The maximum proton fluence obtained by specimens is about 3.2x10'^ m~~ which
produces about 8 dpa in steels. Together with the contribution of spoliation neutrons the maximum dose is about 11
dpa. The second experiment has been prepared. 2087 specimens have been loaded into 17 target rods in target
MARK-HI which will be run through the years 2000 and 2001. A maximum dose of 20 to 25 dpa is expected to be
achieved due to increased proton current and improved neutron yield in the target.

The first SINQ target irradiation programme (STIP-I) [1,2]
has been performed successfully at the SINQ target MARK-
II which received a total proton charge of about 6.8 Ah. The
maximum proton fluence obtained by the test samples is
about 3.2xlO25 m"2 which produces a radiation damage of
about 8 dpa (displacement per atom) in steels. The
spallation neutrons would give an additional contribution of
about 3 dpa. Therefore the maximum radiation dose of
about 11 dpa has been obtained by the steel samples in this
irradiation. This maximum dose is similar to what was
achieved in American ATP irradiation program. Since
STIP-I included 1646 samples of 7 types and from 40 kinds
of materials irradiated with a wide temperature range
between 80° and 350°C, its results will enlarge the
spallation materials data base greatly.

STIP has received continuous interests from the R&D
programs on high power spallation neutron sources in the
world as well as from accelerator driven systems (ADS)
studies in the 5th European Framework Program. The needs
for higher radiation doses and higher temperatures is
obvious. The irradiation conditions at next SINQ target
MARK-III will meet these needs well since both the peak
proton flux and neutron flux will be greatly increased by
shortening Target-E and using Pb-filled steel tubes as target.
The higher proton and neutron flux will increase the
irradiation temperature. Therefore the second SINQ target
irradiation program (STIP-II) was initiated under a
collaboration with Commissariat a L'energie Atomique
Centre D'etudes de Saclay (CEA), Japanese Atomic Energy
Research Institute (JAERI) Oak Ridge National Laboratory
(ORNL), Los Alamos National Laboratory (LANL)
Forschungszentrum Julich (FZJ), and Forschungszentrum
Karlsruhe.

In the next SINQ target, MARK-III, there will be 17 rods
holding 2087 samples from 37 kinds of materials. The
significant difference of STIP-II from STIP-I is that: a) the
maximum dose of STIP-II will be 20 to 25 dpa, i.e. about
two times of STIP-I, and the irradiation temperature range
will be enlarged up to about 450°C; b) some test samples,
including some stressed capsules, were put in Pb-Bi and Hg
filled capsules so that irradiation assisted corrosion effects
can be studied; c) a greater variety of samples, including
samples e.g. for Small Angle Neutron Scattering (SANS)
and Tomographic Atom Probe (TAP) studies, have been
included; d) some different kinds of materials, e.g. SiC/SiC
composite and some tentative coating materials, have been
included; and e) 5 rods containing 793 samples are intended

to be irradiated again in the future to reach a dose as high as
40 to 50 dpa. Fig. 1 shows the samples of different types
and some kinds of materials.

Fig. 1: A photograph showing the samples of different
types and some kinds of materials. 1: dosi-metry disk, 2:
surface-treated disk for corrosion test, 3: W-Cr joining
sample for coating materials study, 4: TEM / SP sample, 5:
miniature tensile sample, 6: bending fatigue sample, 7:
precracked bend bar sample, 8: 1/3 size charpy sample, 9:
small CT test disk, 10: sub-size tensile sample, 11: SS-3
size tensile sample, 12: stressed steel capsule for corrosion
test, 13: Ta clad W sample, 14: Hg filled capsule containing
2 stressed capsules, 3 SS-3 tensile samples and 8 TEM
disks, 15: steel plate for SANS study, 16: SiC/SiC sample
for SANS study, 17: TsOi bending sample for coating
materials study, 18: SiC/SiC bending sample, 19: steel plate
for TAP study, 20: Carbon fibre composite cylinder for heat
capacity study, 21: Carbon fibre composite disk for thermal
conductivity study.

The structure of the specimen package is similar to that
used for the irradiation in target MARK-II [2], namely
samples were packed layer by layer. The sample holders
have been modified for easier loading and better heat
transfer from samples to cooling water. Fig. 2 gives a view
of the structure of a rod which contains 10 layers of samples
and one thermocouple.
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TEM / SP sample Tensile - S sample
Dosimetry disk - Tensile-L sample

Thermocouple Bending fatigue sample

Fig. 2: Photograph showing the structure of specimen package.

To study irradiation assisted corrosion effects three target
rods have been prepared which contain Hg or Pb-Bi filled
capsules. Fig. 3 illustrates neutron radiographs taken from
these rods (B and C were taken before putting the capsules
into target tubes). In Target Rod A (Fig. 3A) there are three
Hg filled capsules (see Fig. 1 sample 14) and four Chapy
samples. The Hg filled capsules were fabricated by ORNL.
Each Hg filled capsule contains two small aluminium-
stressed steel capsules, three SS-3 size tensile samples and
eight TEM disks. Fig. 3B and 3C show the Pb-Bi filled
capsules included in Target Rod B and C, which contain
four stressed capsules and a number of tensile, bending-
fatigue and TEM samples.

A

B

C

Fig. 3: Neutron radiographs showing Target Rod A to C.
A is Rod A which contains three Hg (about 19 g in total)
filled capsules and one steel sample package. There is about
25% free space in each Hg filled capsule. B and C are the
Pb-Bi filled capsules put into Target Rod B and C, where
test samples are embedded in Pb-Bi (about 38 g for each
capsule). There is about 10% free space filled with 2 bars
He in each of them.

An overview of the arrangement of the 17 specimen rods in
the target is shown in Fig. 4. The information about the
included samples in each specimen rod is given at the right
corner of the sketch. Rod 1,3, 10, 13 and 14 are reserved
for continuing irradiation in the future. This, however,
depends on whether final assembly of the target in the
ATECH is possible or not.
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Fig. 4: A sketch illustrating the arrangement of the 17
specimen rods in the target.
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RADIATION EFFECTS IN PROTON IRRADIATED MARTENSITIC STEELS

Y. Dai (PS1), S.A. Maloy (Los Alamos Nat. Lab.), G.S. Bauer (PSI), W.F. Sommer (Los Alamos Nat. Lab.)

Tensile samples of martensitic steels, F82H, Optimax-A and I3XI3C2M2 were irradiated with 800 MeV protons at
Los Alamos National Laboratory (LANL) at temperatures below 100°C to a dose of 7.8 dpa. Tensile test results
indicate significant irradiation embrittlement effects existing in all the three kinds of steels.

Martensitic steels are tentative candidate container materials
for liquid metal targets of high power spallation neutron
sources. The main limitation for conventional martensitic
steels, e.g. T91 and HT9, is that their ductile-brittle
transition temperature (DBTT) increases significantly after
irradiation at temperatures below about 370°C. However it
might be possible to overcome this limitation because the so
called low activation martensitic steels developed recently,
e.g. F82H and 9Cr2WVTa (ORNL Ht. 3791), show a much
lower shift of DBTT after irradiated to several dpa with
neutrons. For this reason a comparative study has been
performed on conventional and low activation martensitic
steels irradiated with 800 MeV protons.

EXPERIMENTAL

Three kinds of martensitic steels have been studied [1]. Two
of them, F82H and Optimax-A, are low activation types
developed by the fusion materials community in Japan and
Switzerland (PIREX group), respectively. The other one,
I3XI3C2M2, is a Russian conventional steel. The nominal
composition of F82H is: Fe+ 7.7Cr, 0.16Mn, 0.16V, 1.95W,
0.02Ta, 0.11 Si and 0.09C in wt%, for Optimax-A that is:
Fe+ 9.0Cr, 0.5Mn, 0.18V, 2.0W, 0.09Ta, 0.09Si and 0.09C
in wt%, and for I3XI3C2M2 it is: Fe+ 12.4Cr, 0.32Mn,
0.22Ni, 1.49Mo, 1.7Si and 0.19C in wt%. All the materials
were irradiated at LANL with 800 MeV protons up to 7.8
dpa at temperatures below 100°C.

Miniature tensile specimens (5xl.2xO.25 mm3 in gauge
area) were used in this study. Tensile tests were performed
at room temperature. After the tensile tests the fracture
surfaces of the samples were observed with the Scanning
Electron Microscopy (SEM) to identify the fracture mode.
The irradiation induced microstructural changes were
investigated with Transmission Electron Microscopy
(TEM).

RESULTS

The tensile test curves of the samples for the steels are
plotted at a interval of 10%, see Fig. 1. For comparison, the
results of the previous study [2] on DIN 1.4926 steel are
also included. It can be seen that the behaviour of all of four
types of martensitic steels are similar after irradiation,
namely 1) the yield stress and ultimate tensile strength are
increased with irradiation dose; 2) the uniform elongation
reduces drastically to less than 2 % already at very low
irradiation dose; and 3) the total elongation decreases with
increase of dose to 5 - 10 %.

1400

1200

1000

IS

Q- 800

<g 600

W 400

200

-
\\1.6

JO.B

F82H

k
V-1 4

ks

Optimax-A

T=22°C

3XI3C2M2 DIN 1.4926

10 20 30

Strain (%)
40 50

Fig. 1: Engineering tensile curves of the irradiated and
unirradiated samples of the martensitic steels: F82H,
Optimax-A, I3XI3C2M2, and DIN1.4926.
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Fig. 2: SEM micrographs showing (a) brittle fracture of
an I3XI3C2M2 sample of 7.8 dpa and (b) ductile fracture of
an F82H sample of 5.9 dpa.
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SEM observation shows that except the I3XI3C2M2 sample
of the highest dose 7.8 dpa ruptured in a completely brittle
fracture mode (Fig. 2a) all other samples show essentially a
ductile fracture mode (Fig. 2b).

TEM investigation illustrates that small defect clusters of
several nm diameter are produced in all irradiated samples.
As an example, the micrographs taken from F82H samples
of 0.8 and 5.9 dpa are presented in Fig. 3. It can be seen that
the size and number density increase with the increasing
irradiation dose.

Fig. 3: TEM micrographs showing the defect cluster
structure in irradiated F82H samples of 0.8 and 5.9 dpa.

DISCUSSION AND CONCLUSION

The irradiation embrittlement effects in the four kinds of
martensitic steels are clearly demonstrated by the tensile
test results presented in Fig. 1. Just from these results it is
difficult to see that low activation steels, F82H and
Optimax, have any superiority over the other two kinds of
conventional steels, I3XI3C2M2 and DIN 1.4926. Since
irradiation embrittlement effect is associated with irradia-
tion hardening effect, it is useful to compare the irradiation
hardening in the four kinds of steels. In Fig. 4 the change of
yield stress (Aa02) of all the irradiated samples are plotted
versus the irradiation dose. This plot demonstrates three

interesting points: 1) the irradiation hardening has not satu-
rated up to the highest dose in each kind of material; 2) Ao02

is more or less proportional to the cubic root of the dose;
and 3) the hardening in F82H is overall lower than that in
the other three kinds of steels. The lower hardening in F82H
might indicate lower irradiation embrittlement effects in this
material.
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Although the tensile test results show the significant em-
brittlement effects, the SEM observation illustrates, on the
other hand, ductile fracture in general. These somehow
contradicting observations have been little understood.
Some investigations are on the way to look at the deforma-
tion mechanisms behind [3].

The TEM results of the present study describe essentially
the same features observed in the previous work on DIN
1.4926 [2]. The slight difference is that in DIN 1.4926 both
defect cluster size and density are much larger at 6 dpa level
as compared to those in F82H. In the F82H samples of 5.9
dpa, there are only very few large loops (> 10 nm) ob-
served. In DIN 1.4926 the large loops are already very
dense. The reason will be studied.
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THERMAL FLOW ON THE SINQ TARGET ROD BUNDLE MARK-III

L. Ni (PSI)

Numerical simulations of the thermal flow with conjugate heat transfer on the heated SINQ target rods were carried
out by using a finite element method. A coupled CFD and heat conduction and convection procedure was applied to
12 rows of the target Mark-Ill with a lead filled rod bundle. The local examination of flow pattern and heat transfer
showed that the proposed target configuration will work effectively.

Since improved neutron production in a spallation source
can be obtained by using a lead target, a series of
examinations on thermal mechanics and radioactive
properties in the solid SINQ target have been carried out in
Mark-II, in which some zircaloy-rods were replaced by test
tubes filled with lead. Based on these investigations, the
most favorable cladding material and rod configuration for
the next target have been determined.

SINQ target block Mark-Ill
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Fig. 1: Schematic view of SINQ target Mark-Ill and co-
ordinate systems.

As shown in Fig. 1, the target Mark-Ill contains of lead
filled steel tubes with an array of 37 rows and 10 rods in
each row. Comparing with the targets Mark-I and -II (made
of zircaloy-2 rods) which have a length of 56.5cm, it is
shorter (length =40.85 cm) because of the higher stopping
power of lead. Also the beam peak intensity has been
increased by reducing the thickness of Target E from 6 cm
into 4 cm. The right picture of Fig. 1 illustrates the plan view
of the target and the double walled safety container, where
the beam interaction zone (with elliptical cross-section) is
schematically shown. Instead of the hexagonal bundle form
of Mark-I and -II, target Mark-Ill has a square bundle form.
In this case, the target coordinate system TCS = (X,Y,Z)
will be 45° from the beam coordinate system BCS =
(Xb,Yb,Z). The rod bundle will still be cooled by heavy
water.

For a local examination of the flow pattern and heat transfer
behaviour on the rod bundle, a computer fluid dynamics
(CFD) analysis with heat conduction and convection is
indispensable. Detailed calculations on the heat transfer and
thermal mechanics for the target Mark-I and Mark-II have
been reported in [2] and [3], respectively. Please to refer
these two reports for theoretical basis and calculation
methods.

POWER DEPOSITION DISTRIBUTION

The deposited energy data have been calculated by the
program LAHET [4]. The 3d power density distribution
P(X,Y,Z) was then constructed by fitting these data for the
co-ordinate systems shown in Fig.l:

P[X,Y,z) = Pkl(axay)*p(z)expj-[(xb I(fa(Z)ax)f

+ (Yl)/(f(7(z)ay))

/?(Z)=exp(-Z/18){l-exp[-(Z + 1.7)/3.4]}

Xb ={X + Y)l4l; X = (Xb-Yb)/j2

Yb={Y-X)l4l; Y=(xb+Yb)/yf2

Parameters for the beam case of Target E=4cm are:
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ax = \5a?; o\. = 1.5cr/; o f = 3.31cm; o f = 1.9 cm

fa{Z) = 0.9855 + 4587*103 *Z for Z>3.33cm

and for the beam case of Target E=6cm :

Pk =mm\kWIcm3}, P ^ =0.3854[«F/cm3},
L J L J

ox = \5aB
x ; ay = L5of; o f = 358cm; o f = 2.11cm

fa{Z) = 0.9938 +1.8727* 103 *Z for Z> 3.33cm

where Z=3.33 cm relates to the tube centre in first row, and
Pmx is the resulting peak power density.

COMPUTATIONAL MODEL

hl Path!

msmm
Pm°ooo°
POOOOJ)0000

t M M H

12.8mm

o o

MMM z

(~) AiSi316 tube
w filled with lead

AIMg3

Proton beam & cooling water

Fig. 2: 2d calculation domain at the plane of Y=0.
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Numerical investigations were made on the flow through
the first 12 rows of the SINQ target rod bundle, where most
of the energy would be deposited. The fluid flow through
the channel between rods and the heated solid rods were
modelled by means of the ANSYS's sub-module
FLOTRAN [1]. The flow field was solved by the continuity
equation and the Navier-Stokes equations. The energy
conservation has been applied for both thermal conduction
(inside rods) and convection (on the rod surface).

The selected simulation domain (Fig. 2) of the rod bundle at
the plane of Y=0 includes both fluid and non-fluid (solid
rods and target box). The incoming cooling flow from the
bottom was assumed to be uniform (with a velocity of
v=0.5m/s at a temperature of Ti=50°C) and the exit pressure
was set to zero. No-slip conditions were applied on all solid
surfaces. The solid rods themselves are 0.5mm thick
AiSi316-tubes completely filled with lead, except in first
row which are composed of 9 Aluminium tubes.

FLOW PATTERN OF THE HEATED ROD BUNDLE

The flow pattern around the rods is influenced mainly by
the Reynolds number, the staggered arrangement and
geometrical parameters of the rows. The Reynolds number
based on the mean velocity through the minimum clearance
is 0.62* 105 for the calculated case, so that the standard k-e
turbulent model is employed for the steady state analysis.
The liquid water is considered incompressible with constant
material properties.

V [m/s] Velocity distribution along the central lines "pathi S path2"

Pressure distribution along the central lines "pathi S path2"

3 -

2 - -

- - V_path1 -™~v_path2

. ' • ft

0.04 0.06 0.08 0.1 0.12

Distance from the upstream [m]
0.14 0.16

Fig. 3: Velocity distribution along the longitudinal lines
"Pathi" and "Path2".

Figures 3 and 4 display the total velocity and pressure
distributions along the longitudinal path lines shown in Fig.
2. The related temperature distribution can be seen in Fig. 5.
The pressure decreases away from the upstream stagnation
point and recovers towards the downstream stagnation point
of each rod, which corresponds to the acceleration in the
front half region and deceleration in the rear half flow
region. The flow field shows no material change after the
second row, indicating that the flow channel between rods
in column are nearly equivalent to each other.

-4000 • •

•8000
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Fig. 4: Pressure distribution along the longitudinal lines
"Pathi" and "Path2".

T[°C] Temperature distribution along the central lines "pathi & path2"

200 • •

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Fig. 5: Temperature distribution along the longitudinal
lines "Pathi" and "Path2".

HEAT TRANSFER CHARACTERISTICS

T[°C] Temperature distribution along the central lines "path3 & path4"

200-

1 5 0 - •

0.14

Fig. 6: Temperature distribution along the transverse
lines through rods of 3rd and 2nd row.

As far as heat transfer is concerned, the temperature
solutions from energy equations should be examined. Figure
6 depicts the temperature distribution along the central lines
traversing the rods in the 3rd and 2nd row. It is clear that the
rod temperature depends strongly on the position and
deposited power density on it. The local surface temperature
distributions around the circumference of the central rods in
3Id, S111,?111 and 9th row can be found in Fig. 7. They are
typically influenced by the local flow features around rod
surfaces such as separation and wake deflection. The
azimuthal distribution on the rod surface in different rows is
quite similar to each other, but the temperature level
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increases as row number becomes higher due to the heating
of he coolant.

TsuriPC] Temperature around the MARK-lll(E=4cm) central tube surfaces

60 90 120
Angle from frontial stagnation point

Fig. 7: Surface temperature distribution around the
circumference of central rods in 3rd, S"^1" and 9th row.

Local heat transfer coefficient ratio distribution

1 . 5 - •

Fig. 8: Local heat transfer coefficient ratios around the
circumference of the central rods in the 2nd, 3rd, S"1,?"1 and 9th

row.

We define the local heat transfer coefficient as:

where q" is the local heat flux, and Tsmf is the local surface
temperature. This definition implies that a could be very
high in the centre since the local heat flux through the rod
surface is high because of high local power density. For this
reason an average heat transfer coefficient aavc for every rod
is determined by:

aave=\a{6)d6l\de

so that the local heat transfer effectiveness can be seen by
the ratio oc/ocavc, as shown in Fig. 8 for the case of the central
rods between the 2°d and 9th row. Figure 9 describes the
average heat transfer coefficient ocavc and the average surface
temperature Tsmfavc around the central rod surfaces of the

first 10 rows. Obviously, the heat transfer coefficient for the
second and subsequent rows is much higher than that for the
first tube, while the oncoming flow to the former possesses
a high velocity and turbulent intensity because of very dense
rod arrangement. This explains also the result that the
maximum temperature occurs in the central rod of the fifth
row, instead of second and third row which have higher heat
transfer coefficient, although the local power density are
higher than that in fifth row. It can be concluded that the
selected target configuration design is, from the flow field
and heat transfer points of view, efficient and favourable.

Fig. 9: Average surface temperature and average heat
transfer coefficient distribution for the central rods with

' respect to row number.
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THERMAL MECHANICS OF THE RODS IN SINQ TARGET MARK-III

L. Ni, G.S. Bauer, Y. Dai (PSI)

Thermal mechanics accounting for imperfect contact in 17 test rods and expansion clearances in the lead filled rods
on the SINQ target Mark-IH have been examined by using the finite element method. Results show that the existence
of an expansion gap between lead and tube benefits the thermal structure characteristics.

The SINQ target Mark-III consists of 351 rods with an outer
diameter of 10.8mm. Among them are 17 test rods and
capsules with more then 2100 samples, which were inserted
for the purpose of investigating radiation damage and
structure characteristics of different materials under
irradiation (see Fig. 1). Since it is in fact not possible to
assemble the tiny specimens without gaps because of
manufacturing tolerances, thermal resistance to heat flow
exists between contacting surfaces. This results in
temperature jumps on the contact area and could induce
higher thermal stress which might exceed the limit. It is
therefore important to examine the thermal mechanics on
the individual rod for a safe design.

deposited in the rod. Please refer to [2] for theoretical basis
and calculation models.

OOOOOO
OO0OO
OGOO

^d

HOO
A,B,C
1-14

Capsules
Test rods

Thermocouple

Fig. 1:

T Proton Beam

Test rods and capsules in Mark-Ill.

In order to accommodate the thermal expansion of lead
inside tubes under heating, a clearance was left in each rod.
Since there exists a balance between heat generation, heat
transfer and -to some extent- neutron production, the gap
size should be optimised by numerical methods.

TEST ROD WITH IMPERFECT CONTACT

Compared to SINQ target Mark-I and Mark-II, the
differences in Mark-Ill lie in the specimen geometry and
materials as well as the possible peak power density

Fig. 2: Cross-section of test rods with gap distribution.

Figure 2 illustrates the cross-section of test rods in Mark-Ill.
Test rods are composed of mainly four parts: tube, sample
and bulk materials and filling gas. They differ from each
other by their materials. Capsules are special cases where
all parts have the same material and of course without
contacting gaps. It was supposed that there exist three types
of clearances which should be filled with Helium gas: the
horizontal Gapl, the vertical Gap2, and the peripheral
Gap3.

A coupled non-linear thermal-structure procedure in the
ANSYS-code [4] with a plain strain module and maximum
possible heat generation rate of 0.55KW/cm3 was employed
for the numerical investigation. The heat convection on the
rod surface was simulated by an average heat transfer
coefficient of oc=5.11*10* W/m2K with a water temperature
of 50°C. This average heat transfer coefficient was obtained
from CFD simulation in [3]. It is based on the local heat
transfer coefficient distribution on the central rods of the
first 10 rows and multiplied by 0.7 to account for
uncertainties and to add conservatism.



81

Temperature[°C]

Test rod made with clearances
at mating surfaces (case Nr. 2)

Test rod without
clearance (case Nr. 1)

Rod radius [m]

0 0.001 0.002 0.003 0.004 0.005 0.006

Fig. 3: Radial temperature distributions with and without
clearances between contacting surface.

Table 1: Thermal results on the test rods in SINQ target
Mark-Ill.

Case

Tube mat.

Sample mat.

Gap mat.

T™ [°C]

T,»» [°C]

o e , _ [MP]

U _ [pm]

gap status
after heating

Nr. 1

316L

316L

no gap

227.8

72.8

483.

320.

10.7

Nr. 2

316L

316L

He

430.1

64.8

1170.

263.

23.3

fully
closed

Nr. 3

316L

HT9

He

387.2

64.7

814.

264.

16.4

partly
closed

Nr. 4

HT9

HT9

He

374.5

64.

783.

233.

15.4

partly
closed

Nr. 5

HT9

capsule

no gap

248.

79.3

417.

284.

8.7

Table 1 lists thermal results for the most critical cases of
test rods and HT9 capsule: the maximum temperature in the
rod TmaJ°C], the minimum surface temperature Tsmin [°C],
the maximum von Mises stress (JMis,ma]t [MP], the maximum
hoop stress Cfe,mas[MP] and the maximum displacement
Uma]([|im]. The equivalent gap sizes are assumed as:
Gapl=10jim; Gap2= 20|im; and Gap3=10um. The influence
of imperfect thermal contact on the temperature distribution
can be seen by an example shown in Fig. 3 for the cases
Nr. 1 and Nr.2. It is clear that the maximum von Mises stress
in case Nr.2 has increased due to higher peak temperature
and the fully closed gap clearances after heating, but there
should be no big concern since it occurs in rod centre and it
is compressive. It is more realistic to take the maximum
hoop stress on the tube o~e>m«

 a s a design criterion. As can be
expected, using material HT9 to replace 316L would
improve the heat transfer and therefore result in lower
temperature and stress levels. It was not possible to obtain
suitable tube material, though.

EXPANSION GAP IN LEAD FILLED RODS

Also here the most critical cases with the maximum
possible power density of 0.55KW/cm3 have been
examined. Since the temperature level is quite high, non-
linearity of material properties for lead has to be taken into
account. Measured stress-strain curves for lead at 4 different

temperatures, 22°C, 50°C, 99°C and 150°C, are obtained
from [1], and they were extrapolated up to the temperature
of 300. °C which of course, introduce some uncertainties. A
plain-strain module with plasticity was applied in ANSYS
program. Additionally, the combined mechanisms of
structural contact and thermal contact conductance between
the tube and lead was simulated by the penalty function
method in ANSYS sub-module CONTACT.

Table 2: Thermal results for the lead filled rods with
expansion gaps.

Case

before [mm]

8a*cr [mm]

Agap in %

T M [°C]

"U, [°C]

Oe,_ [MP]

U M [mm]

Nr. 1

no gap

no gap

0

222.

79.

679.

726.

0.044

Nr.2

1.5

1.37

7.3

274.5

55.1

293.

164.

0.131

Nr. 3

1.0

0.845

4.

260.2

55.2

299.

160.

0.154

Nr. 4

0.5

0.31

1.5

243.

55.7

293.

154.

0.19

Nr.5

0.3

0.07

0.31

235.

56.7

282.

151.

0.23

ANSYS 55.1
DEC 19 1999
18:1720
NODAL SOLUTION
STEP-1
SUB-25
TIME-2
BFETEHP (AVG)
DMX-.193E-03
SMN 45.631
SMX -243.005
A -62.886
B -77595
C -91.705
D =106.114
E -120524
F -134333
G -149343
H -163.752
i -178.162
J -192571
K -206381
L -22139
M -235.8

Fig. 4: Temperature[°C] and deformation after heating
in case No. 4.

Calculated results on 4 different expansion gaps are
summarised in Table 2, including the case without gap. Agap

is the percentage ratio of expansion gap area to the rod area.
It should be kept small because of neutron production.
^ [ m m ] stands for the maximum distance between lead
and the tube, and 8aftcr[mm] is the one after heating. By
comparing cases with expansion gaps to the case Nr. 1 (tube
fully filled with lead), it is obvious that thermal stresses
have decreased dramatically because the very soft lead can
expand inside the tube, although the temperature level
increases as the expansion gap becomes bigger. Figure 4
displays as an example the detailed temperature distribution
and deformation for the case Nr.4, in which the dashed
vertical line indicates the original lead surface and the solid
vertical line the expanded lead surface after heating. It can
be concluded that an expansion clearance of 0.5mm will be
optimum for the conditions of the SINQ target Mark-Ill.
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Since it is difficult in practice to manufacture rods with a
precisely defined gap, it was decided to go for a void
fraction around 10%, which relates to 8 = 1.76mm and will
result in a higher lead temperature but also allows some
extra volume to accommodate gas escaping from the lead.

REFERENCES

[1] D. Kalkhof, J. Kamber: "Zugversuche an Bleiproben
als Beitrag fur die SINQ-Targetentwicklung", PSI-
Documentation, TM-49-97-09

[2] L. Ni & G.S. Bauer, June, 1998: "Heat Transfer and
Thermomechamc Analyses on the Test Rods in the
SINQ-Target Mark 2", 14"1 Meeting of the

International Collaboration on Advanced Neutron
Sources, Starved Rock Lodge, Utica, 111, USA

[3] L. Ni: "Thermal flow on the SINQ target rod bundle
mark-Ill", in the same volume

[4] Swanson Analysis Systems, Inc., 1999: ANSYS
Revision 5.5



83

CONJUGATE HEAT TRANSFER ON THE LISOR TARGET TEST SECTION

L. Ni, Y. Dai, G.S. Bauer (PSI)

Numerical simulations of fluid flow and heat transfer on the test section for LiSoR-Experiment were carried out by
using the finite element method. The test tube design parameters were chosen by examining several cases. Conjugate
heat transfer results with CFD simulation showed that the temperature and stress levels are well within the design
criteria.

A world wide LiSoR-Collaboration has been started to
investigate irradiation effects on the liquid metal
embrittlement in structural materials for liquid metal targets
of spallation neutron sources. The irradiation experiment
was decided to be carried out in a liquid metal loop at PSI
by using the 72MeV proton beam from Injector I with a
maximum current density up to 100.|aA/cm2. The liquid
metal loop consists mainly of a storage tank, an expansion
tank, heaters and the heat exchange system, as well as the
pump and the test section. The test section itself (see cross-
section in Fig.l) is composed of an outer tube and a flat test
sample inside. The flowing liquid metal is eutectic lead-
bismuth (Pb-Bi), which has a low fusion temperature
(125°C) and a high boiling point (167O.°C). The candidate
materials for the tube and the sample are ferritic/martensitic
steel (HT9 or T91) and austentic stainless steel (316L).

tube surface, so that there is no heat generation after this
penetration depth.

Computation domain

Testsalnple:HT9/316L

Liquid Pb-Bi

Symmetrical plane

/ 1 4

Testtube:HT9/316

20
Liquid Pb-Bi

Proton beam

Fig. 1: Cross-section of the LiSoR target test section.

In order to optimise the design parameters of the test
section, such as flow rate and tube thickness, numerical
investigations on the thermal-hydraulic and thermal-
mechanic characteristics should be carried out. Particularly,
a local examination of the heat transfer on the test section is
indispensable. This paper reports predictions of temperature
and thermal stress on the test tube and test sample by
obtained conjugate heat transfer analysis using the finite
element method with the ANSYS-code[2].

POWER DENSITY DISTRIBUTION

The proton beam injected into the test section from the flat
side has a Gaussian profile with the beam size of
ox=ay=5mm. The power density distribution deposited along
the penetrated depth could be constructed (shown in Fig. 2)
by differentiating the proton energy distribution calculated
in [1]. The beam stops at the depth of z=9.5mm from the

C|(z) = 0.0211z' -Ct.08172; + 0.176SZ + 5 j y

Fig. 2: Power density g(z) as a function of depth z[mm].

TEST TUBE DESIGN PARAMETERS

In order to optimise the test tube parameters, thermal-
mechanic analyses were made on the tube area heated by
the beam. The calculation model was a 3d. flat tube of
50mm length, 30mm width, an inner clearance of 10mm
and a wall thickness 8mm, which can be chosen between
0.5-1.5mm. The beam hits the tube centre perpendicular to
the flat wall. On the back side of the tube surface,
convection boundary condition with an average heat transfer
coefficient was coupled into the conductive heat transfer
analysis inside the tube.

Table 1 lists the calculated results for 8 different cases. The
case parameters are the inlet flow velocity U;, tube material
(HT9 or 316L), and the tube thickness 5. Based on the
hydraulic diameter Dh (=7.83 lmm), which was determined
from the cross-section area in Fig. 1, the resulting Reynolds
number implies a turbulent flow at all three flow rates.
Since the Prandtl number of liquid Pb-Bi at the bulk
temperature Tj(200°C) is quite small (Pr=pCpv/A. =0.032),
an empirical equation from literature for the Nusselt number
was applied: Nu=f(Re,Pr)= 7.+0.025* (Re*Pr)08. In this way
the average heat transfer coefficient ccave [W/m2K] could be
determined.

The effect of the tube thickness 5 can be seen by comparing
the cases A, B and C in Table 1. Since the total energy
deposited on the tube Emb(.[W] increases as the tube becomes
thicker, although the maximum power density qmax[W/mm3]
changes very little, a higher temperature in the tube, and
therefore a higher thermal stress result. Tmaxiiiti;rf[°C] stands
for the maximum temperature on the interface surface of
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convection, and oMis,max [MP] means the maximum von
Mises stress in the tube.

If the tube material is changed from HT9 to 316L (cases D,
F and G in Table 1), the temperature and thermal stress
levels increase because of steel 316L's lower thermal
conductivity. The influence of flow rate can be easily seen
by comparing case B with G and H. Case B with a lmm
thick tube and a flow of 11=3.m/s gives acceptable
temperature and stress levels.

THERMAL FLOW AND HEAT TRANSFER

For a local examination of the heat transfer on the test
section, a steady state conjugate heat transfer analysis with
CFD (Computational Fluid Dynamics) is necessary. A 3d.
calculation model with both solid tube and sample and
flowing liquid was established, so that the 3d. continuity
equation, Navier-Stokes equations and energy equation
could be solved simultaneously. The fluid (liquid Pb-Bi) is
considered incompressible with temperature dependent
material properties. The standard k-e turbulent model was
employed to solve the equations for the flow field.

AHSYS 5.5.1
9 1999

0:52:34
HODA1 SOLUTION
ITEP-1

Fig. 3: Velocity [m/s] and pressure [Pa] in the centre
symmetry plane. (In both pictures the horizontal scaling is
enlarged three times for clarity).

The computation domain consists of half of the test section
only, because of symmetry (see Fig. 1 for cross-section). At
the symmetry plane normal gradients are equal to zero.
Uniform flow with the inlet velocity II and temperature Ts

(=200°C) are assumed at the upstream boundary. At the
downstream end, the pressure is set to zero. At all solid
surfaces, no-slip conditions for the velocity are specified. In
order to get a better local solution for the flow field and heat
transfer, much denser grids have been established near the
wall boundary layer and in the region hit by the beam since
the power distribution is highly three dimensional with a
steep gradient. Computations were performed on
ANSYS/FLOTRAN and typical CPU times are 20-30h for
each case.

ANSYS 5 . 5 . 1
.939

.1:25:31
NODAL SOLUIIOH

EHP
SMN
SHX - 3 2

MODAL :

SUB - I
EHP

SHM - I '
SHX -25;

-2o:
-20'

I

Fig. 4: Temperature [°C] on the tube surface (window
"1") and sample surface (window "2") (In both pictures the
vertical scaling is enlarged two times for clarity).

Temperature [°C]

Along the central interface
line to sample

Along the central interface
ine to pipe

0
(Inlet)

0.02 0.04 0.06 0.08

Distance from inlet along interface lines [m]

0.1
(Outlet)

Fig. 5: Temperature distributions along the interface
lines to the sample and to the tube on the symmetry plane.

Figures 3-5 display detailed distributions of velocity,
pressure, temperature and heat transfer coefficient for the
case of U=3m/s and tube thickness 8= lmm, with lmm HT9
tube and lmm HT9 sample. The left picture (window "1")
in Fig.3 illustrates the velocity contours in the symmetry
plane, and the right one (window "2") the isobar patterns. It
is seen that the flow was well developed for the 0.1m long
section of the vessel. The isotherm contours on the tube
surface hit by the beam and on the sample surface have
been plotted in window "1" and window "2" of Fig.4,
respectively. It is obvious that the heat is transferred as the
fluid is flowing past heated areas.

In Table 2 main results for 7 different cases are listed.
Again tube thickness of lmm leads to a moderate
temperature and stress level. It can be concluded there is no
concern from the thermal mechanic and heat transfer points
of view for the selected cases.
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Table 1: Thermal mechanic results on the heated tube.

Case

Tube mat.

U. [m/s]

Re=U, Dh/p

Nu=f(Re,Pr)

am=fi\i)JDti [W/m2K]

Tube thick 5[mm]

q ^ [W/mm3]

T™.x [°C1

T_*« [°C]

(J^IMPl

A

HT9

3.

9.7e4

22.55

3.37e4

1.5

3.28

800.

459.9

327.6

256.

B

HT9

3.

9.7e4

22.55

3.37e4

1.

3.26

535.

350.4

288.6

147.

C

HT9

3.

9.7e4

22.55

3.37e4

0.5

3.23

267.

262.

245.9

60.2

D

316L

3.

9.7e4

22.55

3.37e4

1.5

3.28

800.

530.4

330.3

438.

E

316L

3.

9.7e4

22.55

3.37e4

1.

3.26

535.

382.9

290.

241.

F

316L

3.

9.7e4

22.55

3.37e4

0.5

3.23

267.

270.3

246.3

91.8

G

HT9

1.

3.22e4

13.44

2.e4

1.

3.26

535.

404.2

344.3

198.

H

HT9

5.

1.61e5

30.33

4.53e4

1

3.26

535.

329.2

266.7

127.

Table 2: Heat transfer results on the test section with and without sample.

Material for
tube+sample

U, [m/s]

Dh [mm]

»e=UIDI/p

Thickness
8[mm]

u™* [m/s]

A p m [Pa]

Tmx>tnb,[°C]

TmMlq [°C]

T [°C]

°Mis'mju,saiiip L*1FJ

HT9+HT9

3.

7.831

9.7e4

1.5

3.332

1.33e4

423.7

292.6

292.

202.

124.

HT9+HT9

3.

7.831

9.7e4

1.

3.332

1.33e4

326.8

267.

283.2

112.

112.

HT9+316L

3.

7.831

9.7e4

1.

3.332

1.33e4

326.8

267.

295.

112.

167.

316L+316L

3.

7.831

9.7e4

1.

3.332

1.33e4

358.

267.5

295.

190.

167.

HT9 without
sample

3.

13.08

1.6e5

1.

3.269

1.06e4

332.65

273.

108.
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A STUDY OF SPALLATION YIELDS FROM THICK LEAD/BISMUTH TARGETS
BOMBARDED BY PROTONS AT ENERGIES BETWEEN 300 AND 600 MEV*

M.B. Goldberg (SOREQ NRC", Israel), K. van derMeer (SCK-CEN2', Belgium), EM. Lehmann (PSf)

An extensive series of measurements with proton beams at energies between 300 and 600 MeV impinging on thick
Pb/Bi targets was performed at the NA-2 area of the PSI accelerator facility throughout 1999. The principal
objectives of this work are to determine spallation yields relevant to low-energy Accelerator-Driven-Systems and to
benchmark the performance of existing transport codes and data libraries at these relatively low proton energies,
where their validity is in question. The experiments are briefly outlined and some first results are presented.

INTRODUCTION

Recent years have witnessed a resurgent interest in the
physics of spallation processes, among others at proton
beam energies Ep < 500 MeV, where the data are relatively
sparse [1] and the nuclear reaction mechanism is not well
understood.

On the applications side, there is also considerable interest
in this topic in the light of expectations from Accelerator-
Driven-Systems (ADS) [2,5], both in the energy/
environment context of reprocessing spent nuclear fuel and
also pertaining to the construction of new, medium-intensity
neutron sources that are not fissile-material-based [4].

With this in mind, a 3-way collaboration was established in
the summer of 1998, a research proposal submitted later that
year and approved in early 1999. It comprised the following
principal objectives:

1. to measure integral neutron/proton yields for a high-Z
target surrounded by a moderator

2. to study the energy/angle distributions of fast neutrons
emitted (with no moderator)

3. to determine the yield distributions of residual radio-
nuclides within the irradiated target.

All experimental data are to be compared with calculations
based on state-of-the-art transport codes.

The Proton Irradiation Facility PIF [6] in the NA
experimental area at PSI was a convenient facility for
performing such measurements, due to the well-equipped
experimental infrastructure, the beam quality and the ease
of tuning it there. Most of the measurements were
performed at night and on weekends, since highest daily
priority is accorded to clinical applications at the proton
therapy beam line. Analysis of the data taken is now in
progress.

TARGET ASSEMBLY

As target material, a lead-bismuth mixture was used, since
its 60%-40% eutectic alloy is a candidate for high-power,
high neutron flux, liquid-metal spallation sources [1,2,3].
The target was cylindrical, with a modular structure of
alternating, 1 cm thick, Pb and Bi disks, 10 cm in diameter.
A schematic view of the target assembly is shown in Fig. 1.
The beam impinges on the target horizontally.

Fig. 1: Schematic view of the spallation target used in the experiments. The diameter of the lead (dark) and bismuth (bright)
disks was 10 cm and their thickness 1 cm each.

This target configuration was maintained for all
experiments. It permitted beam-energy-differential
activation analysis on Pb and Bi separately. During the
thick-target slow-neutron yield runs, some small Ni
activation disks (2 mm thick) were interspersed with the
large target disks in order to sample the fast neutron flux via
the reaction 38Ni(nrasl,p)58Com.

EXPERIMENTAL SETUPS

To measure the thick-target yields of slow neutrons, the
target was surrounded by a cube-shaped water bath of
dimensions approaching lm xlm xlm. Activation foils of
Au, with and without Cd cover, Co and Mn were placed at
well-defined axial and radial positions inside the water bath,
to serve as slow-neutron flux detectors (via n ^ capture).
These materials have varying sensitivity to the thermal and

Participants: D. Bar", D. Berkovits", M. Daum", F. Van Gestel2', P. Gilad", M.B. Goldberg", W. Hajdas3', S. Dekelver', E.H. Lehmann', H-P.
Under', E. Malambu", I. Mardor", K. van derMeer', J. Oeyen', M. Pepin", D. Saphier", A. Shor", H.U. Wenger", M. Willekens2' & J. Gerber
(IReS Strasbourg, France)
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epithermal neutron flux distribution. After irradiation, the
absolute foil activities were determined with a calibrated,
shielded Ge detector. During irradiation the number of
incident protons was determined by a proton scatter
telescope that was calibrated by a scintillator placed in front
of the target. The calibration was performed at proton beam
intensities that were individually countable by the
scintillator.

Angle- and energy-dependent fast neutron yield
measurements via time-of-flight (TOF) were performed
with a Pb/Bi target at countable proton beam intensities.
The setup included a beam telescope located just upstream
of the target, that generated a start pulse for a 200 ns time
window closed by neutron, gamma or charged-particle
events detected in an array of 6 large, position-sensitive
scintillation spectrometers. These covered an angular range

from 6=-45° to 6=+75°. Each detector was shielded by a
thin, large-surface, charged-particle-veto scintillator.

For the activation analysis of radio-nuclides produced in
the target disks, two independent methods were applied.
The generated spallation (and, to a lesser extent, subsequent
fission) products were measured by gamma spectroscopy
within a) several hours b) 1 week and c) 3 months
after target irradiation. For a), a fresh, not-previously-
irradiated target was used. In addition, the spatial
distribution of induced activity in each target disk was
investigated using imaging plates [4]. The plates were read
out after a typical exposure time of -2 hours, yielding beam-
energy-differential activity distributions. Examples of such
distributions, taken after the 590 MeV run, are shown below
in Fig. 2.

1 2 3 4 5
pellet number

Fig. 2: Imaging plate distribution of the FWHM activity spot-size induced by the 590 MeV proton beam (left) and its
intensity distribution (right). The beam impinges on the target from the left (low disk Nos.) and loses ~22 (-19) MeV per disk
in Pb (Bi), respectively. The plates were exposed for about 1 hour, after 1 hour cooling time of the target.

CHRONOLOGICAL DESCRIPTION OF THE
MEASUREMENTS

In April 1999, the first measurements with the water bath
setup at Ep=300 MeV were performed. An important issue
was the absolute determination of the incident proton beam
intensity, which is not easy to measure directly in the 107-
1012 p/s (or 10 pA - 1 mA current) range. This was effected
by calibrating a current-mode device (an ion chamber in the
direct beam, ahead of the target) and also a counting-mode
device (a particle telescope registering protons scattered
from an aluminium foil several meters upstream) against a
beam counter (a fast scintillation detector at the target
position) at low, countable (105-106 p/s) beam intensities. Of
the two devices, the scatter telescope exhibited excellent
linearity when the intensity was scaled up 4 orders of
magnitude to the nA range, in which the neutron yield
measurements were made. With the ion chamber, slight
under-linearity due to charge recombination was evident.
One week after this run, the first activation analysis
measurements were performed on all the target disks with a
large, efficiency-calibrated Ge spectrometer.

During a second run in June/July, more 300 MeV water
bath data was taken with higher precision on the beam
intensity calibration, and a first attempt at the TOF
experiment was made. Of crucial importance was the
suppression of neutron background from upstream

collimators and from sources of residual gamma activity in
the experimental area. Preparatory work had been
performed to study and reduce these backgrounds during
preliminary runs in December 1998, January and April
1999. For optimal TOF performance and angular resolution,
slewing corrections were applied to the neutron counters.
The data were accumulated in multi-parameter event-by-
event mode. The measurements made during this setup run
did not have sufficient counting statistics for a complete
analysis, but system integrity as well as the required
capability to discriminate against all sources of in-beam and
activation backgrounds were demonstrated. The principal
instrumental figures-of-merit (after applying the slewing
corrections) were: time resolution AT~0.65 ns and
angular resolution A6~3.5°.

In the third and last run of October/November 1999 (the
NA-2 experimental area was dismantled at the end of 1999),
the water bath experiment was performed at higher proton
energies of 420 MeV and 590 MeV (the PSI accelerator
main-beam energy). Taking into account the ranges of
protons in Pb/Bi (-10 cm @ 300 MeV, -17 cm @ 420 MeV
and -28 cm @ 590 MeV), more disks were added to the
target and the grid of activation foil locations within the
water bath was expanded accordingly. Just prior to these
irradiations, activation analysis measurements were
performed on the first Pb and Bi disks (which had



previously been exposed to -50 nAhours of 300 MeV
protons in April and June). The salient feature of these Ge
spectra was the preponderance of fission (following
spallation) products in the Bi disk. It is likely that this
reflects the fissile nature of neutron-deficient Po isotopes
(not accessible via protons on Pb). At the end of this run, a
fresh Pb/Bi target was irradiated for 5 min. with ~1 nA of
590 MeV protons. Activation analysis measurements were
then performed on all 30 Pb and Bi target disks within
several hours of irradiation, the next day and also one week
later.

STATUS OF DATA ANALYSIS

The foil activities from the water bath runs at all three
bombarding energies (300, 420 and 590 MeV) have been
determined and are currently being fitted to HETC and
LAHET code calculations [7,8], to yield the integral
neutron/proton yield in the target-moderator configuration
of the present work.

A prerequisite for the quantitative analysis of the activation
measurements is a reliable, up-to-date database for the
decay properties of neutron-deficient, medium-heavy radio-
nuclides. Discrepancies between the compilations of refs.
[9,10] are significant. An in-depth literature search is thus
called for.

As the proton beam energy is degraded by successive target
disks, the corresponding spot-size of the residual activity
(Fig. 2 left) increases as one would expect on the basis of
multiple scattering, namely: the largest effect is very close
to the Bragg peak, where high-momentum-transfer
Rutherford collisions (as opposed to relatively ,,soft" ion-
ion collisions at Ep>100 keV) dominate the energy-loss
process.

One should bear in mind that the yield curves (Fig. 2 right)
represent beam energy bins of typically 20 MeV per disk.
Moreover, they are convoluted with the E-response of the
imaging plates. The latter has not yet been measured, but is
likely to be dominated by low-E g-rays, X-rays and Auger
electrons.
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EFFECT OF A FLOW PENETRATING JET ON THE TEMPERATURE
DISTRIBUTION OF THE SINQ LIQUID METAL TARGET WINDOW

/. Platnieks (IPUL Latvia), G.S. Bauer (PSI)

The effect of a jet of liquid metal directed across the hemispherical beam window of a target geometry suitable for use
in SINQ was examined experimentally on a large mercury loop at the University of Latvia. Numerical data on the
heat transfer coefficient could be obtained and the region affected by the cross flow could be determined.

INTRODUCTION

One of the most serious problems in designing a liquid
metal target for medium and high power spallation neutron
sources is cooling of the beam entrance window. In a
theoretical assessment for the ESS target [1] it was shown
that good cooling could be expected by providing for a
configuration in which the flow of target material was
directed across the window. The aim of the present
experiment was twofold: (a) to obtain quantitative data for
validation of computed numbers and (b) to examine whether
a similar configuration could be realised for the
hemispherical beam entrance window favoured for the
SINQ target for reasons of minimal thermo-mechanical
stress.

EXPERIMENT

The experiment was carried out on a set-up used before [2],
[3]. The temperature distribution was recorded by
measurement with a system of Heat Emitting Temperature
Sensitive Surfaces (HETSS) described elsewhere [4]. A by-
pass flow was introduced in the hydraulic system to produce
a jet directed across the beam window area. The data
acquisition was improved to obtain 120 s long time resolved
records of the temperature of each of the 21 HETSS units.

Five different orientations of the HETSS ribbon relative to
the jet were examined, where the labelling was chosen such
that 0° corresponded to the situation where the direction of
the jet was parallel to the ribbon and the jet met the ribbon
on the side with low numbering of the HETSS units.

The design of the target system with a 180° flow reversal
between the downward flow outside and the upward flow
inside a guide tube and the positions of jet producing nozzle
are the same as reported before [3].

Two different flow rate stabilising systems were used to
obtain the magnitudes of the main flow, Q (1/s), and the jet,
q (1/s), keeping the total flow constant. In the present
experiment Q/q = 1.2/0, 1.1/0.1, 1.0/0.2, and 0.8/0.4 were

used. Although the total flow of 1.2 1/s is only about 1/3 of
what would be expected in SINQ at 1 MW of beam power,
the experiment can be considered as relevant with respect to
the goals stated above.

TEMPERATURE DISTRIBUTION AND TIME
DEPENDENCE

Fig. 1 shows a few typical time dependent recordings. In the
case presented the jet is directed along the HETSS ribbon.
The figure shows normalised temperatures of the forth,
eleventh and eighteenth HETSS unit. Examination of all
records shows that in the central area (unit 11 in Fig. 1) a
low temperature region is obtained. The temperature
fluctuations in this region are also very low. This
demonstrates that the heat transfer in this area is dominated
by the velocity and magnitude of the jet. In contrast,
temperature fluctuations of 10-20% occur for periods of
several seconds when there is no or little jet flow. The large
fluctuations result from the flow reversal at the bottom end
of the guide tube.

Fig. 2 shows the normalised temperature distribution for the
HETSS ribbon at 0° orientation and all flow rate regimes
investigated. The magnitudes are averaged over the 120s
time period. The effect of the jet becomes pronounced when
the jet flow rate exceeds 0.2 1/s (corresponding to a jet
velocity of 0.3 m/s at the nozzle). It is obvious that the jet
flow also improves the cooling conditions at the periphery.

The normalised and time dependent temperatures measured
for different orientations of the HETSS ribbon relative to
the jet flow make it possible to plot the region where the
value of the temperature drop between the wall and the fluid
does not exceed a certain value, say 0.6°C/(W/cm2) and
where fluctuations are small. These regions are plotted in
Fig. 3 for the jet flow rates of 0.2 and 0.4 1/s and nozzles of
different lengths and cross sections. The largest hatched
area relates to the short nozzle (B) and to a flow rate of 0.4
1/s in the jet. This area practically covers the full cross
section of the SINQ beam.
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Fig. 1: Time resolved sweeps of normalised temperature detected by the 4th, 11th and 18"1 HETSS unit for the 0° orientation
(,,phase 1") with nozzle ,,B"- The lowest temperature (at constant heating) was found for the units in the centre (11), which in
the case of a strong jet flow (q= 0.2 and 0.4) show very little fluctuations. Unit 4, which is close to the jet nozzle exhibits the
strongest fluctuations in all cases, indicating that further geometric optimisation is still possible.
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Fig. 2: Effect of flow in the jet nozzle on local heat
transfer. (HETSS-measurements) with slanted guide tube;
orientation 0°, gap =4cm measured at 7 W/cm2.

Fig. 3: Regions with less than 0.6°C/(W/cm2)
temperature drop for different nozzle configurations and
nozzle flow rates.
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CONCLUSIONS

For SINQ operating with a reduced length Target ,,E" and at
an accelerator current of 2 mA, the peak heat flux on the
inner surface of a liquid metal cooled 1.5 mm thick beam
window made from (martensitic) steel is about 70 W/cm2.
The value of 0.5 - 0.6 °C/(W/cm2) means that the resulting
temperature of the window inner surface will be about 35 -
40°C above the forward flow temperature of the fluid.
While, in the real SINQ target we expect total flow rates of
about 3 1/s to prevail, in terms of window cooling it will
probably be sufficient to have a pumped jet flow of the
order of 0.5 1/s. The actual pumped flow will be determined
also by the need to have enough flow in the beam-off
condition to be able to safely accommodate the transient
when the beam comes on again.

It is worth noting that the temperature drop of
2.5°C/(W/cm2) measured without jet flow is by no means
dangerously high for the anticipated heat flux density of 70
W/cm2. This means, that the integrity of the window will
not depend on the functioning of the jet pump, which is
comforting. Nevertheless the jet allows to establish a more
defined and controlled situation, since the velocity
fluctuations which are responsible for the rather good
cooling in the simple coaxial flow case depend on local
geometry, azimuthal velocities etc. and therefore are
uncontrollable. The jet guarantees proper cooling at al times
and, as noted, is important to control transients when the
beam is switched on. Jet velocities of 0.3 - 0.6 m/s which

produce the full effect are easily achievable in a 3cm
diameter and 2m long jet supply pipe by use of an EM
pump with 150 mm diameter and lm length, thus not taking
up excessively much space in the upper region of the target,
where the heat exchanger will be located.
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INFRARED THERMOGRAPHY IN EXPERIMENTS TO STUDY THE COOLING OF
THE WINDOW OF THE PROPOSED SINQ LIQUID METAL TARGET

J.A. Patorski, G.S. Bauer (PSI)

The experiments on the cooling of the proton beam entry window are the part of the development program of the
neutron spoliation sources with liquid metal targets. The two-dimensional and dynamic (2DD) method of using
infrared (IR) thermography has been applied for the visualization of the cooling efficiency of the heated window wall.
This method allows the outer surface temperature to be worked out relative to the bulk coolant temperature. In this
way the qualitative and quantitative flow characteristics within the thin contact layer on the inner surface of the
window wall are made visible. Finally animated IR thermogram sequences have been generated, allowing to observe
the spatial and temporal behavior of the flow and cooling behind the steel wall
{ http://wwwl.psi.ch/www _gfajin/asq/projects/liquid/liquid.html].

INTRODUCTION

As part of the development program [1] of the Spallation
Neutron Source (SINQ) at PSI and European Spallation
Source (ESS) neutron spallation sources with liquid metal
targets, the cooling of the proton beam entry window was
experimentally investigated (phase 1 in May 1998 and phase
2 in April 1999).

In reality the density of power deposition by the SINQ
proton beam in the window will amount to ca. 70 W/cm2.
Such power density will cause strong heating of the
window. Therefore, to avoid local overheating (by hundreds
of degrees centigrade) and to guarantee the integrity of the
window, the cooling of the window by the liquid metal,
which is flowing inside the target-shell, must be proven to
be efficient.

EXPERIMENTS

The basic idea of the experiments was to observe the
cooling effect of the flow of liquid metal (serving as sole
coolant) on the heated wall of the hemispherical shell of the
mockup window. The important condition of the
experiments was to use the real interacting materials;
mercury as liquid metal and steel as window's wall. The
instrumentation of the experiment has to be able observe the
cooling effects with a high spatial and time resolution. For
this reason the two-dimensional and dynamic (2DD) method
of using infrared (IR) thermography has been developed and
applied [2]. Different geometrical configurations of the
inner flow guide and different pumping velocities were
examined with the goal to find out the optimum cooling
solution. The geometry adopted was that of the SINQ
(window diameter 212.8 mm). The window wall thickness
of 2.88 mm exceeds that foreseen for SINQ but was chosen
to achieve optimum HF electrical heating in the wall
without affecting the fluid behind. According to the
conditions of the 2DD method a suitable volume heating
mechanism for the window so called Skin Effect Heating
(SEH-heating) was chosen in view of optimizing the
conditions for IR thermography measurements [2],[4]. The
mercury flow has been induced either solely through weak
buoyancy effects of the heating, or different flow rates
(from 0.6 Us up to 3.6 Us) by electromagnetic pumping. The
SEH-heating used produces a power deposition density in
the range of 2-11 W/cm2 in the central region of the window.

This value is smaller than the 70 W/cm2 deposited in the real
case, but is enough to study the characteristics of the
cooling process.

The experiments were carried out at the Institute of Physics
of the University of Latvia (IPUL) in Riga-Salaspils, using a
test facility loop with a capacity of about 6 tons of mercury.
The temperature measurements were done both with 2-D
non-contact IR thermography device FLIR-AGEMA
Thermovision THV900 SWTE and with thermocouples.
More details about THV900 can be found in [5].

lower part of the
vertical test section

of the loop above
the mock-up

8 thermocouples TC
type "K" on the inner
and outer surfaces of
the steel wall of the
mock-up

12 thermocouples TC type "K"
I inside of mercury bulk in the
1 loop above the mock-up

the hemispherical
mockup of the proton
beam entrance window

Thermocouples TC
PC Data Acquisi-

tionUnit HP 75000
Series B, VXI-Bus
High Speed Volt-

meter Scanner

Basement cavity
under mercury loop

Fig. 1 Set-up of the SEH experiments

Figure 1 shows the set-up of the SEH experiments with the
IR scanner (IR thermography camera) in a central axial
position. The fine 2-D geometrical resolution of the IR
thermograms (the size of the pixels of which the
thermograms are built is 1.5x1.5 mm), the high digital
(12-bit) resolution and high sensivity (0.1°Q of the IR
thermography for the outer surface temperature To

measurement, allow the field DTobttlk - To-Tbulk of
temperature differences between the bulk temperature of the
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mercury and the temperature distribution on the window
outer surface to be ascertained with sufficient precision to
estimate the cooling effectiveness of the mercury flow. If
the heating conditions are stable for different flow

configurations, such simple calculated DTobulk temperature-
fields allow a precise judgement of the cooling efficiency
on the whole surface.

Cross section 270° - 90° Vertical axial projection
o TC ; thermocouple pair s,

on the outer and inner £5
surface of the shell

ATobulk IR thermogram
for the case with forced
convection.

000 isotherm
AT0,bulk= 7.2°C
ooo isotherm
ATo.blllk= 3 .6°C

51
Fig. 2: The geometrical configuration of the inner guide pipe with a "flat" gap of 2 cm : a.) cross section b.) vertical axial
projection. Results with the "skew" gap configuration : c.) DTobulk IR thermogram for the case with forced convection. The
mercury flow was mixed driving i.e. the flow has been induced by mercury pump (1.2 litres/sec) and a little by the buoyancy
generated through "Skin Effect" Heating.

Additionally it has been shown [2],[4], that if the values of
the local heat flux q* could be determined, a quantitative
determination of cooling efficiency is possible by the IR
thermography method. The value of the local thermal
resistivity h (the reciprocal value of the local convection
heat transfer coefficient a ) obtained from a measurement of
the outer surface temperature DTobldk -To- Tbulk in
comparison to the usually used DTibulk -Tt- Tbulk(where the
knowing of the temperature 7). from invisible inner wall
surface is necessary) must be amended by the subtraction of
a constant term 3/2k according formula

AT AT o

q q 2*K

where h is local thermal resistivity, k - thermal conductivity,
q*-local convective heat flux, S- wall thickness,
7| - temperature on the inner surface, To - temperature on the
outer surface of the window
temperature.

wall, Tbult - mercury bulk

In addition to the visualization of the cooling efficiency, the
thermograms allow some deductions about the
characteristics of the flow itself namely: the pattern of
streaming lines (e.g. detection of dead zones), especially
within the thin contact layer on the inner surface of the
window. All this information can be compared to the direct
measurements of the 3-D flow velocity which were
performed by PSI in an another experiment series [3] in the
same geometrical conditions of the mercury flow.

VISUALIZATION OF COOLING EFFICIENCY AND
STREAMING LINES

The mercury flow is constrained by an inner guide pipe
whose lower end can be cut either "flat" (perpendicular to
the cylindrical target axis) or "skew".

The basic geometrical configuration of the inner guide pipe
with a simple "flat" gap of 2 cm is shown in a cross section
(Figure 2a) and a vertical axial projection (Figure 2b). The
resulting grey-scaled thermogram is shown for a case with
forced convection in Figure 2c. The mercury flow has been
induced by SEH-heating and forced convection (with pump
flow rate of 1.2 litres/sec). The isotherm lines (marked by
circles for DTobult = 3.6°C and diamonds for DTobult = 7.2°C)
help to visualize the cooling effect of the flow. The
isotherm line at 7.2°C can be definitely recognized as a
vortex and a very characteristic insufficiently cooled dead
flow zone appears in the middle of the target window.

(The two hot spots on the left and right of the
IR-thermogram were caused by the SEH-heating electrodes,
which were placed outside of the important central region of
the target window).

The basic geometrical configuration of the inner guide pipe
with a "skew" gap of 2 cm is shown in cross section
(Figure 3a) and vertical axial projection (Figure 3b). The
resulting grey-scaled thermograms are shown for a case
without (Figure 3c) and for a case with forced convection
(Figure 3d) for the same SEH-heating .

In comparison to the thermogram of Figure 2c thermogram
of Figure 3d, obtained with the same pump flow rate of 1.2
litres/sec, shows that the pattern of cooling has been
changed in an essential way: in particular the dead flow
zone and the vortex have disappeared.

The thermogram in Figure 3d displays the typical
"butterfly" pattern of the DTohu& temperature field, which
always appears in this case; this pattern is also more stable
than the one shown in Figure 3c which was obtained with
free convection only.



94

Cross section 270° - 90° Vertical axial projection
o TC ; thermocouple pair £,

on the outer and inner Si
surface of the shell

ATo.bulk IR thermogram
for the case with natural
free convection only.

ATo.tuik IR thermogram
for the case with forced
convection. so

O

ooo isotherm ATobulk= 3.6°C , ooo isotherm AToblllk= 7.2°C

Fig. 3: The geometrical configuration of the inner guide pipe with a "skew" gap of 2 cm :a.) cross section b.) vertical axial
projection. Results with the "skew" gap configuration : c.) DToMlk IR thermogram for the case with natural free convection only.
The mercury flow was SEH driving, i.e. flow induced solely by the buoyancy generated through "Skin Effect" Heating, d.)
DTo bulk IR thermogram for the case with forced convection. The mercury flow was mixed driving i.e. flow induced by mercury
pump (1.2 litres/sec) and a little by the buoyancy generated through "Skin Effect" Heating.

The isotherm lines show that for the same SEH-heating and
the same "skew" gap configuration, the forced convection
reduces the temperature difference in the central part of the
target window from 7.2°C to 3.6 C, a factor of two. This
means, that the local thermal resistivity, which is directly
proportional to DT0 bulk, will also be two times smaller in the
case of forced convection with a 1.2 litres/sec flow rate.

To see the dynamic behaviour of the flow patterns behind
the steel window please visit the web page

http://wwwl.psi.ch/www_gfa_hn/asq/projects/liquid/liquid.h
tml

and click on the IR-thermograms of Figures 2 and
Figures 3. This will start the adequate hyperlinks of movie
sequences of thermograms. These 1 Hz "live" visualizations
have been prepared (by averaging, by emissivity correction
and by subtraction) from IR-thermography sequences
originally recorded with a time resolution of 20 Hz.

For more details concerning phase 1 of the experimental
investigation of the cooling of the SINQ entry window see
[2] and [4].

CONCLUSIONS

The use of IR-thermography in SEH experiments, in
conjunction with the available time-space- and
temperature-resolution equipment of AGEMA THV900,
gives satisfactory results for:

1. The visualization of the mercury flow behind the
2.88 mm thick steel wall of the mockup of the proton
beam entry window of SINQ.

2. The comparison of the relative local thermal resistivity h
(or the local convective heat transfer coefficient a )
between different flow or cooling configurations in the
quasi steady-state condition. This conclusion does not
require knowledge of the absolute value of the local heat
flux q* of the heating , but it is indispensable to make
sure that: the distribution of the local heat flux q* for all

compared configurations remains the same and the
mercury bulk temperature is simultaneously controlled.
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COMISSIONING OF THE LEAD BISMUTH LOOP FOR SINQ TARGET STUDY

Y. Takeda, N. Furuichi, F. Barbagallo (PSI)

The Lead-Bismuth Loop has been constructed and
commissioned (Fig. 1). The facility was designed for testing
various mechanical components that are to be used in the
SINQ liquid metal target system. They are for instance
pumps, valves, flow metering system and others.

It consists mainly of a reservoir tank (in the keller),
electromagnetic pump, expansion and heat exchanger tank
and pressurised water loop is connected to the loop for
cooling purpose. All parts are heated with heaters wound on
the wall and thermally isolated. The total height of the
facility is ca. 5 m.

The reservoir tank has 150 1 of volume and stores all LBE
(120 1) while standing rest. After LBE is molten, it is
transported to the loop by pressurising this tank. The EM
pump is vertically aligned so that no gas bubble is trapped
inside the pump for safety purpose. The level in the
expansion/Hex tank is monitored and controlled to a fixed
height in the tank. The heat exchanger is prepared in the
expansion tank at the top, which regulates the system bulk
temperature. The chiller and the preheater have not yet been
integrated but are to be worked out soon. The pressurised
water loop is the same as for the earlier work, but the high
temperature pump was renewed. It has the maximum flow
rate of 1000 1/h and the supply temperature of 130°C.

The loop condition is monitored during operation mainly
about its temperature and pressure at various positions of
the loop and collected on a PC. The system monitoring
program was made, as illustrated in the figure 2, for
recording the system behaviour over the total operation
period, and reviewed later by the separate reviewing
program.

Various experiments and tests are planned; testing the pump
performance, development of flow metering device of LBE
flow, investigation of the heat pipe characteristics etc.
Thermal behaviour of the target window is also under
preparation.

Table 1: Specification and rated characteristics of the loop
Type
Fluid
Flow rate
Head
Duct temperature

Rated Op. Temp.

Design pressure
Duct size

Discharging method
Required Power
Duct preheater

Annular linear induction
Pb-Bi Eutectic
Max. 200 1/min
1.5 mhigh

130°C tp 250°C

200°C
-1 to 2 kg/cm2

060.5 x t2.8
Supply voltage adjustment
32 kVA to 58 kVA
Electric heating

S?w Eg S

a** -;

2J >

-L'
^ . ' • ' « -

Fig. 1: Lead Bismuth Loop.

SINQMUPII

Fig. 2 : System monitor display.
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THE MEGAPIE INITIATIVE

G.S. Bauer, F. Groeschel (PSI)

PSI, in collaboration with several other research institutions, has started a project that aims at demonstrating the
feasibility and at exploring the practical operating conditions of a liquid metal spallation target in the range of I
Megawatt of beam power. The idea behind this initiative is to merge efforts in liquid metal target development going
on at various places in Europe and to have an operational and well instrumented pilot target in the SINQ proton
beam for at least 6 months in the year 2004, with post irradiation examinations to follow.

Liquid metal targets are the preferred option for Accelerator
Driven Systems (ADS), i.e, systems which use spallation
neutrons to drive sub-critical assemblies to transmute
nuclear waste or eventually also to generate electricity
based on a low waste fuel cycle. To date there exists,
however, no experience at all with liquid metal targets. The
preferred target material is the eutectic alloy Pb045Bi05S

(LBE) due to its low melting point (125°C) and its high
boiling point (1670°C). This is also true for an eventual
liquid metal target in the SINQ spallation neutron source,
where LBE is expected to produce the highest thermal
neutron flux in the D2O reflector due to its high neutron
yield and low absorption.

Problems relating to the design and operating conditions of
such targets are under investigation at various laboratories
in Europe and elsewhere. They relate to radiation effects in
a mixed fast proton and neutron spectrum, effects of
gaseous spallation products (H and He), liquid metal
corrosion and embrittlement, proton beam window cooling,
liquid metal pumping, heat removal and others. One
question of particular concern is the hazard potential
associated with the operation and handling due to the
production and possible release of alpha-active isotopes, in
particular 209Po and 210Po. Although evidence exists that the
evaporation rate of polonium from molten lead and lead-
bismuth is extremely low due to the formation of lead
polonides, practical experience in dealing with this issues
has yet to be obtained.

Since SINQ is one of the two only locations world wide
where a realistic test of such a target is possible at a beam
power level of 1 MW, PSI in collaboration with CEA
Cadarache (France), CNRS Saclay (France), FZ Karlsruhe
(Germany) and ENEA (Italy) decided to launch a project to
develop, design, build, operate and investigate a
1 MEGA watt Pilot target Experiment (MEGAPIE) as a
step towards an ADS Demonstration Facility as presently
pursued actively within the French GEDEON project and in
a Europe wide international collaboration.

The design of the MEGAPIE target will take into account
the boundary conditions existing at SINQ, e.g. geometric
restrictions, the requirement for minimal changes to the
existing water cooling loops etc.. After a two years study
phase which will include submission of a preliminary safety
analysis report to the licensing authorities, a milestone
decision of whether or not to go ahead with the detailed
design and construction of the target will be taken. This

phase will also include all necessary preparatory work for
post irradiation examination and final disposal of the target.
The final decision to run MEGAPIE will be taken after
successful completion of these tasks and all out of beam
tests.

1 connecting head

top shielding

_upper second
enclosure

. EM pump for bypass
flow

heat exchanger

.liquid metal
containment hull

- double walled and water
cooled lower second
enclosure

auxiliary heating

• main down flow annulus

bypass flow guide tube

• return flow guide tube

window cooling nozzle

Fig. 1: The baseline design of the MEGAPIE target.
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Technical Support and Co-ordination



THE ATK IN RETROSPECT AND PROSPECT

/. Duppich (PSI)

THE BALANCE

It's balance-sheet time and we look back. You don't really
want to read the umpteenth essay on the next millennium,
do you? That's comforting, because we in the ATK feel the
same way and don't want to even hear that word again. So
let the thousand years go by: for now a flashback on a single
year will tell you what was most important for us and the
ATK.

THE VISIONS

And yet: without visions there would be no progress, they
are always the first step on the road to the future. Whether
they be spectacular, daring or down-to-earth, whether they
are communicated loudly or softly, when all is said and
done nothing can put their need in question. So the flash-
back will be followed by a brief preview on our activities in
the year 2000.

Among the activities to which our division made important
contributions in the past year, the following must be men-
tioned:

• The 1999 Shutdown

• The Swiss Light Source SLS

• The E Target

• The Photo Database

THE SHUTDOWN

Following what has almost become a tradition, 1999 was
ushered in by the well-prepared Shutdown of the accelerator
and neutron source complex. Before mid-March a long and
precisely detailed list of tasks were to be carried out, each
within its prescribed time slot. PSI manages its unique re-
search installations, at which more than 800 researchers
from inland and abroad are active each year, as a userlab.
The high availability and reliability of injector II, ring cy-
clotron, beam transport, target stations and of the spallation
neutron source SINQ are the reason for the great attractive-
ness to the scientists which these machines have acquired.
One of the measures which makes this achievement possible
is the systematic scheduling of preventive service and
maintenance work, including the necessary repairs. In retro-
spect it is seen that the installations could be given back to
the users as planned in mid-March and that the maintenance
work was accomplished with efficiency, without significant
unforeseen complications and with a lower collective radia-
tion dose than had been estimated by the health physics
controllers.

THE SLS

Among many achievements the timely completion of the
futuristic-looking SLS building was an outstanding mile-
stone, to which our division was able to contribute in two

ways. To co-ordinate the complicated infrastructure of
buildings, accelerator and beamlines whilst attending to the
relations between PSI and the BaFa (Bauten Forschungs-
anlagen) as supervisor of federal buildings was a real chal-
lenge for our staff.

In preparation for the installation of the components of the
accelerator and beamlines a detailed script of the necessary
steps of the process was worked out in close collaboration
with the personnel of the SLS project. The script is based on
a computer analysis of the network of the project and of the
delivery dates of the components; it then assigns time slots
and working space to the many activities. As so often the
case, the early and necessary coming to grips with the future
problems enabled us to identify shortcomings and omissions
in time for correction. Since past August the installations
are proceeding according to script and the halls, which last
summer were still empty, are daily becoming more con-
gested and cramped.

THE E TARGET

This summer, thanks to a systematic optimisation of the
accelerator by the ABE division in collaboration with the
AEA division, a proton beam of somewhat more than 1 mA
could be delivered to the SINQ target for the first time. The
desire for ever greater neutron fluxes at SINQ was satisfied
by replacing the 6 cm thick E target by one of 4 cm thick-
ness. The planning and the preparations for this unwonted
target change were organised by our AKT division last
autumn. At the end of October 1999 the long-awaited ex-
change could be made in the experimental hall. The inten-
sity gain of approximately 30% makes SINQ even more
attractive.

THE PHOTO DATABASE

Unfortunately, and with so many activities to be attended to,
little time was left to foster our presence in the Internet
(http://wwwl.psi.ch/www_gfa_hn/atk/). The division and
several of its sections are still represented in a provisional
form. On the other hand the photo database is of profes-
sional standard and covers the entire accelerator complex,
many of the main experimental systems built in the last
years and parts of SINQ and the SLS (http://www.psi.ch/
atkpics/).

THE NEW PROJECTS

Tasks of the highest priority utilise the capacities of our
division to 130% on average; to these must be added new
and very interesting projects, such as the underground store
for active components AKOLA, which is to have direct
access from the experimental halls; possible also a small
and independent cyclotron for proton therapy (PROSCAN,
see the contribution by H. Reist on page 22) and the UCN
facility for ultra-cold neutrons.



99

The small PROSCAN cyclotron, which is to run independ-
ently of the main accelerator complex, will be built in the
experimental hall on the PSI west bank and will be laid out
specifically for medical applications. A new beam line will
deliver protons to the already existing Gantry I, and in fu-
ture the OPTIS facility for the treatment of eye tumours by
proton irradiation will also be supplied from this small cy-
clotron.

The experimental facility for ultra-cold neutrons UCN will
be based on the spallation process. A pulsed beam of high
intensity will be delivered on a heavy metal target sur-
rounded by a large deuterium moderator at approximately
8 degrees Kelvin. We expect a density of ultra-cold neu-
trons sufficient to open new ways in the fundamental study
of neutrons.

A LOOK INTO THE FUTURE

In our situation, it is of the greatest importance to under-
stand the scope, the progression, the needs in personnel and
the reciprocal interactions of the different projects in the
most thorough way possible. We must dare to read the fu-
ture, in spite of the danger that our predictions will not al-
ways be correct. To shrink from this effort would be care-
less. Only with this exertion can the rather small staff of the
ATK division hope to master the large workload efficiently.

Whether or not they have already got the green light, new
projects such as AKOLA, PROSCAN and UCN are the
spice in the existence of a division, which provides services
in the widest sense of the word towards the operation and
maintenance of scientific systems and instruments. Reflec-
tions, studies and concepts for future PSI projects motivate
our staff and force us to a permanent extension of our capa-
bilities.

In 1999, while studying AKOLA, PROSCAN and UCN, we
have already become acquainted with very different aspects
of these projects, such as the layout of the systems, the
shielding of the components and the influence which they
will have on the operation of the accelerator; we foresee the
appeal, but also the difficulties of these undertakings.

After the good start we made since October 1998, we of the
division "Technical Support and Co-ordination" will con-
tinue to strive to fulfil the expectations which have been
placed in us and to master the exciting and perhaps also
somewhat difficult one or two years which we see ahead.

Jiirgen Duppich

Head of ATK-Division
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PLANNING AND SCHEDULING FOR THE SWISS LIGHT SOURCE PROJECT SLS

J. Duppich (PSI)

THE SLS PROJECT

The Swiss Light Source SLS is the latest project in realisa-
tion by our institute. It is an instrument for the production
and use of synchrotron light, and will serve to study new
materials, bio-molecules, surfaces and nanostructures.

The construction of the SLS building started on June 2,
1998, with August 1999 as target date for starting to install
the infrastructures needed by the accelerator and its compo-
nents. The first electrons in the storage ring should be pro-
duced in the beginning of 2001, and the first experiments
are planned for August 1, 2001.

The SLS project is challenging by its scope and its com-
plexity, is of high political significance, and additionally
must fulfil an ambitious schedule. PSI has decided on a
matrix structure for the project organisation. These con-
straints require a systematic planning for their fulfilment.
With such planning, we expect a successful realisation of
the SLS, within the time scale and with the aspired per-
formance.

MATRIX STRUCTURE

In a matrix structure organisation, people with the necessary
experience and professional qualifications are grouped
together in a team for the duration of the project. Persons
with specialised know-how may be involved in several
projects at the same time and therefore may only be avail-
able to a specific project for a certain percentage of their
time. Perhaps the most serious drawback of this form of
organisation is that the project staff is embedded in the line
structure of the institute as well as in the project, so that
each member has two superiors. This requires social com-
petence and the ability for teamwork from all people con-
cerned in order to make optimum use of the strong points of
this organisation structure and minimise its weaknesses.
When this condition is fulfilled, things can go smoothly.
Past experience shows that this mode of operation can func-
tion well in the PSI environment.

INTRODUCTION

The SLS project is dependent on technologies which must
be pushed to their extreme limits, especially in the fields of
magnet technology, vacuum technique, insertion devices
and even in the construction of the building as regards to its
stability, temperature control and damping of vibrations. All
systems are intimately interconnected, not only during the
phases of concept and design, but also for the assembly of
the components of the machine and beamlines. Moreover, it
will be very difficult, costly and time-consuming to repair
and/or modify certain components after a successful start-up
of the machine.

It is therefore indispensable that each system, part system
and component be conceived, designed, built, assembled
and tested according to very high quality standards, in order
that its specifications be met. In the same manner all activi-
ties of the SLS project, from the first concepts down to the
machine start-up, are supervised with modern planning tools
with respect to time, interdependencies, resources and prog-
ress. It is desirable that all involved persons use the same
planning tools, in order to encourage optimal communica-
tion between the parties. The swift progress in the develop-
ment of hardware and software has produced tools of attain-
able cost and whose use can be learned quickly after a short
training; they need little support and operate on MAC's as
well as on PC's. For the SLS, MS Project 98 of Microsoft
was chosen. A minimum number of rules were defined, so
that the leaders of the partial projects can each elaborate,
actualise and follow their own schedule; there is, however, a
planning team of higher hierarchy whose task it is to keep-
track of the whole, to check the attainment of the mile-
stones, to find the critical path and to propose solutions to
the steering committee when significant deviations from the
ideal plan have become apparent.

test klystron excitation
and dummy load

high power test

03.03.00 13.03.00

Fig. 1: Typical tasks with a short description and their constrains from the SLS-network.
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SETTING UP THE NETWORK

Five conditions must be met in order to set up the network:

• From the concept phase to the start-up, all activities
concerning the infrastructure, the accelerator and the
beamlines must be registered and their starting date,
their duration, their effects on other activities and their
Manpower requirements listed.

• Milestones must be defined, kept under surveillance,
managed and communicated within the project.

• The unfolding of the project must be optimised by an
analysis in which different variations are played out.
The optimisation of the overall project takes prece-
dence over the optimisation of a particular activity.

• The progress of the project must be fed into the net-
work.

• Objective information about the state of the project
must be kept up to date and made available to the pro-
ject leadership and the steering committee.

The aim of the project is to bring the accelerator and the
four beam lines to successful completion at a defined fixed
date. This requires intensive co-operation between the dif-
ferent technical groups. It takes an overall view of the ac-
tivities and a resilient network in order to manage the pro-
ject properly.

Both requirements demand that in-depth information about
all parts of the project and their interrelations be distributed
widely.

In numerous personal conversations with the key persons of
the project valuable information and interconnections were
recognised, gathered and assessed. The depth of under-
standing over all aspects of the project was made homoge-
nous. These discussions obliged the participants to come to
grips with the future problems already at a very early stage,
which is indispensable for the realisation of a project of
such complexity. The sum of the information obtained was
analysed in a preliminary network. From the coarse to the
fine, all activities and interdependencies were registered,
links were inspected with respect to their real necessity, and
after several phases of interaction the definite master net-
work and schedule were accepted in the spring of 1998.

This plan identifies a restricted number of well-defined
milestones, comprehends approximately 3200 activities and
targets the l'st of August 2001 (Swiss national holiday) as
end date. The approximately 6500 links indicate the tight-
ness of the correlations between the activities and also re-
flect the complexity of the machine. The network allows
Gantt charts to be produced; these are more practical and
easier to understand in the day-to-day activity.

MASTER SCHEDULE AND DETAILED SCHEDULE

The project leadership must keep the overall project in view
at all times and uses the master schedule as its tool. The
master schedule is a strategic plan; it covers the entire time
range from concept to start-up, should in theory never be
modified and is an instrument for dealing with outside.

The project leadership also wants the leaders of sub-projects
to have the possibility of orienting themselves according to
their own detailed schedules for this increases their motiva-
tion and their sense of duty. This idea leads to the concept
of a hierarchy of networks, in our case a two-level hierar-
chy. This enables the management to concentrate on the
milestones of the project, while the leaders of sub-projects
restrict themselves most of the time to their limited areas of
responsibility. The two levels are in contact through the
software.

Thus the very complex network is made easy to grasp by the
• people concerned, whilst keeping in view the overall corre-
lations and milestones; at the same time enough flexibility is
retained when putting the activities into practice. Another
advantage is that networks which can thus be separated into
smaller sub-networks gain in ease of use in the day-to-day
work.

LACK OF PREPARATION IS ALWAYS THE MAIN
REASON FOR DELAYS

In order to increase the receptiveness of the people involved
towards the idea of working according to network, the plans
and Gantt charts were made as concise, attractive and sim-
ple as possible. It has already been mentioned that in such a
project all participants must know the final goal, must have
a clear view of the present situation and must be kept in-
formed of all the activities in which they will take a hand in
the near and the more distant future.

Vorgangsname
1999 2000

M | J l J | A | S | O | N | D | J | F | M | A | M | J | J | A | S | O | N | D | J | F | M | A | M | J | J |A|S
2001

PROJECT.MILESTONES..
Building accessibility
Linac installation
Linac commissioning
Booster installation
Booster corn mission.)ng
Storage Ring installation
Storage Ring commissioning

O Terrrine3HB19BB

Tenine23Cai999

Fig. 2: Example of a Gantt chart from our master schedule of the project. The main milestones for linac, booster and storage
ring are recognisable.
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In August 1999 the different systems of the machine started
to be assembled at their final positions: The accepted net-
work, already known to all, came into practice. Those re-
sponsible for the assembly must tread a narrow path be-
tween the demands of the network and the daily claims of
what is practicable. Now a further advantage of the two-
level hierarchical network comes into play. The detailed
schedules can and must be flexible, they must live and
change, for the activities at the beginning are very precisely
defined whilst activities which lie in the far future are by
their nature not yet so exactly known. The master schedule,
on the other hand, should in theory never be modified.

The leaders of the sub-projects and the team responsible for
the assembly are required to update the schedule regularly
at all levels. The consequences which modifications to the
detailed schedules will have on the master schedule, or even
on the dates of the milestones, must be communicated to the
project management. It is then up to it to propose solutions

and set corrective measures in action, in order to avoid
delays or deflections from the master schedule.

CONCLUSION

The experience gathered in the past two years confirm the
great usefulness of such a planning instrument. The accep-
tance of the plan has increased markedly among the staff
members and its necessity is no longer doubted. The elabo-
ration of the schedule required an intense coming to grips
with the future activities. Problems, which in a so compli-
cated project as the SLS would have only become apparent
in the assembly phase and with negative consequences for
the whole process, could be recognised and solved early.
The small problems which appear every day and in spite of
all the planning still add up to a respectable sum; they ex-
pose the errors made in the preceding phases of concept,
design, purchase and construction. The analysis of these
difficulties reveal a definite pattern, and show when corre-
lations and links were given too little or too much attention.

103. Jan '00 110. Jan'00 117 Jan'00 24 Jan'00 31. Jan'00 07. Feb '00 114. Feb '00
F | S | S | M | D | M | D | F | S | S | M | P | M | D | F | S | S | M | D | M | D | F | S | S | M | D | M | D | F | S | S | M | D | M I D | F | S | S 1 M 1 D | M | D | F | S | S | M | D | M | D

Magnetmontage auf
Girder .03(31
Magnetmontage auf
Girder 03G2
Magnetmontage auf
Girder 03G3
Magnetmontage auf
Girder 03G4
Magnetmontage auf
Girder...04(31
Magnetmontage auf
Girder 04G2
Magnetmontage auf
Girder.04(33
Magnetmontage auf
Girder 04G4
Magnetmontage auf
Girder 05G1
Magnetmontage auf
Girder 05G2
Magnetmontage auf
Girder 05133
Magnetmontage auf
Girder 05G4

•
CUT

CZU

Fig. 3: Example of a Gantt chart from the detailed schedule of the magnets.
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THE RING CYCLOTRON VACUUM SYSTEM

K. Gisler, U. Kalt (PSI)

The vacuum system of the 590 MeV cyclotron dating from 1974 was partially renewed. The new backing vacuum
pumps are oil-free. The installation will be run using a new central control system. The concept allows future
extension and modernisation of the whole installation.

INTRODUCTION

The Ring Cyclotron, designed in 1970, operational since
1974, is the centrepiece of the PSI proton accelerator facil-
ity. The cyclotron which accelerates protons from 72 up to
590 MeV essentially consists of eight sector magnets and
four 50 MHz cavities.

The important data relevant to the vacuum system are: A
volume of approx. 50 m3, approx. l'OOO meter of rubber
seals, approx. l'OOO vacuum feed-throughs for cooling and
electrical supplies as well as the enormous effective surface
area of the glass fibre insulation.

The proton beam is guided into and out of the machine
using electrostatic deflectors. The acceleration of the pro-
tons takes place in the four high frequency cavities. These
components require a vacuum pressure of 10'6 mbar with
extremely low hydrocarbon content for reliable operation.

Following an unplanned ventilation with air in summer
(high humidity), pumping down and conditioning these
components becomes very tedious.

The pump down time can be about 30 minutes to reach a
pressure below 10'
started.

mbar when the cryopumps can be

The four cryopumps have a total pumping capacity of
40'000 1/s. This is sufficient to reach the operational pres-
sure with clean surfaces within a few hours. The pump
down time depends mainly on the state of the surfaces in the
cavities and on the electrostatic components.

The operation must be maintained even after a loss of half
of the pumping capacity.

During the previous 25 years of operation, many renewals
have been made to this system. Lots of attention has always
been paid to the reliability of the components and to the
state of the art. The rotary vane pumps (ca. 200'000 hours
operation) were often in need of repair and had urgently to
be replaced.

Such a system can today be realised using dry screw
vacuum pumps. With these pumps, no oil is used as part of
the pumping process. The expensive disposal of vacuum oil
(ca. 200 I/year) is also avoided and the process becomes
free of hydrocarbons.

As part of this system, a roots pump must be placed in front
of the dry screw vacuum pump in order to obtain the
required pressure.

Combinations of this type are only economical for large
pumping power. It was therefore necessary to give up the

previous strict partition in four independent pumping
stations.

The four high vacuum pumping stations are connected to
the central backing vacuum stand with a 160 mm diameter
ring pipe. This is mounted below the girders supporting the
intermediate floor in the cyclotron bunker.

This central backing vacuum stand is used to pump down
the machine from atmospheric pressure after ventilation, to
maintain the necessary backing vacuum for the turbomole-
cular pumps, to remove the condensed gas produced during
regeneration of the cryopumps, and to provide the inter-
mediate vacuum for the probes.

At any given time, only as many pumps as needed are
running. For normal continuous operation, only the small
30 m3/h scroll pump is turned on.

This new system must fulfil the following requirements:

• The control system must be dimensioned with sufficient
reserve to take care of any future adaptations.

• The partition into four independent pumping stations is
no longer possible.

• The communication with the accelerator controlroom
must be adapted to the present needs and possibilities.

CONCEPT

• The entire ring vacuum system can be observed and
controlled locally as well as from the accelerator
controlroom.

• In order to be able to perform a fast system analysis in
case of breakdowns such as air leak, water leak, inter-
ruption of water supply, interruption of compressed air,
leaks in pumps, valves, vacuum gauges etc., a compre-
hensive data collection and storage is essential.

• This control system also takes care of the vacuum tech-
nical surveillance of system components such as cooling
water circuits, electrostatic elements, cavities etc..

• Possible disturbances from the injection and extraction
beam lines must be quickly recognised and the necessary
preventive measures taken.
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auxiliary vacuum
ring pipe DN40

ring pipe DN 160
4x10 OOOI/s cryopumps
4 x 5001/s turbomolecular pumps

4 x 251/s drag pumpsRegeneration:

Backingvacuum: 1 x 2000 m3/h roots pump
2 x 400 m3/h screw vacuum pumps
1 x 30 m3/h scroll pump

screw vacuum pump

Fig. 1: Presentation in diagram form of the pump system as realised at the present time.

THESE REQUIREMENTS LEAD TO THE FOLLOW-
ING CONTROL SYSTEM CONCEPT

• All four high vacuum pumping stations, consisting of a
turbomolecular pump and a cryopump, have their own
independent control system.

• The central backing vacuum pump used for all high
vacuum pumps, intermediate and auxiliary vacuum has
its own control system. This also takes care of all
superior functions such as communication with other
control systems and surveillance of the probe vacuum.

• Each control system has a local operator terminal (OP7)
with special functions, e.g. regeneration of cryopumps
or manual control during revision.

• All relevant data is collected at the fifth control system
and displayed on a colour graphic terminal (OP37).
Using soft keys, commands can be sent from this station
to the installation control systems.

• The communication with the accelerator controlroom is
taken care of by a serial bus via CAMAC. This bus
transmits selected data in both directions for system
display, disturbance recognition or to record pumping
curves.

• The data is processed by the central computer to allow
access from every PC via the network.

• 16 vacuum measurement values with 16 bit resolution
are sent to the central computer every 200 ms. This
enables the source of any fast pressure changes to be
localised.

• System conditions which must lead to a system close
down are delivered to the accelerator control system
through a special interlock system.

• All occurrences in the form of operation or disturbance
notifications are recorded in OP37 and can be displayed
on the screen or printed out on paper as required. The
control panel is laid out to provide either a general
overview with only a few control knobs or a selected
system detail with more possibilities. All commands are
secured against false operation.

• Manual controls and the ventilation controls are pass-
word protected to prevent erroneous operation.
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OP 7 DP OP 7 DP OP 7 DP OP 7 DP

S7
PU315

DE DE DE DA DA S7
:PU315

PR1

DE DE DE DA DA S7
:PU315

PR2

DE DE DE DA DA S7
CPU315

PR3

DE DE DE DA DA

PR4

superproposed functions

S7
CPU315

CP
340

Bus

DE DE DA DA
RS232

PR5

CAMAC
ETHERNET

OP37

D n n n n n n a n
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ETHERNET

operation and
disturbance records
pumping curves

Fig. 2: Arrangement of the four control systems for the high vacuum pumping stations, the control system of the central backing
vacuum pumping station and the internal and external communication.

TECHNICAL DATA

Number
16
50
10
8
6
5
260
5
224
48
ca.2'500
ca.13 km

Pumps
Valves
Thermometers PT100
Heaters
Water flow switches
Control Systems (Siemens S7)
Connection cables
Operator terminals
SPS- digital inputs
SPS- analogue inputs
Logical signals
Total cable length

Number
4
21
4
1
1
6
2'000
35 kW
192

ca. 50
ca.l'OOOm

Compressors
Vacuum gauges
Thermometers - CLTS
Vacuum guard
Manometers (air)
Communication processors
Contacts
Installed Power
SPS - digital outputs

External signals
Internal rack cabling

SUMMARY AND FUTURE PROSPECTS

In the near future, the turbomolecular pumps should be
replaced. This will allow a higher backing vacuum pressure
and the backing vacuum supply pipes can be used as back-
ing vacuum reservoirs. In this way, even the last backing
pump could be turned off from time to time.

The drag pumps will solely be used to regenerate the
cryopumps. In combination with the rotary vane pumps they

also operated as oil baffles. With the new backing vacuum
pumpmg stations, they can be removed without substitution
and at our convenience.

The first experience with this new system is very good. The
whole installation is very safe in operation.

The control system concept allows also future extension and
modernisation of the whole installation.
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THE DIGITAL LEVEL DINI11T FROM ZEISS

J.-L. Pochon, U. Fehlmann, J. Duppich (PSI)

Since October 1999 we have been evaluating the advantages and disadvantages of a digital level for use at PSI and in
particular at SLS (Swiss Light Source). This report gives first a general description of a digital level and compares it
to an analogue instrument. Subsequently we point out the strengths and weaknesses of the DinillT from Zeiss and
presents the results of the evaluation.

INTRODUCTION

In the field of industrial surveying, there are, apart from the
newest type of instruments, the laser trackers [1], still two
other types of instruments in operation. One of these is the
Tachymeter, which is a combination of a theodolite
(measurement of horizontal and vertical angles) and a dis-
tance gauge. The other is the Level, originally consisting of
a telescope with crosshair and a device for setting the in-
strument horizontal. In the last few years there has been a
rapid development in both of these instrument types in the
direction of electronics and digital measurement technology.
Although a Level is a relatively simple instrument in com-
parison to a tachymeter, it was not possible for a long time
to develop one, which could compete with its analogue
equivalent. The first digital only came on the market at the
beginning of the nineties (e.g. the NA2000 in 1990, pro-
duced by the Wild company) [2] following rapid advances
in digital image processing (CCD cameras) and the use of
so called "passive staffs". The Zeiss DinillT was intro-
duced along with associated software in February 1997.

Fig. 1: Digital level DinillT produced by the Zeiss com-
pany. In use at PSI since October 1999.

"Passive staffs": In contrast to active staffs, passive ones
require no power or connection to the instrument. Therefore
they are much easier to handle. They are in principle the
same as the staffs which are used with analogue levels, ex-
pect that they have a bar-code scale instead of a centimeter
scale.

COMPARISON WITH ANALOGUE LEVELS

The main difference between analogue and digital levels is
the read-out method. Instead of an operator, who writes
down a reading from a staff, a digital level is able to take a
reading automatically using the bar-code on the staff, which
is definite for every segment, and calculates the corre-
sponding height. It is able to do this in about three seconds
[3]. This excludes the possibility of a reading error by the
operator.

Further differences are:

a Readings must no longer be written down by hand. They
are recorded automatically on a PC-card.

« Readings must no longer be typed into an analysis pro-
gram since the programs are able to read the PC-cards
directly.

Both of these differences lead to a faster survey procedure
and avoid possible errors.

® As in the case of newer analogue instruments, the fine
horizontal adjustment of the digital level is replaced by a
compensator. This is a double axis compensator in the
case of the DinillT. It defines the horizontal line in the
direction of the measurement and right-angled to it so a
horizontal plane is defined.

All these innovations help in being able to perform a sur-
veying procedure more quickly, which in turn improves the
safety of the operators. Obviously, this does not remove the
need for careful and thorough planning of the overall proce-
dure.

NOTABLE STRENGTHS AND WEAKNESSES OF
THE DINI11T

The "T" in the instruments name stands for the tachymeter
capability of the DinillT, i.e. the instrument can measure
directions and distances as well as height differences, and
hence records points in three dimensions. This is a distinct
advantage when levelling a surface, since it is no longer
necessary to set up a raster first. Therefore the working time
is considerably reduced.

A problem, which all digital levels still have, is that they are
equipped with displays, which are to small. In the case of
the Dim 1 IT, however, as with all the other digital levels
produced by Zeiss, it is at least a display with 4 lines of 21
characters [3], In addition, the display can also generate
graphics. The graphics capability is used during the calibra-
tion of the instrument to provide the user with very helpful
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feedback, for instance the levelling test, which determines
the error in the target line.

mension of a length net, which is measured with a
tachymeter, for example.

Extra or repeat measurements of height nets. This is also
possible where these have previously been measured
with analogue instruments. It is therefore guaranteed,
that the complete PSI net of fixed points can be retained
and maintained.

Fig. 2: Displays during the determination of the error in the
target line (scale approx. 1:1).

A further weakness is the lack of an alphanumeric key-
board. This proves to be particularly undesirable in the case
of the PSI net, which was set up prior to electronic
acquisition of data. Because it did not make a difference
then, many names are a mixture of alphabetic and numeric
characters, resulting in the need to switch keyboard input
mode very often. However, at the moment, there is no other
equipment device on the market, which does not also suffer
from this disadvantage.

A very big advantage of the instrument is the capacity of its
battery, which is sufficient for 24 hours of operation, i.e.
three working days. The time to charge the battery is very
short, approx. IV2 hours. It should still not be forgotten,
however, that it sometimes can be a disadvantage to be de-
pendent on a power supply. In these cases, it may be an
advantage to revert to using an analogue instrument.

A further advantage of the DinillT is the relatively short
length of the staff which is necessary for it to be able to
determine a height, since this length essentially defines the
minimum target distance. It is only IV2 meter for the
DinillT.

USE OF THE DINI11T AT PSI

Essentially all of the tasks of the Survey Group, which have
until now been carried out with analogue instruments, can
be performed with the Dinil IT.

These are:

» The survey of height nets. These are classical line levels
with nodes. They serve as an extension in the third di-

Fig. 3: Level in operation. In the background (left side) the
2 m-passive staff with the bar-code is visible.

» Adjustments to the accelerator and experiments. In this
task, it should be noted that there should be enough
space for positioning the staff, since it is necessary to
use a different method than when an analogue level with
micrometer is available. The smallest staff, which we
have available, is about 40 cm long. This restriction
should be taken into account during the design of new
equipment and experiments. This is particularly the case
for large projects such as SLS, since only then it is pos-
sible to use new and efficient resources. Or, to put it in
another way, the increase in efficiency to be gained by
the use of such new techniques is most easily visible on
such large projects.

« On account of the tachymeter capability of the Dinil IT,
it has been possible to open up a new area of application,
namely the surveying of a surface, which was mentioned
above. It is possible to solve such tasks with the use of
the laser tracker LTD500. However, it can only be used
for smaller sized objects. The DinillT comes into play,
where the range of the laser tracker, to reach a given ac-
curacy, is exceeded. These two ranges overlap. Hence,
by use of this two instruments, we are able to cover the
entire range of measurements, which is required.
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APPLICATIONS FOR THE SLS (SWISS LIGHT
SOURCE)

There is also potential here for the application of the
DinillT. It is possible to perform essential levellings in the
tunnel of the accelerator ring, which are necessary to trans-
form the net, which was measured with the laser tracker,
into the horizontal plane [4]. Clearly, the other nets, namely
those in the experimental area and LINAC, can also be
measured with it.

A further application is the measurement of the floor, in
order to record and check its unevenness. (Note: the expres-
sion "survey check" is equivalent to the more widely used
expression "deformation survey"). This can be necessary for
the experiments, in order to place suitable shielding along
the edge of a hutch. Alternatively, it can be ascertained
whether the floor is behaving in the way foreseen by the
architects in regard to its flatness. The regions where vari-
ous slabs of the floor meet are of particular interest.

CONCLUSION

The DinillT is the latest acquisition of the PSI Survey
Group. Its manifold functions are reflected in its wide

spectrum of industrial survey applications in general and in
particular applications at PSI and the SLS. When combined
with skilful planning, it leads to a more efficient method of
working and, consequently, to greater safety for the opera-
tors.
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CRYOGENIC SUPPLY AT PSI

W. Gloor (PSI)

One of the services PSI provides to its users is the supply of the liquid gases argon, nitrogen and helium to
experiments as well as the running and maintenance of large cryogenic facilities. The increasing demand for liquid
helium will require improvements to our infrastructure. This can be done in a very economical fashion by purchasing
an additional purifier for our modernised helium refrigerator KA II (BMA).

THE FACILITIES

PSI supplies its customers with liquid argon, nitrogen and
helium. To accomplish this task there are several essential
components. Argon and nitrogen are not liquefied on site
since it is more economical and more flexible to purchase
directly from specialised firms. Several storage vessels are
rented and placed at appropriate locations at PSI East and
West. On the other hand, helium is liquefied at PSI. This
provides more flexibility and is more economical since the
refrigerators are required in any case for cooling the large
superconducting facilities and the additional helium
liquefaction is within the capacity of the plants. Our large
cryogenic components are listed below.

Storage vessel

argon

nitrogen

PSI-East

PSI-East

PSI-West

3000 litres

3000 & 5000 litres

lO'OOO & 12'700 litres

An additional storage vessel of 12'700 litres will be ordered
for the SLS facility (Swiss Light Source) in the very near
future. For laboratory use, 55 transport dewars of 120 litres
volume are available.

Helium refrigerators

There are four helium refrigerators, called KA (Kalte-
Anlage), at our institute. Their cooling power and attached
facilities are listed below:

KAI

KAII

3600 W at 20 K
D2-source SINQ

2500 Wat 80 K& 550 Wat 4.5 K
He-liquefaction, Dewars 1000 & 2000 litres

KA III 6000 W at 60 K & 1200 W at 4.5 K
SULTAN (Supraleiter Testanlage)
He-liquefaction, Dewar 2000 litres

KAIV 4000Wat60K& 900 Wat4.5 K
Muonchannel 1
Muonchannel 2
SINDRUM
PMC (Pion-Muon Converter)
He-liquefaction, Dewar 2000 litres

To provide all users with helium, dewars of 100, 250 and
450 litres volume are used.

Gas lines

PSI has a helium recovery system with a storage capacity of
5600 cubic meters, recovery lines of about 4 km length and

three recovery compressors with a suction capacity of
totally 140 cubic meters per hour.

Nitrogen gas at 3 bar pressure is also provided in the
experimental hall and in the SINQ (Spallation Neutron
Source) facility.

OPERATION OF THE REFRIGERATORS

The main function of refrigerators is the cooling of their
attached users such as Muonchannels, etc.. This is done by
closed cooling circuits with supercritical helium at 4.5 K
and a pressure in the range of 7 to 10 bars. The cooling is
continuously controlled and all necessary data is being
steered by a process logic controller. The cooling tempera-
ture of the SINQ Cold Source is 20 K since we have to cool
deuterium.

The systems are laid out to operate for at least 8500 hours
per year without the necessity to switch off any machine.
All refrigerators, their connected apparatus as well as the
helium recovery system are equipped with PLC's (Process
Logic Controller). The PLC's hold the logic, the calcula-
tion, the alarm and the interlock systems. The PLC's are
compiled to a SCADA (Supervisory Control and Data
Acquisition) station. The SCADA stations allow all routine
operations and store all necessary data such as alarm, trend
and history files. In addition they visualise the components.
Each of the four refrigerators is equipped with a SCADA
station which records all data from the refrigerator as well
as the attached users such as Muonchannels, etc.. These four
SCADA units are linked by an Ethernet system to a master
station which is placed in the cryo-controlroom. This
enables us to operate every plant from any SCADA station.

UPDATING AND IMPROVEMENTS OF KA II

KA II was purchased in 1977 for cooling the superconduct-
ing coils of BMA (Biomedical Applicator). BMA was
closed down 1992 and the refrigerator was then only used as
a liquefier. Due to the old instrumentation, the running of
KA II was not very reliable. The controlling of the plant
was done traditionally i.e. the components were relays,
mechanical switches, pneumatic controllers and valves, etc..

Since the need for liquid helium is increasing and KA II can
be used for the UCN (Ultracold Neutrons) experiment, it
was decided to modernise the plant in 1999. All obsolete
components as well as most sensors, valve controllers and
the whole control unit were dismounted. A new PLC, new
sensoring, new valve controllers, new wiring and new
pneumatic piping have been installed. Like all other
refrigerators a SCADA station is also connected. The 2000
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litre storage dewar, which was purchased in 1994 will be
connected in January 2000.

The conversion and modernising increased the reliability of
the liquid helium supply. However, the capacity will not be
sufficient when SLS experiments begin in summer 2001.
We intend to purchase an additional helium purifier which
will double the capacity and guarantees our helium supply
for many years. This modification will cost a fraction of the
cost of a new liquefier.

GAS CONSUMPTION

At PSI-West, the first nitrogen storage vessel was mounted
in 1973. PSI began its own helium liquefaction in 1974.
Helium had previously been delivered by the ETHZ
(Eidgenossische Technische Hochschule Zurich).

The need for liquid gases depends to some part upon the
kind of experiments which are being carried out. The gen-
eral trend is an increase in demand for all gases.

Approximately 12'000 litres of liquid argon were used in
1999. The consumption of nitrogen and helium is shown in
the following graphs.

C O C O O e d ^ f C O C O O C M ^ t - C O C O
N i ^ - c o c o c o c o c o c n o 5 C n c n c n

Fig. 2: Delivery of liquid helium to experiments.

PROSPECTS

There is no sign of stabilisation of the liquid gas require-
ment at PSI. When experiments at SLS begin in 2001, we
expect an increased demand for liquid nitrogen and helium,
although exact numbers are not available. The supply of
liquid nitrogen is guaranteed by a new 12'700 litre storage
vessel. The liquefying capacity of helium at PSI is
completely utilised with a consumption of 150'000 litres per
year. To satisfy projected requirements, the purchase of a
new purifier for KA II will be necessary in order to raise the
capacity sufficiently. To supply all helium users, additional
liquid helium dewars for laboratory use will have to be
procured.

Fig. 1: Liquid nitrogen purchase excluding Nanotechnology
and Hot Lab. Purchase only PSI-West until 1995.
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NEUTRON FLUX MEASUREMENTS BY GOLD FOIL ACTIVATION AT THE
SPALLATION NEUTRON SOURCE SINQ

M. Luthy (PSI)

To measure the neutron flux at the different beam lines and neutron guides at SINQ gold foils were irradiated. The
energy distribution of the neutrons are known so that the neutron flux density can be determined by the activation of
the gold foil normalised on the proton current.

EXPERIMENTAL PROCEDURE

Already during the starting of SINQ in December 1996 the
neutron flux has been measured by gold foil activation
measurements. Therefore we mounted at several positions
of the neutron guide system Al-supports which carried the
gold foils (Fig. 1). Until today at over 20 positions at the
SINQ the neutron flux has been determined by gold foil
activation.

The used gold foils had a typical diameter of 10 to 25 mm.
However, in special cases also foils with diameter of 4 mm
have been used successfully. The thickness of the foils was
always 20 um.

Special mounting supports have been made for the neutron
guides which fit in their size to the different aperture sizes
of the guides.

Al-support

neutron flux

lutron guide

gold foil
Al-foil

Fig. 1: Set-up of the gold activation experiment at the exit
of a neutron guide.

The mounting support consists of two aluminium plates.
The posterior ground plate has hollows for carrying the gold
foils. The gold foils are fixed by a 0.1 mm thick aluminium
foil. For protection and mechanically stabilisation an
additional front plate has been mounted. To reduce back-
ground effects, the front plate has holes at the measuring
positions.

Also for the beam lines the gold foils support has been
adapted to the different sizes of the beam apertures. How-
ever, the principle design was always kept the same (see
Fig. 1).

For the analysis an activation of 102 - 103 Bq per gold foil is
the optimum. Therefore they have to be irradiated between
30 sec at the neutron guides and 60 min at the thermal beam
lines. The exposition time depends on the energy distribu-
tion of the neutrons, the mass of the gold foil and the
expected neutron flux.

Before dismounting the gold foils for analysis the whole
gold foil holder is kept inside the shielding for a couple of
hours to wait for the decay of the activation of the alumin-
ium parts.

ACTIVATION ANALYSIS
197Au absorbs neutrons and 19SAu is built. This isotope
decays with a half life time of 2.69 days and emits thereby a
gamma quantum with an energy of 411 keV.

The activation analysis are carried out by the analytical
service of the PSI. The received data achieves a precision of
better than 3%.

To calculate the neutron flux the activation is weighted with
the effective absorption cross section <Jeff. The neutron flux

density is normalised on 1 mA proton beam.

Ak,

Hereby O1mA is the neutron flux density at 1 mA proton

current, Akt the activity of the gold foil at the time of

analysis, N19g/lK the number of nuclei in the foil, î98A« m e

decay constant and p • at the integral proton current

during the measuring time. The effective absorption cross-
section can than be calculated by

Hereby<J{XJ) is the absorption cross-section of 198Au at a

given wavelength X,. From the measured flux spectrum it

allows to calculate 0(/L,-) [1].

ACCURACY OF MEASUREMENT

To verify the accuracy of our measurements and data
analysis, some calibration measurements have been carried
out at a thermal beam line at the Institute Laue Langevin
(ILL) in Grenoble. Equivalent irradiated foils have then
been analysed by a group in Grenoble and at PSI. The
comparison of the results shows that the mean value of the
foils analysed at PSI are systematically 2.5% smaller than
those analysed at the ILL, which is within the error of the
activation analysis.
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Another conformation of the precision of our measurements
can be concluded from the fact that the results for foils of
the same irradiation experiment have a very narrow
standard deviation. Typically the deviation from the mean
value is smaller than 4%. Between measurements at the
same position larger differences have been observed. This
larger deviations can be explained in general by changed
measuring conditions, e.g. a closed shutter behind the
measuring set-up can cause a change of the results of up to
50%. However, for identical environment we observed
deviations of the measurements between 10% - 20%, which
is beyond the precision of the data analysis. The explanation
of these differences is the aim of further measurements.

RESULTS

The single measuring positions are shown in Fig. 1. In
Table 1 the mean values of the respective measurements are
listed. The shown values refer always to results at the neu-
tron guides or beam line exits. For some few experiments
the neutron flux density has been measured at the sample
position. Those results are listed in Table 2.
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Table 1: Summary of the result.

nu
m

be
r

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

location

=1RNR11
beam line 31
beam line 32
beam line 32
beam line 41
beam line 42
beam line 51
beam line 51
beam line 61
=1RNR11
=1RNR11
=1RNR12
=1RNR12
=1RNR12
=1RNR12
=1RNR13
=1RNR13
=1RNR14
=1RNR14
=1RNR16
=1RNR17

position

n-guide entrance
beam exit
beam exit
behind beam line
beam exit
beam exit
behind n-guide
behind spin flipper
PNA
l.gap
2. gap
DMC
2. gap
3. gap
PGA
Driichal
NCR
TOPSI
TASP
l.gap
behind n-guide

neutron flux density
[n/cmA2/s/mA]

6.34E+08
3.92E+08
1.87E+07
1.99E4O6
7.59E+07
1.58E+08
8.37E+08
1.83E+08
1.12E+13
2.86E4O8
2.53E+08
2.46E+08
1.72E+08
1.48E+08
1.04E+08
2.66E+08
2.57E+O8
3.20E+O8
2.67E+08
6.05E+07
1.38E+fl8

Table 2: Neutron flux density at the sample positions of the
instuments.

instrument
DMC
Driichal
TASP
TOPSI
TriCS

neutron flux density
[n/cmA2/s/mA]

5.31E+05
2.33E+06
1.34E+06
8.54E+05
5.67E+05

bearr

Fig. 2: Measurement positions at the neutron guide system and the beam lines.



113

CONSTRUCTION OF THE FACILITY FOR NEUTRON DECAY STUDIES AT THE
SPALLATION NEUTRON SOURCE SINQ

M. Luthy, J. Duppich, G. Holtkotten (PSI), J. Sromicki (ETHZ)

To facilitate a new research program in the field of particle physics with polarised cold neutrons the hitherto unused
beamline 51 at the spoliation neutron source SINQ was instrumented and an experimental area has been built. This
complex project has required a firm collaboration between the Institute of Particle Physics, ETH Zurich,
St. Petersburg Nuclear Physics Institute, Gatchina, and the Large Research Facilities Department, PSI West. The
Section of Co-ordination was deeply involved in the design and assembly of the new facility. Beside providing
technical and logistical support, our Section together with the ETH Zurich has performed and analysed calibration
measurements of the neutron flux and beam divergence at the new facility.

GENERAL CONCEPT

During the commissioning procedure in December 1996 the
neutron beamline 51 at the north side of the SINQ source
was kept idle, being filled with massive iron blocks.
However, already before taking SINQ into a full scale
operation, it was realised that the beamline 51 offers unique
conditions for a development of a facility for fundamental
studies with polarised cold neutrons. This field of research
requires the highest standard neutron beam, in particular
large intensity and polarisation.

In the first phase of this project (1997), diverse concepts
have been developed and compared with respect to the final
beam quality, taking into account available resources and
time constraints. On the technical side the challenge in-
cluded optimal placing of the various beamline elements, in
particular the polariser/bender section, bearing in mind
restricted room available in the SINQ hall and stringent
background requirements at the place of experiments.

1. internal Beam Guirif

!< hpiri f ippi1'
0 Ht •( n i C>r t or Dt tsotion System

7 Bes'ix Die i
8 C cctto r

10. Radiation Shields

Fig. 1: General layout of the facility for neutron decay
studies.

In addition, constraints concerning the modular structure of
the equipment had to be taken into account, to provide a
quick access to the SINQ target deposit area, which is
located just underneath of the experimental area. Fig. 1
shows the finally chosen layout of the facility.

SINQ BEAMLINE AND INTERNAL NEUTRON
GUIDE

The first step in the technical realisation of this project was
a modification of the internal structure of the beamline 51.

An important decision was a replacement of the "drum"-
type beam shutters by a much more compact, 30 cm thick
iron beam stop. The obtained precious room was used for an
installation of the large acceptance straight section of the
beamline, which extends from the border of the D2O
moderator tank to the position of the new beam stop,
approx. 1.5 m within the SINQ bunker. To complete the
equipment of the internal beamline, new shielding elements
had to be designed at PSI and fabricated by the industry.
Since the activated iron shields were removed for the first
time, we decided to fabricate the innermost part
(shielding 1) completely new. The following sections of the
internal shielding were only supplemented with new parts.
The decisions concerning an exchange of the activated
blocks were based on calculations.

Fig. 2: Technical details of the internal part of the beamline
51. The four shielding sections and an excavation for the
polariser.

The mounting procedure took place at the end of the
Shutdown 1998. After removal of the external flange, all the
four sections of the beamline 51 were taken out by the re-
mote controlled machine. The most forward part was then
exchanged, followed by the modified second section. The
new, supermirror coated guide, mounted rigidly with the
section three was inserted. In the last section (shielding 4)
an excavation was prepared for a new beam shutter and a
large size polariser and bender. A thin Al-foil separates the
SINQ containment from the external equipment.

The concept of these modifications was developed by the
authors of this report and construction office of PSI. The
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high quality superrnirrors were also provided by the PSI and
the mechanical construction of the beamline was fabricated
by the CILAS company in France.

The work within the SINQ target block was completed in
the summer 1998. A new, compact beam shutter and a gear
system connecting it with an external motor, were devel-
oped in autumn 1998 and installed into their position in the
early spring 1999. With this step free access for the
insertion of the external beamline during one of the regular
SINQ service days was assured. To check the positioning of
the beamline elements and provide the first data, the axis
and divergence as well as an absolute beam intensity were
determined by the gold foil activation method. The activity
of the gold stripes was transferred onto the imaging plates
and their darkening was evaluated. The obtained results are
presented in the Fig. 3 and Table 1.

300mm
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- — - 900mi

100

Fig. 3: Beam profiles measured at the position 2 in Fig. 1.

EXTERNAL BEAM TRACT

The next step was an installation of the external beamline,
which transports neutrons to the experimental station. The
complex neutron optic system consisting of a large, approx.
1.5 m long multislit supermirror polariser, a focusing beam
guide, radiofrequency spin flippers and elaborated shielding
system was designed in a tight collaboration between the
ETH Zurich, PSI and PNPI Gatchina. Most of this equip-
ment was fabricated by our Russian partners. After trans-
porting this equipment to PSI a three week long assembling
and testing phase has followed.

The procedure of insertion of the polariser into the prepared
SINQ cavity and final positioning of the whole facility took
place during the last short-service day in June 1999. This
action was minutely prepared, resulting in no disturbance of
the regular SINQ operation. The beamline unit was brought
into place using the large SINQ crane. The beam optic part
was then moved into its position on a system of rails and the
external shields were placed at the top (Fig. 4). Finally, one
more cold neutron beam shutter was installed in the
experimental area. During the precision handling of the
multi-ton but fragile equipment a very good collaborative
effort between the engineers, scientists and PSI Hallendienst
was visible.

BEAM INTENSITY MEASUREMENTS

During the construction of this facility careful measure-
ments of the beam intensity at different positions were
performed. We have followed a procedure developed at PSI

'* !' .

•* S'
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Fig. 4: Final moments of the installation procedure.
Shielding blocks are placed over the neutron beamline.

in conjunction with the the commissioning of the other
beamlines. Usually, determination of the beam intensity in
the beamline 51 was performed simultaneously with the
measurement in one of the other beamlines to provide an
additional cross check of the method. We note the excellent
intensity of the polarised neutron beam, which places our
facility in the forefront of the cold neutron fundamental
research world-wide.

Table 1: Results of the neutron flux measurements.

point of measurement
end of neutron guide
behind Beam Shutter
behind Spin Flipper

neutron flux [n/cm2/s/mAl
8.37E+08
6.80E+08
1.83E+O8

EXPERIMENTAL AREA

The last act of this large effort was a construction of the
experimental area with the associated safety access control
system. The housing of the area was built of the standard
concrete blocks, providing easy access to the target deposit.
The area was equipped with a necessary infrastructure as
electric power lines, pressurised air, output gas lines etc..
The counting room was installed and connected with the
experimental area via a fast computer link. For the future
only minor modifications and complementary work is
required. Therefore, the new facility for particle physics at
PSI is ready to use starting at the begin of 2000.
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