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EDITORIAL

The department GFA (Grossforschungsanlagen, Large
Research Facilities) has been established in October
1998 and its main duty is operation, maintenance and
development of the PSI accelerators, the spallation
neutron source and the beam transport systems for
pions and muons. The former F1-divisions "accelerator
physics and technology" (ABE) and "experimental
facilities" (AEA), the division "spallation neutron
source" (ASQ) from former F3a and several technical
support groups (ATK) from the technical department
B8 are now brought together in GFA to perform their
tasks even more efficiently. The experience and the
skills of the groups within GFA are also applied to new
projects at PSI: we support Swiss Light Source (SLS)
in many fields: design of shielding, vacuum tech-
nology, surveying, magnet design and testing, radio
frequency systems, beam line design. Besides
excellency in the specialised divisions we have a
strong, battlehardened technical support group, which
is organizing with modern, computer assisted tools the
work necessary to keep the users happy and the
facilities in good running condition. This is not easy,
since it means co-ordinating the work of many groups -
some outside GFA - and of many projects. A large
effort of this group concerns the planning and co-
ordination of the assembly of SLS.

For the development of the accelerator facilities some
of us are doing research concerning specific problems
of machine operation. Others are involved in research
for purely scientific reasons. We feel that these latter
activities are very important - they keep us in touch
with the experimenters community and give us good
understanding of their needs.

Machine development also requires foresight. As an
example we draw your attention to the sketch at the
bottom of this page. It shows the very first ideas for a
new injector cyclotron, which would allow a dramatic
increase of beam power and hence of secondary

beam intensities. It was drawn up by Urs Schryber in
1972, two years before the PSI/SIN accelerators ever
went into operation. More than 25 years after these
basic studies we take now full advantage of the
developments by producing a very stable intense
beam for the production of pions, muons and
neutrons.

High proton beam intensity is certainly one necessary
condition for successful experiments which require
intense secondary particle beams. Stability of the
accelerator and its associated equipment is another
vital requirement. 1998 has brought several important
achievements in this respect. Various improvements in
the radiofrequency systems have drastically reduced
the number of beam interrupts. The new beam splitter
system in the 590MeV proton beam line behaves
extremely well. We have good reasons to believe that
we have mastered the problems of the electrostatic
septum and of the beam losses along the downstream
proton beam line. The lifetime of the target has been
much improved by using a different kind of graphite
and by improving the ball bearings of the target wheel
and its drive shaft. We know however, that we still
must do some more work to get a target system which
survives more than one year under the ferocious
conditions at high beam intensities. The Mark-2 target
of the spallation neutron source has been operational
now for an extended period at high beam intensities
and has collected a substantial dose of proton
irradiation. It shows no signs of weakness and we will
run it for another year. The Mark-1 target has been
disassembled and inspected (see cover photo). So far
it does not show any damage.

The limitation to 1.5 mA beam current in 1998 has
mainly been a legal one. We are confident that - after
having finished by now the necessary paper work - we
will get permission to crank up the proton beam
current substantially.



Accelerator Physics and Development



OPERATION OF THE PSI-ACCELERATOR FACILITIES

Th. Stammbach, M. Humbel (PSI)

Once again the PSI accelerator facility passed a very
successful although rather short operating period of
only 189 days as shown in Fig.1 and Fig.2. The avail-
ability of the beam has reached 89% which surpasses
the excellent yield of the former year. Over 4900 mAh
of total beam integral were delivered to the meson
production targets. The increase in beam time fed to
the spallation neutron source SINQ from 620 up to
2530 h demonstrates, that our neutron source is fully
commissioned and operates successfully.

During the extended shutdown two regions in the
beam transport lines were rebuilt and upgraded:
• A redesigned high energy beam splitter (EHT) was

installed, which remarkably improved the beam
quality when the parasitic programs used the split-
ted beams. This element, formerly very sensitive to
beam instabilities, became a stable and reliable
part of the beamline, more details being given by
Urs Rohrer in a separate contribution to this report.

• The modified beamline for isotope production
shows satisfying operating properties. A beam en-
ergy degrader formerly positioned right in front of
the target chamber has been moved outside the
isotope production room, which significantly
lowered the irradiation level in the target area.

Apart from beam intensity and current stability, more
and more the number of interruptions is used to judge
the quality of the beam. Mainly medical therapy and
neutron applications depend very much on a beam
with few interruptions. Yet the beginning of the beam
production period did not fully match this need, as the
590 MeV proton beam was disturbed by an
interruption rate of more than 500events/week. Two
electrostatic elements had to be installed in the
590 MeV Ring without preconditioning. For several
reasons this resulted in an increased amount of
voltage breakdowns in these elements. One of them,
the EEC Ring extraction element even had to be
replaced which caused a one day interruption. Once
these starting difficulties had been overcome, the user
community enjoyed an excellent stable beam with less
than 100 interruptions/week. Figure 1 shows the
continuous improvement of the beam stability to really
excellent conditions at the end of 1998.

Not visible for our customers, but nevertheless worth-
wile to be mentioned is the steady decrease of beam
losses along the beam path. The benchmark of
99.98% extraction was again met in the Ringcyclotron
as well as in the Injector 2.

1600
High Energy Operation of the PSI Accelerators
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Fig. 1: Weekly averaged beam current on the meson production targets and on SINQ as well as the number of
beam interruptions (>1min) per week during 1997 and 1998



Table 1 : Usage of Beam Time Table 2: Summary of Cyclotron Operations

Primary beams
590 MeV beam

meson production
with SINQ
polarized beam

lnj.1 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 lnj.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 production targets
to SINQ

availability

1998

3720 h
2530 h

Oh

4330 h
490 h
330 h

11400h

1010 h
Oh

1170 h

720 h

2900 h

2160 h
20 h

710 h
10h

4900 mAh
2000 mAh

89%

1997

4850 h
620 h
300 h

3950 h
510 h
470 h

10700h

770 h
340 h
730 h

980 h

2820 h

1750 h
90 h

890 h
90 h

6760 mAh
480 mAh

8 4 %

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

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

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

1998

3740
230
120
260
180

4150
80

3860
420

1020
380
200

2450
430

5150
600

70
160
370

1220
1190

h
h
h
h
h
h
h

h
h
h
h
h
h
h

h
h
h
h
h
h
h

43%
3 %
1 %
3 %
2 %

47%
1 %

44%
5 %

12%
4 %
2 %

2 8 %
5 %

59%
7 %
1 %
2 %
4 %

14%
13%

1997

5150
305
165
595
350

1990
205

5385
315
670
155
315

1340
580

5300
750
265
110
370
855

1110

h
h
h
h
h
h
h

h
h
h
h
h
h
h

h
h
h
h
h
h
h

59%
3 %
2 %
7 %
4 %

23%
2 %

61 %
4 %
8 %
2 %
4 %

15%
6 %

60%
9 %
3 %
1 %
4 %

10%
13%

100

10

Performance of the 590 MeV-accelerator
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Beam current (|iA)

1500 1750 2000

Fig. 2: Availability of the beam fed to the meson production targets as a function of the beam intensity as
it developed since 1992.



THE PHILIPS CYCLOTRON IN 1998

P. A. Schmelzbach (PSI)

Features characterizing the operation of the Philips Cyclotron in 1998 are presented. Work performed to
maintain or improve the quality of the installation and to implement foreseen future applications is
discussed. Some novelties in the user provided experimental equipment are stressed, and contingencies
likeiy to influence the forthcoming operation of the facility are pointed out.

OPERATION OF THE PHILIPS CYCLOTRON

The operation of Injector 1 in 1998 was mainly char-
acterized by the confirmation of trends already ob-
served in 1997. The parasitic use of the beam during
almost all OPTIS nights and some weekends preced-
ing or following the treatment weeks has become
usual, and thus contributed significantly to an efficient
accelerator operation. On the other hand, since the
overwhelming part of the experiments must be per-
formed in the NE-C area, interruptions in the beam
production were unavoidable to allow for the setup and
the removal of the experimental equipment. While in
the past the lost time could be often minimized by the
insertion of runs for isotope production, the continuing
reduction of this latter activity at the Philips Cyclotron
resulted in an increased amount of unused shifts. A
significant change in comparison to previous periods
was the absence of production of high energy polar-
ized protons in 1998.

Besides the usual two week shutdown the beam pro-
duction was interrupted during five additional weeks
for Christmas holidays and for general infrastructure
work at the PSI accelerator facility. The machine op-
eration was also interrupted over Easter and 5 days of
beam time were lost due to unscheduled maintenance
work caused by water leaks at the electromagnetic
deflector, and for the replacement of a broken phase
defining slit. Since the down time affected mainly a
beam development period the research program was
almost undisturbed by these problems. The repair of a
leaking Dee cooling loop was not urgent and could be
made during a shutdown scheduled for the test of the
new Personel Radioprotection System.

The accelerator was running during 660 hours for
setup and beam development and 5150 hours for
production on target. The machine time was roughly
distributed as follows:

• 30% for medical research and applications
(Isotope production, 14 four-day periods of cancer
treatment at the OPTIS facility, dosimetry, biol-
ogy)

• 30% for low energy nuclear physics

• 25% for atomic physics, heavy element research,
tracer applications

• 15% for various irradiations (test of electronic
components for detectors and space applications
as parasitic use of the OPTIS beam, transmuta-
tion studies)

Most of the beams needed for the research program
were produced with the external ion sources. The lack
of the high energy polarized proton beam run did not
result in a lesser demand of polarized beams since,
including the time for the setup of the 50 MHz mode of
operation, about 7 weeks were dedicated to polariza-
tion physics at low energy. Beams from the ECR Ion
Source accounted for more than 30% of the total
production. The demand concentrated essentially on
4He, 12C, 18O ,19F and ^Ne ions.

TECHNICAL DEVELOPMENTS

Due to vacuum problems caused by malfunctions of
the helium compressor supplying the cryopanels of the
cyclotron the performance of some heavy ion beams
was less than optimal. An attempt to further investigate
the acceleration of Xe ions was even jeopardized by
bad vacuum conditions. A general overhauling of the
compressor and the installation of a new control sys-
tem for this device is in progress.

The intense use of the machine for the acceleration of
heavy ions led to minor sputtering damage at the
electrostatic deflector. A reduction of the breakdown
voltage limit was observed after extended periods of
heavy ion production, especially when the cryopanels
were regenerated before a new setup. Several hours
of conditioning were needed to recover the former
performances. Apparently this effect is associated with
an enhanced trapping of contaminants and a worse
outgassing behaviour of the electrode surface. Prelimi-
nary tests showed that this problem can be almost
completely eliminated by permanently keeping the
electrode above room temperature with a temperature
regulated cooling loop.

In the past the preparation of the 71 MeV proton beam
in the 50 MHz mode used to be very time consuming,
since long periods of HF-conditioning were needed to
reach the rated power and to reduce the frequency of
breakdowns to an acceptable level. The more elabo-
rated start and control electronics and a conditioning
procedure based on a stepwise adjustment of the
frequency to the actual machine conditions now make
it possible to deliver stable beams less than three days
after startup.

Despite the fact that all requested beams could be
delivered without problems the reliability of the polar-
ized ion source was the origin of some concerns in
1998. The decreasing quality of the support offered by
the supplier resulted in considerable efforts from our



part to locate and eliminate the causes of failures of
the cryogenic pumps equipping the ECR ionizer.

The development effort with the ECR heavy ion source
was pursued in 1998. The installation of a supressor
diaphram downstream from the extraction electrode
helped to reduce the divergence of the beams at the
lowest extraction energies, thus increasing the trans-
mission through the analysing magnet. The emittance
of these beams could also be significantly improved by
partly shielding the hexapole magnetic field towards
the extraction by means of an iron cylinder inserted in
the last 5 cm of the plasma chamber. A 30 to 40 %
increase in the axial injection efficiency is expected for
these beams. The operating parameters of the source,
the axial injection system and the cyclotron have been
further consolidated for a variety of beams and should
become the base of automized startup procedures.

In view of a possible use of the 71 MeV proton beam
in the isotope production vault for the investigation of
stress and corrosion phenomena in the window of
liquid metal spallation targets new optics have been
investigated for this beam line. Beam densities on
target from 10 |iA/cm2 at 4a = 2 cm to 250 \iaJcm2 at
4cr = 0.4 cm should be possible with the present rou-
tine performance of the cyclotron.

Some work is in progress to develop an 8 to 10 cm
diameter, low intensity, homogeneous beam for large
surface irradiations in NE-B. The objective is to offer
an alternative or a complement to the use of the OP-
TIS beam for large scale tests of electronic compo-
nents.

HIGHLIGHTS 1998

The research and application program is still vigourous
and innovative. Lists of publications, contributions on
various activities at the Philips Cyclotron and highlights
of the scientific program can be found in other An-
nexes to the PSI Annual Report.

• The report on the audit held on September 29.
1997 was released to the users at the beginning of
1998. It emphasises the high quality of the installa-
tions and of the research performed at the Philips
Cyclotron.

• The 2700th patient has been treated at the OPTIS
facility.

• Several new experimental setups provided by the
users have become fully operational in 1998. For
the first time an experiment using the active polar-
ized proton target developed at PSI has been
completed at the low energy polarized neutron fa-
cility. First results have been obtained with the
Bonn/Fribourg "Orange" spectrometer. Tests in
view of realizing online chemistry of short lived

isotopes of the heaviest elements in the direct vi-
cinity of the production target have been success-
fully performed in NE-C.

• By December 1 s t , new proposals and requests for
700 shifts of beam time for low energy experiments
have been submitted for approval at the January 99
User's Meeting. Together with a backlog of 400
previously allocated shifts, the present demand is
the highest ever reached and we expect a con-
tinuing intensive use of the Philips Cyclotron in the
last three years up to its final shutdown. This high
demand will request a very restrictive beam time
allocation policy and the concentration of the pro-
jects on their most fundamental goals.

FUTURE OPERATION

The completion of the research program with high
energy polarized neutrons and new plans for the use
of the nucleon area NA2 marks the end of the opera-
tion of the Philips Cyclotron as injector of polarized
protons into the Ring accelerator. The only function as
injector remains the backup of Injector 2 for the proton
therapy program.

Since the Philips Cyclotron will be shut down at the
end of 2001, maintenance and investments in the in-
frastructure will be performed according to this dead-
line. Therefore a somewhat reduced reliability has to
be taken into account in the future.

The operation of the Philips Cyclotron will also be in-
fluenced by changes in the personel situation. While it
should be possible to maintain the routine perform-
ance of the facility at the present level, it is unlikely that
new beams or further improvements could be envis-
aged in the next years. The operating schedule of the
PC will have to be adapted to the limited human re-
sources available in the future, thus reducing the flexi-
bilty yet offered to the users.

CONCLUSION

The Philips Cyclotron has again performed very well in
1998. A further increase of the performances cannot
be realistically expected. Nevertheless it is hoped that
the whole research and application program will con-
tinue to benefit from the full potential of the facility.

Several new, important research projects with an un-
usually high demand on beam time are ready to be
started in 1999. If they are all accepted, the pending
beam requests would prejudice the use of the Philips
Cyclotron during more than two thirds of the time re-
maining until the final shutdown. Revised priorities and
a middle range planning will have to be settled before
2000.
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HIGH POWER TESTING OF THE 1:3 SCALE MODEL OF THE NEW
ACCELERATION CAVITY FOR THE RING CYCLOTRON

H. Fitze, H. Frei, M. Bopp (PSI)

The purpose of high power tests on the model cavity is to prove the usefulness of the design concepts for
our new accelerating cavity. In this paper we summarise the results and list the problems still to be solved.

INTRODUCTION

The cavity walls consist of a 2 mm sheet of copper,
welded onto a corrugated sheet of stainless steel. The
hereby generated longitudinal channels allow a very
efficient cooling of the whole cavity surface (Fig. 2).

J#;
f\

n*~s?

Fig. 1: 150 MHz 1:3 scale model cavity before instal-
lation in the testing vault.

In order to prevent the cavity from collapsing under the
atmospheric pressure, it is mounted in a supporting
stainless steel frame. The mechanical deformation in
the midplane is in the acceptable range of a few milli-
meters.

Using this design concept, copper and stainless steel
have to be joined together. After having extreme diffi-
culties with these bonds we can now maintain a pres-
sure of ~10"5 mbar in the cavity.

The main RF parameters of the evacuated cavity are
summarised in the following table:

Frequency in MHz

Qo

Shunt Impedance in MCI

calculated

151.834

27550

1.084

measured

148.951

24750

1.064 •)

*) measured in air.

The difference between measured and calculated
values comes mainly from the deformations due to the

atmospheric pressure and a slight squeezing of the
cavity shape during installation into the supporting
structure.

HIGH POWER TESTING

When feeding RF power to the cavity for the first time,
virtually no multipacting could be observed and the
incident power could be increased almost instantane-
ously to the limit of the amplifier chain (80 kW).
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Fig. 2: Cavity response to a step in input RF power.
The oscillator is forced to follow the resonance
frequency of the cavity.

From the second trace in Fig. 2 it can be deduced that
the cavity tuning system should roughly have a range
of 1 MHz and a maximum speed of about 10 kHz/sec.
We could prove that the present tuning system is in-
adequate with respect to both requirements.

THE NEXT STEPS

• Find a reliable technique to produce vacuum tight
bonds between copper and stainless steel.

• Redesign the tuning system of the cavity to meet
the requirements.

REFERENCES

[1] L. Stingelin: "Etude d'un systeme thermique pour
le controle de la frequence de resonance de la
nouvelie cavite au PSI", PSI internal report.



RF SYSTEM IMPROVEMENTS ON INJECTOR- AND RING CYCLOTRON

P.K. Sigg, J. Cherix, M. Mark! (PSI)

During the accelerator operating period of 1998, a considerably higher RF- system availability as well as
reliability has been achieved. This was mainly due to concentrated efforts on the following topics: a new
final amplifier prototype for the injector cyclotron RF, improved spark protection of coupling windows,
refined cavity tuning, and new RF drive control (turn-on) systems on both accelerators.

The design goal of 1.5 mA @ 590 MeVp extracted
beam from the PSI ring cyclotron was reached 1995,
after the conclusion of the RF upgrade program [1].
Since then, the average beam current as well as the
integral charge (total current delivered) was increased
year by year, although the data for unscheduled out-
age for the accelerators keeps showing very large
variations [2]. Priorities in further development of the
RF systems therefore shifted towards increasing
overall reliability. Such increased reliability can be ex-
pressed in terms of less frequent and shorter
(unscheduled) beam interruptions and reduced down
times (including repair times); or, in statistical termino-
logy: longer 'mean time between failures' (MTBF), and
shorter 'mean down time' (MDT).

UPGRADE OF FINAL AMPLIFIERS IN THE INJEC-
TOR CYCLOTRON (72 MeV INJ. 2)

The performance of the final amplifiers in the injector
RF system became a critical issue at high beam
intensities. Required power output per stage @ IB =
1.6 mA was close to the limit (~ 200 kW) for stable am-
plifier operation. The grounded cathode design used in
this amplifier generally required heavy damping of the
grid input circuit (and, consequently: high driver
amplifier power); overall efficiency was relatively low,
at « 60%. Frequent failure of unreliable RF power
absorbers on the grid circuits (50 Q loads) would lead
to parasitic oscillations of the amplifiers, uncontrollable
events inside the power tubes, and sometimes even to
internal damage. Redesigning these (commercial) ab-
sorbers finally resulted in MTBF- rates of better than 2
years, a figure that compares well to the 3 months
obtained with the original design.

A new amplifier design - employing the grounded grid
scheme - promised better stability and performance by
allowing us to use more optimal internal circuit imped-
ances; while, at the same time, reducing anode dissi-
pation and lowering RF drive power demand.

Measurements on a prototype amplifier built and in-
stalled on the injector 2 RF system at the beginning of
1997 confirmed this: plate efficiency rose to =70%.
The maximum RF output power level now reaches 300
kW; it is limited mainly by the available driver power of
15 kW and the size of the existing coaxial line between
final amplifier and cavity. Total material costs did not
exceed 20 kSfr, and manpower invested in design,
manufacturing and assembly was in the neighbour-
hood of Vz myr (for one amplifier).

The increased efficiency (and subsequent reduction of
about 15% in electric energy drawn from the power
grid) will pay for the redesign by itself within 2 to 3
years. This estimate is based on current energy prices,
and an annual injector cyclotron operation time of 300
days. It is therefore hoped that the manufacturing of
the components and the conversion of the remaining
two amplifiers (one as a backup unit, located in Inj. 1)
can be carried out in 1999 as scheduled; so as to be
available for installation and commissioning before the
next shut-down period.

Once the installation of the second amplifier in the in-
jector 2 cyclotron has taken place, beam levels in ex-
cess of 2 mA should then be easily obtainable, at least
as far as the available RF power is concerned.

RF MONITORING, WINDOW PROTECTION, SPARK
CONTROL SYSTEM IMPROVEMENTS

Further contributions of the RF system improvement
program to the overall accelerator reliability can be
credited to the following measures:

• Tuning procedure: tuning to cavity resonance at
RF power levels of a few 100 mW (I); pulsing the
RF drive with a pulse power of 300 to 500 kW; a
pulse rise time of 2 to 3 u.s, and a pulse duration
of = 100 us, without losing the correct tuning phase.
A short rise time effectively prevents the build-up of
ionised gas clouds and electron oscillation bet-
ween RF surfaces (multipacting). As soon as the
reflected power from the cavity during a pulse has
dropped below a pre-determined level, RF drive is
switched to continuous operation at about 70 kW
(safely above the multipacting limit), followed by
ramping to the operating voltage and closing
phase- and amplitude control loops, all within about
5 sec (Fig. 1).

- -

f mm**

C a • I t v

* * *

V o I t s

Fig. 1: Cavity voltage; spark, pulse and turn-on se-
quence
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• Cavity tuning position is also frozen (e.g. feedback
system switches to "hold"), in the case of a cavity-
or coupling window spark; this prevents tuning
system 'hunting' until RF drive is re-established.

• A new coupling loop design [3] and a spark detec-
tion system has led to a life expectancy of the RF
coupling windows of more than 3 years. This com-
pares well with the few months (at most) of the pre-
vious designs, when operated at elevated RF
power levels of 550 to 600 kW. An electron pick-up
probe and associated electronics detect sparking at
the coupling window, and limit the energy delivered
into the discharge by shutting off the RF drive
within 3 ji.s. Full RF drive is then restored after
150 us; based on the observation that this time
span is sufficient for the 'cloud' of ionised metal va-
pour to be dispersed from the spark area. Under
normal circumstances, there is no interlock (no
beam loss) during such an event (p.- spark).

• Cavity surface treatment to reduce multipacting:
'ACQUADAG' coating, applied to inner surfaces
(aluminium) and coupling loop area, lowers the
secondary electron emission coefficient. This re-
duction in multipacting potential speeds up the
starting process after a spark.

RESULTS, CONCLUSIONS

As a result of all these measures, the duration (MDT)
and frequency (1/MTBF) of all RF system drop-outs
has decreased dramatically. For various reasons, the
reliability of the injector 2 RF system has been better
to begin with, so its contribution to the improvement of
the 590 MeV beam production record is hardly de-
tectable at all. If one compares the RF operating sta-
tistics for 1997 and 1998 for the ring cyclotron how-
ever, the effect of the improvement program is clearly
visible.

70-

II 4 0
o 30

f 20
Z 10

o

•Cavity 1
• Cavity 2
E Cavity 3
B Cavity 4
B Cavity 5

S CO
CO

Duration of cavity drop-outs (min.)

Fig. 2 Number of cavity drop-outs vs. duration of
drop-out, compiled over three months in 1997
(Sept.-Nov.), during scheduled beam time.

As can be seen in Fig. 2, the number and duration of
ring cyclotron cavity drop-outs varies widely for differ-
ent cavities, furthermore, 'long duration' interruptions

(i.e.: more than a few minutes), waste considerable
beam time and are a nuisance for many beam users.

Comparing the data compiled over the corresponding
three months period in 1998 (Fig. 3), it is obvious that
not only the absolute number of cavity trips has been
drastically reduced, but also the number of 'long dur-
ation' interruptions has fallen to very low levels.

An investigation of the only significant 'bad' compo-
nent in the spectrum of Fig. 3, namely the 13 trips that
occurred in the 4 to 8 min. range of cavity #2 (marked
by * ) , indicated that they could all be attributed to one
single cause:

During a regular maintenance day, the 100 kW pre-
amplifier was exchanged for minor modifications. The
following night, the RF interlock system was triggered
every 10 to 20 min; it then took 4 to 8 min to switch the
systems back on again after the alarm had cleared,
and it took several tries to locate and fix the error. The
cause: a secondary (backup security) flow switch for
the plate cooling circuit had not been adjusted to the
reduced water flow requirement of the modified ampli-
fier.

I

d Cavity 1
• Cavity 2
£3 Cavity 3
0 Cavity 4
a Cavity S

•(see text)

Fin

Duration of cavity drop-outs (min.)

Fig. 3 Number of cavity drop-outs vs. duration of
drop-out, compiled over three months in 1998
(Sept.-Nov.), during scheduled beam time.

The experience gained over the past few years indi-
cate the importance of good diagnostics (ease and
speed of fault location); standardised, modular com-
ponents; preventive maintenance and sufficient num-
bers of 'hot' (that is: tuned, calibrated and ready to op-
erate) spares of all essential system units. Last, but
not least, qualified and motivated people contribute
heavily to the continuing improvement of the cyclotron
systems, which will hopefully be reflected in a further
increase of accelerator availability.
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USING SYMBOLIC ALGEBRA FOR THE GENERATION OF
ORBIT CODE FROM HAMILTONIANS

A. Adetmann, St. Adam (PSI)

Motivated by the growing interest of the scientific world in high intensity accelerators a project has been
started aiming at a highly precise simulation of space charge effects in beam transfer lines, at injection into
a cyclotron and during acceleration in a cyclotron. An important part of such a simulation code is the con-
sistent treatment of the effects from external fields which are best described by their Hamiltonians. The
automatic generation of orbit simulation code from Hamiltonians described here, is a contribution to the
construction of a 3D simulation frame work undertaken at PSI.

HISTORY AND MOTIVATION

The acronym FORTRAN stands for FORmula
TRANslation. The computer language FORTRAN was
originally developed by John Backus in 1954 and first
released 1957 by IBM. FORTRAN was one of the first
high level computer languages in which the program-
mer specifies the task of the computer in terms of hu-
man readable text. This resulted in programs being
easier to read, understand and debug. It also allows
the programmer to concentrate on the actual problem,
rather than getting diverted into details of the underly-
ing computer architecture. If we look more closely
however, the formulas written in the natural language
of mathematicians and physicists still have to be trans-
lated into an artificial language understood by the
computer. This need for an additional transformation
step is present for all other programming languages.
For a long time this has been a major motivation in the
search for a direct way to translate a mathematical
description into computer code. The advent of sym-
bolic algebra systems opened the possibility of enter-
ing problems in the mathematical language. With the
option to automatically generate code from formulas
the two diverging languages approached each other.

We extend that further, towards an automated genera-
tion of a small scale orbit simulation starting from the
Hamiltonian. The benefits of this are:

1. Time efficient generation of orbit simulation code

2. High quality of the resulting code with respect to
correctness

3. Test of the physical and mathematical model,
based on analytically solvable examples

SYMBOLIC MANIPULATION

Problem frame

Following the definition of a computer experiment, we
introduce two categories: 1. Large Scale Simulation
and 2. Small Scale Simulation. The large scale
simulation will meet our aim to simulate the space
charge effects of a huge number of particles in a com-
plicated accelerator structure. Given the complexity of
the large scale problem, a successive approach using
several small steps is appropriate. Figure 1 shows how
the two categories interact. After a few iterations of the

loop, comprising the Small Scale Simulation, the
mathematical model is expected to be sufficiently vali-
dated to justify the use of the corresponding code in
the large scale simulation (see is used by in Fig. 1).

Physical Problem

Mathematical
Model

r

Small Scale
Simulation

r

Large Scale
Simulation

is used by

Fig. 1: The Frame of Discussion

The description of the problem starts with its Hamilto-
nian

(1)

from where we can get the corresponding Hamiltonian
equations

dq, dH
dt

dp,
dt

dp,'

dH
~dqt'

= L..3

i = l...3

(2)

(3)

which then lead to the equations of motions.

Modelling stages for orbit simulations

We are interested in the trajectories of particles guided
by various forces, such as: external forces, collective
forces (space charge), etc.

> P'> 0 - ^ExternalForces + ^SpaceCharge (4)

The effect of a guiding magnetic field on charged par-
ticles is best expressed with the vector potential:

A(q;O- (5)
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In the sequel we neglect space charge (HS(,aceO,arps = 0)
and define the unified notation:

= (q,p)T- (6)

With this, the equations of motion form a system of
first order differential equations,

dH dH T
(7)^ ( y , ( ) = ( , )

which we finally have to solve.

THE SIMULATION SHELL

Assume one has (7) out of a symbolic algebra system.
To move on and build a small scale simulation, one
might consider three alternatives:

1. remain in the symbolic algebra system to solve the
equations of motion (7)

2. automatic transfer (7) into a programming lan-
guage and coding the simulation (see Fig. 1)

3. transfer of (7) into a programming language and
joining this code to a numerical simulation package

To achieve our goal of validating the mathematical and
physical model with minimal programming effort (in the
sense of 3rd generation programming languages), we
follow the third alternative.

We have chosen the MAPLE package for all symbolic
manipulations, and use the extended capabilities of
MACROFORT for code generation and apply MATLAB
for the numerical part.

As a starting point we have to build symbolic expres-
sion for the Hamiltonian (4). With symbolic differentia-
tion, MAPLE can evaluate the equations of motion for
the given Hamiltonian. The resulting expressions are
automatically translated into FORTRAN subroutines.

F.for

| Fgateway.for

i r yg

F.mex

A.for

^ f

...
Agateway.for

I
A.mex ...

Fig. 2: Embedding of automatically produced code
into MATLAB using the MEX-interface

In order to use external Fortran subroutines within the
MATLAB environment, we have to build an intermedi-
ate glue layer, the so-called MEX-lnterface The MEX-
Interface uses a gateway subroutine in addition to the
original external function (see Fig. 2).

This glue layer itself is fully defined by the signature of
the external function, denoted as F and A in our ex-
ample shown in Fig. 2.

With this procedure, we generate functions which rep-
resent Fin (7) and A from (5). Those can then act like
MATLAB built-in functions. The MATLAB environment
allows these equations to be solved numerically, using
built-in or external solvers for the system of ordinary
differential equations (ODE's), as the problem re-
quires.

CONCLUSIONS AND FUTURE WORK

We have successfully established a framework for the
automatic generation of orbit simulation code, without
using any 3rd generation programming language.
Starting with the formulation of the Hamiltonian in
mathematical notation, the error prone tasks of form-
ing derivatives and of coding in FORTRAN are fully
handled by MAPLE. The successive inclusion into the
MATLAB environment is done by automatic generation
of the MEX-lnterface.

This framework is useful for validating physical and
mathematical models, by using well-known existing
components:
1. MAPLE and MACROFORT
2. MATLAB
3. ODE solvers

Essential software components to be contained in a
large scale simulation can be easily produced and
tested within this framework:
Equations

=> SW-Components
=> tested SW-Components

We will further use this approach to generate impor-
tant code parts for our research project. We plan the
extension of this framework in the following aspects:

• Simulations based on symplectic maps
• Interface to a parallel computing environment
• Rewrite MACROFORT to handle the C language

References and examples that apply these procedures
are shown in the more extended contribution to the
ICAP'98 Conference, Sept. 14th-18th, 1998, Monterey,
CA or can be found at the web-page www1.psi.ch/
www_gfa_hn/abe/hsb/pers/adelmann/adelmann.html.
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MODIFICATION OF THE EHT-SPLITTER REGION

U. Rohrer (PSI)

The 590 MeV region of the proton-channel between
the bending magnet AHC and the magnetic septum
ABS has been modified in the shut-down 1997/98
[January-June 1998]. This was mainly done in order to
radiation harden the components after the EHT-splitter
and to reduce the proton losses along the beam line
leading to the PIREX target station. The drawing in Fig
1 shows the new mechanical design. An important
constraint for the new layout was the need to stick as
close as possible to the former optical conditions. This
means that the new quadrupoles, steering magnets
and profile monitors remained as close as possible at
the locations of the former elements which had to be
replaced. Two additional new components are the 2
movable pairs of slits (KHNX1 and KHNY2 at the loca-
tion of the former BH1) which offer the possibility to
trim the beam halo produced by the splitter (and
therefore to reduce the activation further downstream)
as much as possible. Near the 2 exit flanges of the
ABS there are 2 additional fixed aperture slits
consisting of copper which help further to downgrade
the halo produced by the splitter. Fig.3 shows a
photographic top view of the new EHT region taken
just after completion of the installation work. One
mainly sees the white top surfaces of the shielding
blocks (concrete, steel or marble) of the elements, a
vacuum pump, the two pairs of slit-motors, some
covers, the electrical cabling, water and vacuum
hoses, compressed air and water pipes leading to or

4009

liOO

3000

2300

EHT4 with 50jumx2 mm W strips

-40 -30 -30 10 JO M rnrat) >

EHT4 with SO ĵm diameter Wwires

Fig 2:

x1 (mrad)

Histograms of the 2 angular distributions of
the scattered protons hitting the splitter con-
sisting either of tungsten strips (top) or
tungsten wires (bottom). The RMS-angles
differ by about a factor of 4 to 5. The esti-
mated width of the septum for head-on colli-
sion is in both cases about 70 urn. The
beam width at the septum is usually around
20 mm (4-sigma).

805 •;.; ii: SIS- :390: i i f f l :•: ; : 674 i i > ' 'M0

Fig 1: Drawing (H. Kalt) of the mechanical layout of the new beam line section between the splitter
(EHT4) and the magnetic septum (ABS). The components in between are (from left to right)
profile monitor(MHP7/8), 2 quadrupoles (QHTC5, QHTC6), vertical steering magnet(SHD5y),
profile monitor (MHP 9/10), horizontal steering magnet (SHD6y), vacuum valve (VHD2),
horizontal (KHNX1) and vertical (KHNY2) slits and profile monitor (MHP11/12). All new
components are supported by precisely positioned concrete blocks and top-shielded by iron
blocks.
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sitting on top of the different devices integrated into the
shielding blocks. For orientation tags with the names
of the devices have been drawn into the photograph
on top of each unit. Like all of the other proton beam
lines this new section will also be covered by some
more local shielding consisting of several layers of
concrete blocks.

The dominating problem of this section of beam line is
the activation generated by the relatively high splitter
(EHT) losses. When cutting off 20 uA from the 1.5 mA
main beam as much as 2 uA of the protons are making
head-on collisions with the septum (wires or strips) as
has been estimated by computer simulations and also
verified through measurements by M. Olivo [1,2]. All
protons making head-on collisions with the foils of the
EHT septum undergo some angular straggling and
therefore are lost somewhere along the beam line, as
can be shown with the Monte Carlo program Turtle [3].
The angular straggling distribution of these protons is
depending on the septum material (tungsten or molyb-
denum) and its distribution along the beam axis (wires
or strips of different dimensions). If the angular distri-
bution of the scattered protons is narrow as in the case
of wires, many of these protons may hit the walls of
the vacuum tube as far downstreams as in the vicinity
of the bending magnet ABK1 (some 30 m distant from
the EHT). In contrast, if the angular distribution is
broad (W strips), then most of the lost protons hit the
vacuum chambers before the nearby ABS magnetic
septum. Therefore an EHT splitter equipped with strips
is the better choice, because it is easier and cheaper
to radiation-harden the region between EHT and the
magnetic septum ABS instead of the whole beamline
further downstream. The computed angular distribu-
tions of the scattered protons at the splitter exit are
shown for wires and strips in Fig.2. Half of the spilled
protons make their way along the main beam line to
the target M, the other half goes towards the PIREX
target. Therefore both beam lines show about the
same activation levels.

Observations of the beam losses during the HE-pro-
duction period of 1998 have shown that the spill levels
behind the non-radiation hardened region are now
reasonably low. Also the EHT-splitter has proven to be
stable (no ageing effects of the W strips) during the
whole production period of 1998, and there have been
no problems with this new beam line section during
this time span. In case a component in this region
would fail, then it can be repaired with a minimum of
radioactive dose applied to the service personnel
mainly because a sufficient distance between the
activated material and the human bodies involved into
the repair work is maintainable: all components can be
moved in or out vertically with no direct human contact
near the beam axis by the use of remote handling
techniques.

Fig. 3: Photograph (by H.R. Vetterli) of the newly
built EHT spitter region. To the left and to the
right are the fixed concrete walls of the proton
channel. At the lower right corner one can
see the feed-through block for the water,
compressed air and vacuum pipes. On top
there is the cover of the white marble (extra
low heavy metal contamination) local
shielding of the EHT splitter. Further
downwards one can see the white painted
surfaces of the concrete and iron shielding
blocks with the top ends of the different
components (Labels are drawn into the
photograph). For replacing the EHT splitter or
the slits (KHNX1 and KHNY2) special
shielded transportation boxes are available.
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IMPROVEMENT OF THE OPERATIONAL RELIABILITY OF TARGET-E

G. Heidenreich, P. Baumann, A. Geissler, A. Strinning, E. Wagner (PSI)

INTRODUCTION

The thick target-E (6cm long, 6mm wide) is used for
the production of intense pion and muon beams and
consists of a rotating truncated cone (60 cm in
diamenter) of polycrystalline graphite. It is cooled by
thermal radiation and rotates at 1 Hz. About 18% of
the incident protons interact in the target and the
remaining part of the beam is transported to the
spallation neutron source SINQ; the coulomb
scattering in target E is essential for proper operation
of the SINQ target. As a consequence, there is a need
for a high mechanical reliability of the target.

Since the upgrade program of 1991, the target has to
handle a beam current of 1.5 mA (about 0.9 MW). The
secondary particles from the target interactions (about
150 kW) cause heating and radiation damage in
structural components which, in particular, limits the
lifetime of the target cone and parts of the target me-
chanics. There is a continuous programme of work to
improve the target system: reduction of the failure rate
of critical components and improvement of the
maintenance equipment in order to reduce the time
needed for target replacement.

TARGET DRIVE AND MAINTENANCE EQUIPMENT

In order to keep the drive-motor out of the high
radiation field the target is driven by means of a long
drive shaft, equipped with a pair of commercially
available ball-bearings. The balls and rings are silver
coated to achieve lubrication and to prevent adhesive
wear in vacuum. Figure 1 shows the influence of the
increasing beam current on the lifetime of these ball-
bearings. In 1995, when the beam current first
reached 1 mA, the lifetime dropped to under 1000
hours, which is unacceptably low. In 1996, the bearing
were replaced with ones using silicon nitride balls; this
has increased the lifetime to about 3000 hours
presently and could, at most, lead to two unexpected
failures of the drive shaft during operational periods.
Further investigations are in progress seeking yet
more reduction of the failure rate.

Improvement of the operational reliability of the target
system has been obtained by the development of
special equipment to allow the in situ exchange of a
defective drive shaft: Such a repair requires one day
instead of three days required for the exchange of the
whole target unit.

TARGET LIFETIME

The operational safety of the SINQ-target requires that
all the protons have gone through the carbon of the
target. If more than 4.5% of the protons miss the
target, the beam has to be stopped. As a conse-

quence, the radial displacements of the rotating cone
must be less than 1 mm to match the target width (6
mm) with that of the beam (approximately 4 mm). The
lifetime limitation for the target comes from the ani-
sotropic part of the radiation induced swelling of the
polycrystalline graphite which causes deformation of
the shape and hence to a radial wobble. Figure 2
shows the lifetimes of the targets operated since 1991.
Up to the end of 1996 the targets were made from the
material EK90 [1] and survived an integrated beam
current of 4 Ah, which corresponds to a radiation
damage level of about 0.5 dpa. The linear dimensional
change was about 0.5%. Since 1997 a target has
been in operation made from EK94 [1] which is a more
isotropic form of graphite. This has resulted in a sig-
nificant improvement of the lifetime which presently
exceeds two operational years.
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BEM PROGRAMME FOR AXISYMMETRIC AND PLANE SYMMETRIC PROBLEMS

F. Foroughi (PSI)

A series of programmes (package AMP) has been
developed, mainly for the \i e conversion experiment
[1].
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Fig. 1: Example of output from AMP package (here
the potential vector A) for a shielded solenoid

This package allows to calculate magnetic field in an
axisymmetric geometry (e.g. a solenoid), with
magnetic material (linear or non-linear). AMP uses
boundary element methode (BEM) [2],[3], with
constant elements. The programmes are written in
fortran95 and uses the graphic package GRAPHX [4].
The AMP package is dedicated to physicists (no force
is calculated) and is very simple to use. Among many
informations it delivers, a map file is created containing
the calculated magnetic field, to be use in particle
tracking programmes. An example among possible
output is given in fig (1).
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Fig.2: Example of output from PEP package (here
the scalar potential U) for the center part of a
MWC with dielectric foils

Another package has been developed for electric
plane symmetric problems (PEP), mainly for center
part of multi wire chamber (MWC). It uses the BEM
methode too , with constant elements and, all integrals
are done analytically. It allows the use dielectrics
and/or conductors coated with dielectrics, in a closed
or open geometry.
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CONTROL SYSTEM FOR SECONDARY BEAM LINES

U. Rohrer (PSI)

The current Control System for the PSI Secondary
Beam Lines has evolved from the former system,
which was based on the usage of Atari ST computers
[1]. The basic principle behind the current system is
still the same: All 7 areas must be independent of each
other, but should use the same software (e.g. Operat-
ing System and Programs) and hardware components
(e.g. Camac and Road-C). If one area is down, the
others shouldn't be affected by this event.

But if resources like power supplies have to be shared,
then there should be the possibility to connect the
components of 2 areas via networking. Furthermore,
the system has to be small, simple and easy maintain-
able. This has been realized during the years 1995-96
and constantly improved over the last 2 years by using
Intel-CPU based PCs as hardware platforms, running
MS Windows 95 as OS and utilizing a TCP-IP Client/
Server architecture (see Fig1).

PSI Secondary Beam Line Control System.

Client-PC, OS = Wirdom 95

DEVOIP32.EXE

OPTAIP32.EXE

ACCSTA32.EXE

To DNS. ACS etc. Ethernet

1: Camac Slit Control (PSI-SMK)
2: 6-fbld 200 MHz Sealer (SIN-S500)
3: Camac ROAD-B (or C) Interfcce(PSI-CRCI or CRB I)
4: Reservation Module (PSI-REMOD)
5: Kinetics RS-232 Crate Controller as ACC (KS-3989)
6: Kinetics RS-232 or A2-Crate Controller

Slits

CAMAC crate

ev. VAX

Road-C
DACs/ADCs

Magnet/HV-
Power Supplies

Counting Rates

Fig 1: Schematic view of the Client/Server architecture for one experimental
area and the most important soft- and hardware (maintained by OG
8562) components in use. Client and server software may reside in 2
separate PCs or in one and the same PC.

Fig 2: Picture of a typical Camac Crate. From left to right: Display unit, CRCI
interface, 200 MHz Sealer, 2 SMK units, Reservation module and 2
Kinetics RS-232 Crate controllers (master and slave). Crate
maintained by OG 8562.
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The TCP/IP client-server programming interface is
public in order to allow experimentalists to write their
own VAX programs to set devices or to record set-
tings. Sample code in C and Fortran is available
electronically [2]. Each area has its own CAMAC crate
which is connected via RS-232 with the server PC and
contains interfaces and modules according to the
needs of this area. In Fig 2 a photograph of a typically

the MS Plus! package) is activated on all PCs in order
to tidy up the disks periodically. On all server PCs the
CAMAC server and the remote logon software
pcAnywhere (in host mode) are started up
automatically at the end of each boot procedure.
Below follows a list with short descriptions of some of
the programs (Optima et al. for Windows 95 [3])
available on the area PCs. They are all programmed in

PSI Secondary Beam Line Control System Computers

Pc577

Backup PC

Pc532

SetverPC

(www)

Pc102

Server PC

(Status) Pc1433
Service Notebook

Ethernet

Pc284
;uE1 Area

Pc202

Pc484

TTE1 Area

Pc130

Pc278
TTE3 Area

Pc144

Pc565
juE4Area

Pc451

Pc239
nE5 Area

Pc98

Pc125
TTM3 Area

Pc231

Pc299
irM1 Area

Pc235

User PCs

Server PCs

Fig 3: Schematic view of the connectivity via Ethernet of the PCs for all 7 ex-
perimental areas of the PSI Secondary Beam Line Control System
(in network groups AEA and AEA_NT).

equipped camac crate (the one of the uE4 area) is
shown. All area and server PCs are inter-connected
via Ethernet and included in the 2 Microsoft Network
groups (AEA and AEA_NT) for easy maintenance
(backups, downloading of new programs, upgrades
etc.) (see Fig 3).

The hardware outfit of the PCs used does not corre-
spond to the normal PSI standards and is rather
spartanic and cost effective, but with enough memory
and CPU power to deliver the necessary performance.
As operating system Windows 95 (including MS Plus!)
is used. If a system has to be rebooted or if it does it
automatically after a power failure, then no user
interference is required to bring the system up again.
This is important for the unattended servers, which
have no video monitor and no keyboard. The Logon
procedure is bypassed by choosing Windows Logon
as Primary Network Logon feature in the Network
Configuration setup. But the server PCs have a mouse
in order to avoid an error message by Windows 95,
which would bring the automatic boot procedure to a
halt. The need for rebooting is relatively rare (less than
once per 2 weeks), which is much better than under
Windows 3.1 (used to be once per day). The standard
software outfit of the area PCs is dedicated for the
needs of the users. The MS System Agent (included in

C++ using the WIN32-API and an own static class
library [MyWPP.Lib, a subset of Blaise Computing's
WIN++ for MS Windows 3.1 (1991) ported to WIN32].
In order to add some additionally needed functionality
to the WIN32-API, a few DLLs (Direct Link Libraries)
have been created. All programs and libraries run
under Windows 95 and Windows NT. (Former
versions were running under Windows 3.1 and/or
without TCP/IP client-server support.)

Set Point Program (DevolP32.Exe): This program is
the basic I/O control program, which allows the user to
control the settings of all devices. Each device may be
set individually via keyboard input or all devices
together (or only a subset of it) may be set from disk
file. The display of the device parameters (name, DAC
value and ADC value) is done via a page per page
view (see Fig. 4). One page contains up to 16 devices.
The actual settings may be stored on disk file or
compared with settings saved on disk file prevbusly.

Optima Program (OptalP32.Exe): This program
allows the user to bring up an arbitrary experimental
rate to a maximum by changing the settings of mag-
netic elements, slits and/or ev. other devices of a
beam line according to a chosen script file given to the
program as input. When running, some output is
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Fig. 4: Set Point Program for setting and reading the
different devices interactively. Buttons allow the
user to perform different useful operations with
the settings.
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Fig 5: A typical output of the rate optimizing program Optima at the PiM3 area
with the 2 text windows (Logging and Messages) and the window with the
graphic plots of the measured rates as well as the interactive window for
adjusting scales and offsets of the different plots.

displayed in three different windows of which one is
graphical with auto scaling capabilities (see Fig. 5).
The input script file can be modified either with a sim-
ple text editor or with a special GUI editor.

Combi Control Program (CoColP32.Exe): This pro-
gram is specially designed for collecting more infor-
mation about the current status of power supplies

controlled via ROAD-C combi devices (DAC, ADC,
remote switch and some diagnostics are in the same
plug-in unit). Besides switching on and off the main
power for the devices one has also the possibility to
set a value, to increment or decrement it or to inspect
each meaningful bit of the status word of a selected
power supply. All devices of a beam line having a
combi are listed in a so called combo-box and may be
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selected by double-clicking at the desired device
name.

Interactive CAMAC Command Program
(ICCTCP32.Exe): This program represents an expert
tool for debugging CAMAC. It allows to perform inter-
actively all possible Camac commands (single or in a
loop). The most general commands like Dataway Z, C,
I etc. may be done directly by clicking at reserved
buttons. A list of up to 10 commands may be typed in,
stored or loaded from disk file. When executed, be-
sides the data input/output also Q and X are displayed
for each Camac transfer. The data representation may
be chosen to be binary, octal, decimal or hexa-deci-
mal. All Camac transfers are recorded and may be
reviewed on demand by opening a special history
window.

Accelerator Status (AccSta32.Exe): This program
receives the UDP/IP packages broadcasted at a rate
of 1 Hz by a computer in the PSI accelerator domain.
The information contained in these packages is ana-
lyzed, stored and displayed in different manner like
analog or as history plot (see Fig. 6). The user may
choose himself which beam current(s) and which
history time span(s) he wants to have displayed. Beam
drop-outs, availability and charge are also summed up
and displayed upon request. All operator's messages
and all HE-beam dropouts are collected in 2 Ascii files
and may be inspected anytime on request. Every 5

minutes or when exiting, the history data collected so
far are saved in a file as backup information for a
desired or forced restart of the program. This program
has also proved to be a useful ad-hoc beam monitor
during the commissioning of the neutron guides of the
spallation neutron Source (SINQ). There exists also a
somewhat simplified Java Applet version of this
program. This applet consists of 17 classes totaling 66
kB of code and 3 GIF files having together 70 kB of
size [4].

On-line Transport (Tpmenu32.Exe): In order to de-
bug new or modified beam lines it is advantageous for
the beam physicist to have a version of Transport on
some of the area PCs. This is the case for areas,
where some development is still going on. If one of the
startup parameters of transport is properly set, then
the possibility to read in and/or set DAC values of the
magnets directly from Transport via the Camac Server
PC is activated [5].

[1] U. Rohrer, Computer Control for Secondary
Beam Lines at PSI. Annex I of PSI Annual Report
1988, page 7-8 and http://www1.psi.ch/
-rohrer/atarist.htm

[2] http://www1 .psi.ch/~rohrer/tcpip.htm

[3] ftp://ftp.psi.ch/psi/transport.beam/optwin95.exe

[4] http://pc532.psi.ch/accstapp.htm

[5] http://ww1 .psi.ch/~rohrer/trans.htm
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THE SPALLATION NEUTRON SOURCE DIVISION
(ABTEILUNG SPALLATIONS-NEUTRONENQUELLE , ASQ)

G.S. Bauer (PSI)

The Spallation Neutron Source Division, ASQ, was
founded in 1995 and, during 1996 while the SINQ-
project was nearing completion, it was staffed pre-
dominantly with people that had been involved in the
project. In this way optimum transfer of know-how from
the construction phase to the operation phase of the
SINQ facility could be ensured.

The mission of ASQ is threefold:
• to operate the spallation neutron source SINQ

safely and reliably
• to improve the neutronic performance of the facility

by developing better targets
• to provide support to SINQ-users by making

available the necessary experiment infrastructure
and by running certain user facilities.

The name ASQ was chosen in view of the double
meaning that could be attributed to the letters S and Q
which, in the first place, obviously stand for
"Spallation" and "Quelle" (the German word for
source), but are also the initials of "Safety" and
"Quality", the two key terms in our daily work.

It is the goal of ASQ to
• deliver a maximum number of neutrons to user

facilities and
• to keep radiation exposure of staff and users of

SINQ at a minimum level.

In 1998 SINQ was available for users in the second
half of the year. The distribution of planned and actual
operation can be seen from Fig. 1. Out of 2600 mAh
planned, 2200 were actually accepted by the SINQ
target, corresponding to an overall reliability of 85%.
Due to problems with the cryogenic plant of the SINQ
cold moderator during late October and early
November a total of ca 160 mAh offerd by the
accelerator could not be used. During the remaining
months the availability of SINQ (mAh offered / mAh
used) scored a remarkable level of 99%.

Protection of users against radiation exposure is
accomplished by carefully designed and shielded
beam lines in all accessible areas and in close
collaboration with PSI's health physics group as well
as by providing an efficient instrument access control
system as part of the overall experiment infrastructure.

In order to minimize the radiation exposure of the
operation crew, every effort is being made to reduce
radiation levels in all areas that need to be accessed,
to carefully plan the work that needs to be done in
radiation areas and to train people to be alert and
knowledgeable about the risks of such exposure.

Radiation levels are very high in the SINQ water
cooling plant room (up to 1.2 Sv/h) during operation,
when the room is locked. This is mainly due to 511
keV positron annihilation radiation resulting from
spallation products such as 15O, 13N and 11C generated
from the oxygen in the cooling water. These nuclides
decay very rapidly and the room can be accessed for
short times about an hour after the beam was shut off.
As an example the results of a survey taken 4.5 h after
the end of the 1998 operations period with a total of
2000 mAh at a level of 0.85 mA on target is shown in
Fig. 2.
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Fig. 1: Current integrals during the second half of the
year 1998 as planned, delivered by the
accelerator and accepted by the SINQ target.

Most of this dose rates comes from 7Be, another
spallation product of oxygen, which has a half life of 53
days. Although these levels are not prohibitively high,
extra shielding was, in the mean time, placed around
the heat exchanger of the target loop, which was
clearly a hot spot. In the remainder of the room the
dose levels are actually below expectation, which can
be attributed to the efficiency of the ion exchange
columns in the water loops in trapping 7Be.

Nevertheless, reducing the radiation levels in the
cooling plant room is one of the main motivations to
develop a liquid metal target for SINQ. In such a target
there would be no more water in the beam interaction
zone and an estimated 80% of the overall production
of 7Be in SINQ could be avoided.

Another important goal in the target development
project is, of course, to increase the neutron pro-
duction in the target. This can be accomplished by
using heavier metals with low absorption, such as lead
as target material instead of Zircaloy-2, which is
presently used because of its proven properties as a
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structural material in reactors. Although, with a liquid
metal target (Pb-Bi or Pb-Mg which have lower melting
points than Pb) an improvement in neutron flux per
unit proton beam current by a factor of about 2.4 is
expected, such a target still requires a substantial
amount of development work. The whole ASQ team is,
in one way or the other, involved in this work. As an
intermediate step it is intended to use lead rods in
steel cladding. While this will neither solve the cooling
water problem nor give the full gain in neutron flux, it
will yield important data about the materials behaviour
in the SINQ radiation field. These data are badly
needed to assess the reliability and anticipated service
life of a liquid metal target. While traditional methods of
examining radiation effects on materials will play an
important role, ASQ is in the fortunate position of being

able to use also neutrons from SINQ for non-invasive
examination of bulk specimens of irradiated materials.
For this purpose, three instruments operated by ASQ
have been or will be equipped with radioactive sample
handling capabilities:
• the neutron radiography facility (NEURAP) to

examine specimens for their hydrogen content (a
frequent spallation product and potentially
deleterious foreign atom in metals)

• the small angle scattering facility (SANS) to check
for changes in the microstructure and for precipi-
tates

• a new internal strain diffractometer (POLDI) to
analyse residual stress and potentially new phases
that might have formed in the material.

Entrance

Dose rate in jiSv/h

I 11 m above floor

2 m above floor

Fig. 2: Dose rates measured at various points of the SINQ-cooling plant room on Dec.16, 1998 after half a year of
operation and 4.5 days of cooling time.

While these instruments are expected to make
important contributions to the development of a liquid
metal target they are, of course, open to the general
user community in exactly the same way as all other
facilities at SINQ. Some details can be found in the
progress reports given in this volume.

Neutronic calculations have clearly shown that the
performance of a liquid metal target in SINQ is largely
determined by neutron absorption in its structural
materials. In this respect it would be ideal to be able to
use certain ceramics instead of steel. This is a rapidly
developing field and ASQ is keen to stay abreast with
what is going on elsewhere. For this reason the
activities relating to mechanical properties of
nanostructured materials presently going on in ASQ
will, in the near future, be focused more on ceramic
materials than on metals. Also, theoretical activities in
this field will include the study of radiation damage in
such materials to support corresponding experimental

work based or irradiation of samples in the SINQ
target.

Although the research activities based at ASQ more or
less relate to the task of improving the performance
and reliability of SINQ in the near and medium term
time frame, they are, of course, of a much more
general and wider interest as manifest in numerous
collaborations on the national and international scale.
There is a true symbiosis between operational
responsibility and development oriented research in
terms of frequent and important mutual interaction and
in one being a strong motivation for doing the other.
We will make every effort for this to remain so in the
future.

Gunter Bauer
Head of ASQ-Division
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INSPECTION OF THE SPENT MARK-I TARGET RODS OF THE SPALLATION
SOURCE SINQ WITH NEUTRON RADIOGRAPHY

E. Lehmann, P. Vontobel, G.S. Bauer (PSI)

Five target rods and one tube of the SINQ-Mark-1 target were inspected with neutron radiography. Due to
the very high sensitivity of this method to hydrogen the question could be studied whether hydrogen was
trapped in the material during operation. For this purpose, the shielded facility NEURAP, suited for handling
of highly activated samples, was used together with detectors that are insensitive to the primary y-radiation.
In conclusion, no significant change compared to a reference rod could be found. In this respect, the further
long term utilization ofZircaloy in the targets should be acceptable.

INTRODUCTION

The MARK-1 target of SINQ was in operation from
December 1996 to December 1997 accumulating a
proton beam of 500 mAh. This target is a hexagonal
bundle of Zircaloy-2 rods cooled with heavy water (Fig.
1) [1]. It was assumed that during the strong exposure
hydrogen nuclei (protons) hydrogen might be
accumulated in the material. If the hydrogen
concentration reaches a certain level this could be the
reason for hydride formation and a disintegration of
parts of the target limiting its normal operation.

Therefore, it was very interesting to have non-
destructive methods to check the amount of hydrogen
ingress into the target structure. By means of neutron
radiography, which has a high sensitivity for hydrogen,
the inspections should be possible. However, the high
dose rate of the target components made it very
difficult to handle the samples and impossible to make
images by detectors which are sensitive against y-
radiation as well as to neutrons.

Fig. 1: The MARK-1 target of SINQ, consisting of
Zircaloy rods (tubes in the first layer), was in
operation from Dec. 3rd 1996 to the end of
1997. The proton beam would hit the target
from the right in this picture.

THE PROCEDURE FOR INVESTIGATIONS

The ,,day one" target was transported to the large hot-
cell area (ATEC) and 5 rods of the central row as well
as one tube from the first layer were removed and
placed into a Al-capsule. After introduction of this
capsule into the transfer cask of the NEURAP
experiment this assembly was shifted to the
radiography facility NEUTRA at SINQ were
investigations can be performed under well shielded
conditions [2].

The neutron radiography measurements were made
with converter foils (Dy, In) placed into contact with
imaging plates and with borated track-etch foils.
Whereas the first methods gives digitised information
with a wide dynamic range, the second method has
higher spatial resolution.

RESULTS

A non-irradiated target rod was investigated
simultaneously with the irradiated ones for
comparison. In this manner, a direct and quantitative
evaluation of the material changes was possible. The
transmission images of two rods (non-irradiated and
irradiated) are shown on the right side of Fig. 2,
together with profiles in horizontal direction. Neither
the images nor the numerical evaluations show a
visible change in beam attenuation or any structure of
the irradiated samples. The same is true for the other
two irradiated rods in Fig. 2.

CONCLUSION

Since there was no detectable accumulation of
hydrogen in the Zircaloy-2 rods of the first target after
500 mAh, it is considered as justification to use the
second, practically identical target for much longer
time. At the time of this writing it has accumulated a
four time higher load and will be kept in service for
another year. Than, about 10 Ah proton beam will be
applied on the target material. It is intended to perform
the same examination also on the target rods of the
second target after it is taken out of service.



27

• - ! . . .

= 400

t
V)
0>

2 300

8 200
E

— irradiated rod
— reference rod

- ratio

20 40 60 80

distance [mm]

100 120

Fig.2: Neutron radiography image of Zircaloy rods of the SINQ-MARK-1 target. The first rod above on the right
side is the non-irradiated reference sample. The scans along the rods in the diagram below are not
deviating. Their structure is given by the spatial neutron beam distribution. Therefore, the ratio of both
profiles is a strait line.
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TENSILE PROPERTIES AND MICROSTRUCTURE IN MARTENSITIC STEEL DIN
1.4926 AFTER 800 MEV PROTON IRRADIATION

Y. Dai (PSI), G.S. Bauer (PSI), F. Carsughi (FZ Julich), W.F. Sommer (Los Alamos Nat. Lab.),
H. Ullmaier (FZ Julich)

Two double-wall windows of martensitic steel DIN 1.4926 (10-11% Cr) were irradiated with 800 MeV
protons at Los Alamos National Laboratory (LANL) to a total number of charge particles of about 6.3x1022

protons (2.8 Ah) in a temperature range from 50° to 230°C. Tensile tests show that irradiation hardening
increases with fluence up to the maximum dose of about 6.9 dpa. All irradiated samples show significant
embrittlement. The microstructure observed with TEM shows that precipitates become amorphous after
irradiation. High density defect clusters have been formed in irradiated samples. Voids and helium bubbles
have not been observed.

Martensitic steels have been selected as the tentative
candidate for the structural materials of liquid metal
targets in accelerator driven devices, e.g. the
European Spallation Source (ESS). However the
effects of spallation type irradiation in this kind of
materials are still little known. In view of lack of
irradiation facilities, an international collaboration has
been set up to investigate spent targets and
components from the existing spallation sources. The
material investigated in this work is obtained from a
martensitic steel, DIN 1.4926, window which was
manufactured by PSI, irradiated at LANL and
investigated jointly by PSI and Forschungszentrum
Julich (FZJ). Preliminary results on the changes in
tensile properties and microstructure after irradiation
will be reported here.

EXPERIMENTAL

The composition of DIN 1.4926 martensitic steel is: Fe
+ 0.20C, 0.36Si, 0.46Mn, 0.019P, 0.006S, 10.5Cr,
0.9Mo, 0.64Ni, 0.26V, 0.009W, <0.01Nb, 0.034Cu,
0.019Co, 0.003Ti in wt%. The received material was
normalised at 1050°C for 30 min. and tempered at
720°C for 1 hour. Two windows of identical size, were
irradiated at the same time at LANL with 800 MeV in
the period from July 1989 to October 1990. The total
number of protons achieved was about 6.3x1022 (2.8
Ah). The maximum temperature was < 230°C.

The miniature tensile specimens (5x1x0.5 mm3 in the
gauge section) were prepared from a 2 mm thick
curved wall of the window. Tensile tests were
performed at room temperature. After tensile tests the
fracture surfaces of the specimens were observed with
Scanning Electron Microscopy (SEM) to identify the
fracture mode. Transmission Electron Microscopy
(TEM) was used for investigation of defect structures
induced by irradiation.

TENSILE PROPERTIES

The tensile properties have changed significantly after
irradiation. Fig. 1 shows the engineering stress-strain
curves of some irradiated and unirradiated specimens.
It can be seen that both yield stress and ultimate
tensile strength are increased with irradiation dose.

The uniform elongation reduces drastically after
irradiation from about 13 % of the unirradiated
specimen to about 2 % of irradiated specimens. The
total elongation decreases also from 23% of the
unirradiated specimen to about 5 - 10 % of irradiated
specimens. This shows the evident irradiation
embrittlement effects in this material.

10 15
Elongation (%)

20

Fig. 1 Engineering stress-strain curves of irradiated
and unirradiated specimens of DIN1.4926
martensitic steel at 295 K.

MICROSTRCTURE

The microstructures in both irradiated and unirradiated
samples have been observed with TEM. It shows that
precipitates (M23C6) become amorphous after
irradiation as it can be seen in Fig. 3, in which the ring
diffraction pattern was taken from one of large
precipitate. There are no evident changes in
precipitate size and composition. Defect clusters
produced by irradiation have been observed in all
three samples of 0.25, 3 and 6 dpa. Both cluster
density and cluster size increase with increasing
irradiation dose. This can be clearly seen in Fig. 4. In
the sample of 6 dpa a lot of large (10 to 20 nm)
dislocation loops have evolved from small clusters
(Fig. 4c).

The irradiation hardening increasing with dose can be
explained as the consequence of the increase in
defect cluster density and size[2].
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FRACTURE MODE

As shown in Fig. 2a, the unirradiated specimen
ruptured in typical ductile fracture mode. However for
an irradiated specimen of high dose the fracture
surface shows a cleavage fracture mode. This can be
seen in Fig. 2b which demonstrates the situation in a
sample of 6.9 dpa. Specimens of lower dose (< 3.4
dpa) rupture in ductile and cleavage mixed mode. The
observation on side surfaces of specimens reveals
that micro-cracks were formed in irradiated specimens
at martensite lath boundaries, as illustrated in Fig. 2c,.
These micro-cracks are not seen in unirradiated
specimens. The embrittlement in irradiated specimens
is believed to be due to the formation of these micro-
cracks [1].
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Fig. 3: Micrograph showing precipitates and their
diffraction pattern after irradiation to ~3.4 dpa.

Fig. 4 Micrographs showing defect clusters (white
spots) induced by irradiation in specimens of:
(a) 0.25 dpa, left; (b) 3 dpa, middle; and ( c) 6
dpa, right.
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Fig. 2: SEM micrographs showing (a) ductile fracture
mode in an unirradiated specimen, (b)
cleavage fracture in an irradiated specimen of
6.9 dpa, and ( c ) microcracks on a side
surface of a specimen of 0.24 dpa.
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THERMOMECHANICS ON THE TEST RODS IN SINQ-TARGET MARK 2

L Ni, G.S. Bauer (PSI)

The thermal and mechanical loads anticipated on the experimental target elements of the SINQ target
Mark 2 filled with test samples or lead were examined by means of a coupled nonlinear thermal-structure
analysis. It showed that in no case stress levels are to be expected on the cladding that would be near the
engineering limits of the materials in question, in particular if the plasticity of the Lead and the gaps
between the test specimens in the experimental rods are accounted for. Also, the temperature levels
anticipated in the test specimens are relevant for future upgrades of the SINQ facilities.

In order to investigate radiation damage and
thermomechanical behaviour of materials under
irradiation by proton beams, test rods were inserted
into SINQ-Target Mark 2 [1]. Among them are ten test
sample rods containing more than 1500 specimens
from different materials enclosed in Zircaloy-2 (Zy)
tubes. Furthermore, some test elements relevant for
the intended lead filled target (Mark 3 for the purpose
of increasing thermal neutron flux) were be included.
The test elements are 10.75mm diameter steel tubes,
with 0.875mm wall thickness and filled with lead.

Since the thermal stress must be kept at reasonably
low level to avoid surface cracking of the material and
hence a degradation of its performance, a coupled
thermal-structure examination is indispensable. The
calculations have been carried out by using the
ANSYS-code with finite element method [2]. Special
features, such as plasticity and contact resistance,
have been considered.

THERMOMECHANICS ON THE LEAD FILLED TEST
RODS WITH AND WITHOUT PLASTICITY

Figure 1 shows the geometry of the lead filled rod and
the anticipated power density distribution along the rod
length. The latter was taken from the calculation in [3].
The energy deposition over the rod cross-section was
considered as uniform, because actual variations are
small.

6 9

Sample length Y [cm]

12 15

Fig. 1: Power density along the sample length

Since lead is quite a soft material, the stress-strain
relation is very plastic, especially at high temperatures.
Measured stress-strain curves for lead at 4 different
temperatures, 22°C, 50°C, 99CC and 150°C, are given
by [4]. A plastic module was used in ANSYS, so that

plasticity becomes active (i.e., plastic straining occurs)
when the stress in the material exceeds its yield
stress. Because of the symmetrical geometry and
power density distribution, only a quasi three-
dimensional model was applied, where both ends of
the rod were free.

Results of calculations for all three tube materials
(stainless steel HT-9, AIMgSi and Zircaioy) are listed in
Table 1. As a general feature, the maximum
temperature Tmax occurs in the rod centre, while the
maximum von Mises stress aMismax and the maximum
hoop stress o6max occur in the middle section of the
tubes, where the highest energy deposition exists. The
lowest rod surface temperature Tsmin and the maximum
total displacement Umax are also given in Table 1 for
reference. As can be seen, both HT-9 and Zy cladding
result in relatively higher temperature level, but the rod
with Zy-tube has moderate stress levels. The rod with
AIMgSi tube gives a lower temperature level since
AIMgSi has a much larger thermal conductivity.

In comparison with the case without plasticity of lead
(which is not relevant in reality), the thermal stress
decreases considerably due to plastic deformation. For
example, the maximum von Mises stress in the case
HT-9 tube filled with Pb is reduced to 187.MP (from
377.MP if there is no plasticity allowed for), while the
maximum total displacement Umax is increased to
0.557mm (from 0.125mm). It occurs at the free end
and mainly contributed from the axial component.

SAMPLE ROD WITH PERFECT AND IMPERFECT
INTERNAL CONTACT

In practice it is impossible to assemble a structure as
complicated as our experimental rods without leaving
any gaps inside. It is, therefore important to examine
the effect of such gaps on the temperature and stress
levels in the specimens. For the time being only the
middle cross-section of the rods where the highest
energy deposition occurs has been examined for the
ten experimental rods with test samples. A plain strain
module was used to show the maximum possible
stress. The input power density q [W/m3] for the
specimens inside the rod was again taken from [3]. It
is uniform for the same material but the value
depends strongly on the heated material and on the
position of the rod. The cross section and the gap
distribution of the sample rod are plotted



31

schematically in Fig. 2. Convective heat transfer takes
place on the rod surface, where the average wall heat
transfer coefficient was determined from [4]. Please
refer to [5] for the calculation and discussion on the
local effects such as hot-spots, where the local heat
transfer coefficient depends on the flow pattern and
therefore a CFD analysis is necessary.

0.060.06 0.06 0.060.060.06

| | | i | i | | | |
Gap3 (0.1mm)

Gap2 (0.03mm)

Gapi (0.01mm)

Fig. 2: Cross section of the sample rod with gaps

First, the case with perfect contact (or without gap)
was calculated. The maximum values for this case
(designated as No. 1) are listed in Table 2 in order to
compare with the cases under imperfect thermal
contact. The maximum temperature Tmax is found to be
167.°C, which in fact occurs in the rod centre.
Although the maximum out-of-plane stress ozm]n

becomes higher (411.MP), it occurs actually in the
centre material (AISI316) and is of no concern, since it
is compressive. The maximum tensile hoop stress
o8max and the total displacement U ^ are also listed in
the table.

Although the thermal stress values are clearly under
the irradiation stress limit, this is for a hypothetical
gap-free case. In practice, such a situation can not
prevail, since it is impossible to mount the tiny
specimens in exact size because of the manufacturing
tolerance. Therefore, thermal contact resistance to
heat flow exists between two mating surfaces. This
resistance manifests itself as a sudden temperature
drop at the interface which can not be ignored, when
the actual temperature of the specimens are of
interest.

In the analyses with interface contact resistance, an
equivalent gap thickness over the whole contact
surface and interstitial gaps filled with Helium or air
have been considered. The mode of heat transfer
across the gas gaps was assumed by conduction in
the gas phase. Also radiation was neglected since the
temperatures at the contact areas are not very high.
Under these circumstances, Fourier's law of heat
conduction still applies to the gas layer which could be
treated as a continuum.

In Fig. 3, the temperature and the von Mises stress for
the standard case (No. 3) with Helium gaps are plotted

in window " 1 " and window "2", respectively. The
maximum temperature in the rod centre has risen from
166.7°C (without gap) to 258.°C (with the most
realistic gap widths: Gap1:Gap2:Gap3 = 10u.m:30u.m:
100|im, cf. Fig. 2). This temperature rise and the
existence of contact resistance result in a higher stress
level up to 641 .MP, though it is (once again)
compressive and takes place at the rod centre. Also
the maximum hoop stress on the Zy-tube cemax=63.1
MP is of no concern with respect to the stress limit.
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Fig. 3: Temperature and von Mises stress for the
case No. 3

TemperaturefC]
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0.000 0.001 0.002 0.003 0.004 0.005 0.006

Fig. 4: Temperature jumps in radial direction with and
without gap

The temperature distributions along the radial direction
without gaps and with He or air gaps are plotted in Fig.
4. The maximum temperature in the rod with air gaps
(case No. 2) rises to almost 600°C because of the low
thermal conductivity of air! This leads to a very high
stress level (cMismax = 1690MP, cf. Table 2) which
exceeds allowable limits. From the point of view of
heat transfer and cooling, Helium in the gaps is clearly
to be preferred to air.

Table 2 lists all calculated results of this sample rod
with different gap widths. In all gap cases, the
temperature level increases due to gaps and the
maximum temperature Tmax occurs in the rod centre.
The maximum von Mises stress aMismax as well as the
minimum out-of-plane stress c2min (which is
compressive and contributes the main component to



32

°Mis.max) appear in the rod centre either. Furthermore, it
can also be recognised, that this rod is very sensitive
to the width of "Gap1", since its change, from 5p.m
(case No.4) to 20u.m (case No.5), induces a relatively
higher temperature jump and therefore high stress
levels. Relative to the standard case (No.3), change in
width of "Gap2" and "Gap3" make no great difference
on the thermomechanic results. Therefore, it is very
important to keep the width of "Gap1" as small as
possible.

In order to show quantitatively the safety margin of the
target, the maximum tensile hoop stress on the Zy-
tube aemax (not the maximum value inside the rod which
could be larger than that on tube) has been also listed
in Table 2. As could be expected, the maximum hoop
stress on the Zy-tube a9max are lower than that without
gap (case No.1: aSma)(=160MP). This is because
"Gap3" allows the heated specimens inside the rod to
expand freely and therefore the induced hoop stresses
on the tube are not so high. Besides, the maximum
total displacement takes place at the rod top where the
maximum gap thickness - "Gap3" - exists. Therefore,
even for Umax=56.5jj.m (case No.2 which corresponds
to a gap of 100u.m before heating), the gaps have
narrowed but are still not closed, which improves the
heat transfer, of course.

Table 1: Thermomechanic results for the lead filled rods

While the cases with and without gap are clearly
limiting cases not possible in the real specimen arrays
because neighbouring layers will always touch at
some points and develop a gap in other regions, it is
comforting to see that all cases lead to stress levels
within the safe range of application of the materials
concerned, especially those used for the enclosure
tubes.
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Rod Design
HT-9 tube filled with Pb
HT-9 tube filled with Pb
Al tube filled with Pb
Al tube filled with Pb
Zy tube filled with Pb
Zy tube filled with Pb

plasticity of Pb?
no
yes
no
yes
no
yes

T _ [°C]
167.32
167.17
144.09
144.10
170.23
170.14

T,min [°C]
59.25
59.57
59.78
59.78
59.26
59.5

377.
187.
61.9
60.8
237.
157.

O.-WP]
432.
215.
68.8
70.6
98.9
68.4

UJmm]
0.125
0.557
0.151
0.136
0.12
0.421

Table 2: Results for the sample rod with perfect and imperfect interface contact

Case number

q«,3,e[W/m3]

q * [W/m3]

< U . [W/m3]

Qco™ [W/m3]

Gap filling

Gap1 [|j.m]

Gap2 [|xm]

Gap3 [|im]

T™, [°C]

T,min [°C]

<W™, [MP]

<V™, [MP]

U_ turn]

No. 1

2.7e8

2.e8

2.7e8

2.7e8

no gap

0.

0.

0.

166.69

87.6

323.

155.

-412.

7.82

No.2
2.7e8

2.e8

2.7e8

2.7e8

Air

10.

30.

100.

596.17

70.47

1690.

61.7

-1690.

56.5

No.3
2.7e8

2.e8

2.7e8

2.7e8

He

10.

30.

100

258.01

74.34

641.

63.1

-643.

20.9

No.4
2.7e8

2.e8

2.7e8

2.7e8

He

5.

30.

100.

228.08

73.02

549.

58.8

-551.

17.8

No.5
2.7e8

2.e8

2.7e8

2.7e8

He

20.

30.

100.

313.24

76.61

812.

59.4

-814.

26.6

No. 6

2.7e8

2.e8

2.7e8

2.7e8

He

10.

10.

100.

257.65

74.51

640.

46.9

-642.

20.8

No. 7

2.7e8

2.e8

2.7e8

2.7e8

He

10.

50.

100.

257.88

74.2

641.

51.5

-643.

20.9

No. 8

2.7e8

2.e8

2.7e8

2.7e8

He

10.

30.

20.

230.83

85.99

558.

51.9

-559.

15.9

No. 9

2.7e8

2.e8

2.7e8

2.7e8

He

10.

30.

200.

267.63

70.25

671.

56.5

-673.

30.6
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COMPUTATION OF THERMAL FLOW WITH CONJUGATE HEAT TRANSFER ON
THE SINQ-TARGET ROD BUNDLE

L Ni (PSI)

In order to investigate thermomechanics on the heated SINQ target rods, numerical simulations of the
thermal flow with conjugate heat transfer were carried out by using finite element method. A coupled fluid-
structure procedure was applied to the first 5 rows of Zy(Zircaloy)-tubes filled with lead. Results showed the
computer fluid dynamics (CFD) analysis is only necessary if stress margins are very small or if the local
properties such as hot spots are of special interest. A comparison of the calculated temperature on the rod
centre with the measurement showed a very good agreement.

For the purpose of investigating thermomechani-cal
behaviour of the SINQ target materials under
irradiation of proton beams, a local examination of the
heat transfer on the target rod bundles is
indispensable. A computer fluid dynamics (CFD)
analysis with conductive and convective heat transfer
will supply not only the pressure and fluid velocity field
through the rod bundle as well as the temperature
distribution on both solid rods and cooling fluids, but
also the local information such as heat flux and heat
transfer coefficient. These results then can be used for
the coupled structure investigations of the target
design.

NUMERICAL MODEL

Numerical investigations were made on the flow
through the first 5 rows of the SINQ target rod bundle,
where the most energy would be deposited. The flow
field through the rods were modelled by means of the
ANSYS's submodule FLOTRAN [1]. The flow field
was solved by continuity equation and the Navier-
Stokes equations. The energy conservation has been
applied for the steady state thermal conduction and
convection calculation. Inside the rod, the heat
transfer process is governed by conduction, so that
Fourier's law was used to relate the heat flux vector to
the thermal gradient. On the rod surface, convection
cooling by water acts over the whole surface, so that
the Newton's law of cooling could be employed to
determine the unknown surface temperature Ta.

beam energy

Ill
'5 rol

steady state heat
transfer analysis

temperature and
local heat

.transfer coefficient

X
steady state

structure analysis -^stress and deformation )̂

Fig. 1: Coupled heat transfer and thermomechanic
analysis procedure by using ANSYS

After obtaining the temperature field and the heat flux
distribution, a steady state structure analysis could be
used to give detailed information of thermal stresses
and deformation. In this way the coupled fluid-structure
analysis procedure with conjugate heat transfer
(shown in Fig. 1) was performed by using ANSYS.

Row 5

Row 4

Row 3

Row 2

Row1

0.204

0.2264

0.2397

0.262

0.2793

1

q [kW/cm*3]

Cooling water
(50°C, v=0.5 m/s)

Fig. 2: Calculation model of the SINQ rod bundle

The selected simulation area of the rod bundle
including both fluid and non-fluid (solid rods) regions
of 5 rows can be seen in Fig. 2 The incoming flow
from bottom was assumed to be uniform (with a
velocity of v=0.5m/s at a temperature of 50°C) and
the exit pressure was set to zero. Periodic boundary
conditions were applied on both right and left
boundary lines. In the solid rods, 0.875mm thick
Zy(Zircaloy)-tubes were filled with Lead. The
deposited power density q had been calculated by
another computer program [2], and is depicted in the
right side of Fig. 2, with a maximum value of 0.2793
kW/cm3 in the first row.

The convective heat transfer coefficient around the
rod surface is then considered as a function of
position. For the purpose of showing the local effect of
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the flow mechanism, an average value of the wall
heat transfer coefficient was determined from Nusselt
and Reynolds number correlation for the staggered
rod bundle according to [5], and it was assumed to be
constant along the rod circumference.

FLOW PATTERN OF THE HEATED ROD BUNDLE
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Fig. 3 Velocity and pressure distribution between the
rod bundle from the CFD analysis
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Fig. 4: Surface pressure coefficient around the rods of
first, third and fifth row

The flow pattern around the rods is influenced mainly
by Reynolds number, the arrangement and
geometrical parameters of the rows. The Reynolds
number based on the incoming velocity is 105 for the
calculated case. Figure 3 gives the total velocity (left
picture, window " 1 " , units m/s) and pressure in Pa
(right picture, window "2", units Pa) contours of the
flow field between the rod bundle. The pressure
decreases away from the upstream stagnation point
and recovers up to the downstream stagnation point,
which correspond to the acceleration in the forward
flow region and deceleration in the reverse flow region.
The surface pressure profiles for the first, third and
fifth rows can be found in Fig. 4, where the pressure
coefficient Cp is given by the approaching velocity v
and the upstream stagnation pressure p9=0. The
pressure profiles for the second and the fourth rows

are similar as the third one, and therefore are not
shown here. As can be seen, there exist two zones
(except the first row) where the pressure falls at the
front part of the rods (9= 0°#30° and 50°#90°). The
first pressure drop is due to the impingement of the
accelerated flow like a jet formed at the minimum
cross section between adjacent rods of the preceding
row, and the second one is because of the
accelerating flow passing through the convergence
cross section of the next row. A short, adverse
pressure gradient is followed by the second Cp min at
about 95° i^110° when the gap sectional area is
minimum, indicating separation and vortex shedding.

THERMOMECHANICS ON THE LEAD FILLED ROD
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Fig. 5: Temperature and von Mises stress on the rod
of the second row taking into account the local
heat transfer coefficient
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Fig. 6: Temperature and von Mises stress on the rod
of second row using the average heat transfer
coefficient

The left picture of Fig. 5 (window "1") displays the
temperature field in the left half of the central rod of
the second row, where the energy density of
q=0.262kW/cm3 was applied. As can be seen, the
temperature in the rod changes marginally (from the
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minimum of 86.3°C, "SMN" in the picture, to a
maximum of 167°C, "SMX" in the picture), as
compared to the case with uniform heat transfer:
"SMN"=96.7°C and "SMX"=160.4°C cf. Fig. 6. It is
asymmetric between the upstream (bottom half of the
rod) and downstream (top half of the rod) side
because of the different local flow status. Hot spots at
the surface occur at both stagnation points where the
temperature reaches a maximum value of 138°C. The
difference between the highest and lowest
temperature on the surface is 52.°C (Fig 5 and Fig. 7).
On the contrary, there is very little temperature rise in
the fluid. The resulting heat transfer coefficients for the
second, third and fourth row are shown in Fig. 8, in
comparison to the average value obtained from an
empirical relation in VDI-Warmeatlas [5]. (It should be
mentioned that, the heat transfer coefficients are
derived from the temperature solution, and therefore
are not continuous from element point to element
point).

Surface temperature [°C]

150

1 3 0 ••

Fig. 7: Temperature distribution along the rod surface
of the second, third and fourth row

Heat transfer coefficient [W/mK]

30000

Fig. 8: Local heat transfer coefficient along the rod
surface of the second, third and fourth row

The comparison with the corresponding results based
on the average heat transfer coefficient in window " 1 "
and window "2" of Fig. 6 shows that the maximum von
Mises stress on the tube is little higher in the "local"
case (318.MP), than in "average" case (289.MP).

These results reveal that in the present situation the
precision of predictions based on the average heat
transfer are well within usual engineering safety
margins. Therefore, the average heat transfer
coefficient could be used for the thermomechanic
investigations on the target rods. However, if the
safety margin becomes small, or the local properties
such as hot-spot are of special interest, a coupled
fluid-structure analysis with conjugate heat transfer
shall be applied.
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Fig. 9: Energy density and temperature distributions
along the rod length

Finally, a comparison with temperature measurement
is shown in Fig. 9 for a lead filled rod which posited at
the depth of 17.2cm from the window front where the
beam hits. The energy deposition density was given by
[4] and also depicted in this figure. The dashed line
represents the temperature along the rod centre axis
and the solid thin line the surface temperature, in
which the uniform heat transfer was supposed. The
maximum temperature was found 159.7°C. At the
middle cross section of the rod, a maximum
temperature of 169.7°C has been calculated when the
local heat transfer coefficients were determined from a
CFD analysis. In comparison with the measured
temperature (167°C) on the rod centre by [3] using
thermocouple, a very good agreement could be
concluded.
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MEASUREMENT OF TEMPERATURE DISTRIBUTION OF THE SINQ WINDOW
USING HETSS METHOD

/. Platnieks (IPUL), Y.Takeda, G. Bauer (PSI)

HETSS : HEAT EMITTING TEMPERATURE
SENSING SURFACE

HETSS is a boundary surface between the solid wall
and the liquid which is constructed in a way to allow to
generate a well defined heat flux density in a selected
area and to record the temperature. Technically this is
accomplished by forming the surface as an electrically
heated resistor for which it is possible to measure the
electrical resistance as well as the power dissipation.
By measuring the voltage drop U and the current I in
each HETSS element, the dissipated power can be
determined from the product U*l of the two quantities,
while their ratio U/l gives the resistance, which is
temperature dependent. This makes it possible to
record the local temperature average over the area of
the HETSS. The surface resistor must be thin enough
to have large heat resistance along their length and
must be backed by material with poor heat conductivity
in order to direct all the heat into the liquid
perpendicularly to wall, i.e. with minimum lateral
dissipation.

Practically our HETSS is produced as a continuous
structure of thin copper strips made by the etching
technique, which is laid on the inner surface of the
window (Fig. 1). Leads for picking up the voltage drop
are arranged at suitable positions, while a controlled
current is supplied to a larger area for reasons of
practicality. In our case an area of 21x4 cm2 was
subdivided into three groups with seven units of 4x1
cm2 each and a separate current source was used to
feed each group.

EXPERIMENT

A window section of the SINQ target model which was
specially fabricated for this measurement with HETSS
integrated was mounted on our experimental set-up.
All other part of the test section is the same as
reported elsewhere [1].

For the flow study, the mercury was first mixed well in
the reservoir tank by injecting gas from the bottom and
was then filled into the loop. After starting the EM
pump, the flow rate was increased gradually.
Temperature was not regulated and was more or less
room temperature around 15°C. It was observed,
however, that it increased slightly when the power of
EM pump was increased.

We performed series of experiments following the
experimental parameters of the flow measurement [1]
by changing the flow rate of mercury (0.6, 1.2 and 2.4
l/s) and the gap distance between the edge of the

inner tube and the hemispherical cap below it (2, 4,
and 8 cm). In this report, we present only the results of
steady state flow, namely time-averaged behaviour of
the target. Some transient phenomena were observed
and will be reported elsewhere.

TEMPERATURE DISTRIBUTION

The time-averaged temperature distributions for all
cases studied are shown in Fig. 2, which gives the 50
second time average of the temperature rise in the
wall per unit heat flux for different flow configurations
(gap widths and flow rates in the loop as defined
above). The temperature distributions for the smaller
gap (2 cm) have a better symmetry to the center line.
As the gap distance becomes larger, this symmetry is
broken. For the larger flow rate, the temperature
increase becomes smaller. This seems obvious since
the heat flow from the wall is more enhanced by a
larger flow velocity in the vicinity of the heating wall,
although the flow in the deep pocket is nearly
stagnant, at least in the time average.

Since the bottom edge of the central guide tube is flat,
one intuitively expects a stagnant zone and hence a
peak in the wall temperature at constant heat flux
density near the center of the window, as illustrated in
the left graph of Fig. 3. The fluid is expected to heat up
on its way to that zone and, therefore, an increase in
wall temperature is expected from both ends of the
HETSS ribbon. This is actually observed in particular
for small gap widths. Contrary to intuition, however,
there is no peak in the center of the ribbon as can be
seen from the right hand graph in Fig. 3. This may be
attributed to the combination of two effects: (1) since
the ribbon has constant width while the flow channel
effectively narrows as the fluid moves down the
window, unheated fluid flows over the HETSS from the
side and contributes to a lower wall temperature in the
measuring geometry than would be obtained in a real
axisymmetric configuration and (2) there is no real
stagnation of flow at the apex of the window, at least
not when averaged over the area of one HETSS unit
and over reasonable amounts of time. While the first
effect is an artifact of the present HETSS geometry,
the second one may be important in a real situation.

The assumption that cooling in the window is
considerably more efficient than in a stagnant situation
is also corroborated by the observed level of
temperature increase, which is of the order of 1.5 to
3K in all cases. According to calculations, the heat flux
density of 7W/cm2 would create about 80K of
temperature drop in a stagnant layer of 1 cm of
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mercury. This was also verified experimentally. The
experiments thus confirm that, instead of an axis-
symmetrical, two-dimensional flow structure there
exists a more complicated one which is much more
beneficial for cooling the wall. The differences in
temperature distribution observed along the HETSS
where averaging over long and short times suggest
the presence of large scale turbulent perturbations.
The expansion of flow cross section after the gap is, of
course, a very powerful mixing mechanism. If the
bottom end of the guide tube is below the center of the
hemispherical window, the possibly slightly turbulent
flow coming down the ring space between the two
tubes passes through a zone of narrowing cross
section, which is an effective laminarization
mechanism. The thermal boundary layer accumulates
heat in this local laminar area and is attacked by
turbulence when the laminar jet loses its power. This
laminar jet is less pronounced at large gap width, and
hence the measured wall temperature is more
dominated by the turbulent flow and is, therefore,
lower, at least at low flow rates. Also the absence of a

central peak at small gap widths is attributed to the
effect of turbulent mixing at the edge of the guide tube

Since this turbulent fluctuations prevail on a short time
scale and the velocity vector at any position can
change sign, the averaged velocity field for such an
unsteady flow structure can well show a stagnant area
in the central part of the window. Another possible
mechanism which can result in the same cooling effect
might be connected with azimuthal velocities in the
system.
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Fig. 2: Temperature distributions for various mercury flow rate and the gap distance.

Fig. 3: Images of thermal hydraulic behaviour of the SINQ target intuitive (left) and from measured results (right)
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MEASUREMENT OF LIQUID METAL FLOW IN A SINQ TARGET GEOMETRY
(Axisymmetric geometry) [1,2]

Y. Takeda, H. Kikura (PSI)

A full scale mock-up container of the lower part of the
SINQ target geometry has been installed in the Hg
loop of the Institute of Physics of the University of
Latvia (IPUL) at Riga, Latvia. The mercury is a model
liquid to Pb-Bi-Eutectic (LBE) to be used in the SINQ
liquid target.

The SINQ target test section mounted in the loop has
a diameter of the outer tube of 207 mm and its total
length is ca. 2.3 m. As a reference shape of the
window, a hemispherical window has been used.

Fig. 1: The hemispherical window with the transducer
mounting device.

Since the geometry of the bottom part such as the
shape of the bottom cap and of the edge of inner tube
as well as the gap distance between inner tube and
bottom cap is most important in designing the target,
investigation of the flow in various geometries for this
part is under progress. In this report, we present
results of experiments for the axisymmetric
configuration of inner tube and for the flow
configuration under the different gap distance and
different flow rate.

Flow measurements were made using the ultrasonic
velocity profile monitor (UVP), which was developed at
PSI for the measurement of flow velocity of liquid
metals in the context of the target development
program.

The ultrasound transducers were set on the outside of
the container wall. Fig. 1 shows the test window region
with transducers that were fixed by a special
transducer holder. With this holder we can measure on
a maximum of 20 measuring lines. Prior to the
measurement, gas bubbles were injected as a tracer,
which reflect the ultrasound pulse. By this method, the
spatial and temporal behaviour of the flow could be
successfully observed in the measurements. When
many measuring lines are aligned in a non-parallel
fashion, it is possible to obtain two velocity
components at the crossing points of the measuring
lines, so that we can obtain the vector field.

In the present experiment we made two different types
of flow mapping; time-averaged flow mapping and
time-dependent flow mapping. Fig. 2 shows the typical
measuring lines for time-averaged and time-
dependent flow mapping. For the time-averaged
velocity profiles, the data set for one measurement
consists of 512 instantaneous velocity profiles. The
vector field was then computed for a series of
measurements which consists of 36 measuring lines.
This generates in total 126 vectors in the field, when
eliminating the points where the crossing angle is less
than 15°. The computed vector field is plotted in Fig. 3.
It is seen that the flow is not necessarily symmetric
with respect to the target axis especially at 8 cm gap
width. This is considered to be due to the generation of
a large vortex and its time dependent nature as a
chaotic flow.

The effect of flow rate is seen in Fig. 3. The flow
pattern becomes more symmetric for the large flow
rate, although this is not a strong effect. The vector
fields look similar for the three flow rates studied here
when the gap distance is constant. While the flow is
very non-symmetric for 8 cm gap distance, it is similar
and more symmetric in all other cases.

The effect of gap distance is significant, as seen
above. Even for the smallest flow rate with gap
distance 2 cm, the flow appears quite symmetric. It is
also seen that the region of very low velocity (dead
layer) becomes smaller. This is obvious because the
inlet flow velocity at the exit of the annular channel is
higher.

Using the high speed measuring mode of present
equipment, we can obtain a time-dependent flow
mapping. Unfortunately, for the time-dependent flow
mapping, the present measuring area is very small as
shown in Fig. 2(b) because of restricted space
covered by the measuring lines. Fig. 4 shows the flow
fields for the cases of two different gap distances. In
these cases, the measuring time for one line was
44ms and total measuring time for a vector map was
0.525 sec. Again, we find that the gap distance has a
very strong influence on the flow behaviour.
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MEASUREMENT OF LIQUID METAL FLOW IN A SINQ TARGET GEOMETRY
(3D flow)

Y. Takeda, H. Kikura (PSI)

The SINQ target consists of two coaxial cylinders, and
the mercury flows down from the chamber at the top
through the annular channel toward the bottom part
called "Window". The flow turns there into the inner
circular channel and flows up to the second chamber
for outlet. Previous experiments [1] were performed
using a straight cut inner tube edge and we found that
there is a region (dead layer) in the deep pocket of the
hemisphere where the velocity is very low. The
existence of such a dead layer may cause damage of
the window by accumulation of heat, since the heat
load by the proton beam is the highest at this point. It
is then necessary to eliminate such a dead layer by
some means. One possibility is to create a 3D flow
structure using a slanted edge of the inner tube. To
investigate the 3D flow structure we prepared a
slanted edge of the inner tube with constant
inclination. Fig.1 shows a picture of the slanted inner
tube in the window region. The position of the edge
was changed by changing the gap distance between
the window wall and inner tube edge. The flow rate
was also varied.

Fig. 1: The inner tube in the window

The flow was measured by the ultrasonic Doppler
method (UVP). The ultrasound transducer was set on
the outside of the window wall. The arrangement of
transducers and the way of data treatment is same as
for the previous report.

The flow in the window is non-axisymmetric so that we
have mapped flows at four different phases (settings
of the transducer plane relative to the cut of the inner
tube) as shown in Fig. 2.

Fig. 3 shows the results of vector fields of 3 different
flow rates and at 4 phases for 2 gap distances. The
vector field was computed from the time-averaged
velocity distributions of 36 measuring lines. This
generates in total 126 vectors in the field, when

eliminating the points where the crossing angle is less
than 15°.

There is clearly a strong influence of the inclination of
the tube edge on the flow field. A quite strong jet
behaviour is observed; the flow direction is inclined to
the tube axis in the central region. It is directed away
from the position where the edge is higher and
towards the lowest position. This can be seen for
phases 1, 2 and 4. At phase 3 the flow is line-
symmetric. This feature is common for both gap
distances, but more clear for Gap4.

Phase4

Phases

Fig. 2: Measuring phases

In the case of Gap8, the flow is non-symmetric for all
flow rates, but is more or less smooth by showing a
continuous change of flow direction from point to point.
It shows, however, a random orientation of flow
vectors for the case of Q=2.4. This is due to shedding
of a large eddy near the edge, and the flow is totally
spatio-temporal.

Together with the results of previous experiment [1], it
is concluded that the effect of gap distance is
significant. Although the flow for Gap8 shows chaotic
behaviour, the flow in Gap4 is very stable. With the
slanted edge of the inner tube, a 3D flow can be
realised, but it is still not sufficient to eliminate the
dead layer completely. Especially it appears desirable
to install some active device which can enhance heat
transfer from the wall to target liquid at the apex of the
window.
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EXTENDED DESIGN STUDY FOR THE DUAL-PURPOSE TIME-OF-FLIGHT-
DIFFRACTOMETER POLDI

U. Stuhr (PSI)

The time-of-flight powder diffractometer POLDI with multiple frame overlap will provide high intensities and
high resolution simultaneously. This configuration is ideal to determine the lattice spacings, e.g. for the
analysis of internal stress. However, this modus is less appropriate for structure analysis. Therefore, the
instrument design was extended to allow both, lattice parameter measurements as well as structure
analysis. This will be achieved by using a different chopper which avoids frame overlap and by adapting the
minimum wavelength by tuning the neutron mirror.

A novel time-of-flight diffractometer which works in a
multiple pulse overlap modus is prepared for
installation at the thermal beam tube SK31 at SINQ.
The main application of the instrument will be
investigations of small changes of the lattice spacings
e. g. due to internal stress. The pulse overlap
technique makes it possible to achieve high intensity
and high resolution simultaneously. For an
unambiguous determination of the diffraction pattern it
is necessary to measure the angular dependence of
the arrival time of the neutrons at the detector. At
POLDI this will be done with a 1-dimensional position-
sensitive 3He detector in time focusing condition. The
principal concept of the instrument has been described
before [1].

The best choice for investigations of changes in lattice
spacings is a large frame overlap since this increases
the intensity without any loss of resolution. On the
other hand the so-called correlation background is also
increased which may reduce the accuracy in the
determination of the intensities of the individual Bragg-
peaks. These intensities however are an essential
information for the determination of the positions of the
atoms in structure analysis. Note that, if only the
statistical accuracy is taken into account, the statistical
uncertainties of the individual Bragg intensities are
nearly independent of the frame overlap. However, for
data taken with a large frame overlap it is much more
difficult to identify any spurious intensity (e.g. from a
small amount of a second phase in the sample or the
sample environment) and therefore these systematic
errors become much more important.

We decided to extend the concept of the instrument to
allow alternatively operation for structure analysis with
a chopper which avoids frame overlap, (e.g. for
experiments with a high pressure cell, which can be
done more easily with a time of fight instrument than
with two-axis instruments) or with a chopper which
provides high intensity but also large frame overlap.
The two choppers are mounted on a common support
and can be interchanged in a short time without
removing any shielding (Fig. 1).

The instrument is also equipped with a neutron mirror
which images the small entrance slit of the chopper
(4mm width) onto the sample position. One advantage
of a mirror in comparison with a neutron guide is,

beside an increase of intensity, that there exists a very
well defined cut-off wavelength (Fig. 2). Neutrons with
wavelengths shorter than the cut-off wavelength are
not reflected onto the sample. The new extended the
design of the instrument allows to adjust the cut-off
wavelength to the requirements of the experiment by
tuning the mirror.

Fig. 1: Schematic of the POLDI chopper support with
one chopper in the beam and the second one
(Chopper 1) in standby position
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SMALL ANGLE NEUTRON SCATTERING SPECTROMETER IN USER OPERATION

J. Kohlbrecher, W. Wagner (PSI)

The small angle neutron scattering instrument SANS at R16 in the SINQ neutron guide hall successfully
runs in user operation since September 1998. During this first period eighteen different proposed
experiments have been carried out. Also for the next period the instrument is heavily overbooked which
documents the immense demand from the SANS user community for this instrument.

The small angle neutron scattering spectrometer
SANS became operational on September first, 1998.
The instrument has started with a delay due to
deficiencies of the detector electronics, respectively its
efficiency to analyse detected neutrons and the
difficulties in calibrating the amplifiers. These problems
have not been fully solved yet, but we managed it to
bring the detector to an operational state. In the first
three and a half month of operation eighteen proposed
experiments were carried out. The overall availability
of the instrument was 80%. During the first proposal
period various scientific questions have been
addressed by the users, starting from investigations of
flux lattices in superconductors and relaxation of
holographic gratings to flexibility and interaction of
polymers, critical magnetic scattering, decomposition
in alloys, and nano porosity in ceramics.

To fulfil the large variety of experimental needs of the
users we gave high priority to maximum versatility of
the sample environment. One standard sample set-up
is a sample table with x,y,z,co positioning plus (<|),0)-
goniometer. On this table various sample
environments can be mounted and positioned. For
biological and chemical samples we supply a sample
changer for cuevettes and solid samples which can be
temperature controlled between -40°C and +150°C.
We further plan to build a high pressure cell for liquids
up to 5 kbar and, in collaboration with the ETHZ, a
high temperature furnace up to 1500°C. The sample
table could also successfully be used to position
special equipment of the users, like a micro wave cave
inside a magnet, the cryomagnet that can be seen in
Fig. 1, and a special holder for holographic gratings.

A second sample environment set-up is a vacuum
chamber, which is directly connected to the collimator
and detector tubes, so that the SANS can be operated
at about 10"2 mbar in a single vacuum system without
windows. If better vacuum down to 106 mbar or
ambient pressure is needed at the sample position, it
is possible to insert thin aluminium or sapphire
windows at the entrance and exit of the chamber. The
chamber is large enough to carry an electromagnet
and a sample changer with an optional heated sample
position up to 750°C.

All standard sample environments are fully remotely
controlled by the SINQ instrument control software
SICS which enables the user to run automatic scans in
his experiments.

Fig. 1: Paul Kealey from the University of Birmingham
and his colleagues during refilling of the
cryomagnet with liquid He. They investigated
magnetic flux lattice structures and melting in
YBCO superconductors.

Fig. 2: Diffraction pattern on the SANS detector of
ordered flux lattices in a superconductor.
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FINAL-STAGE SINTERING AND MICROSTRUCTURAL CHARACTERIZATION OF
NANOCRYSTALLINE ZIRCONIA USING SMALL ANGLE NEUTRON SCATTERING

U. Betz, A. Sturm (TU-Darmstadt), J. Loffler, W. Wagner (PSI), A. Wiedenmann (HMI Berlin),
H. Hahn (TU-Darmstadt)

Nanocrystalline powders of zirconia, yttria and alumina were synthesized by Inert Gas Condensation and
Chemical Vapor Condensation. Compacted samples of pure ZrO2 and dispersion mixed ZrO2 + 14 wt.%
AI2O3 and ZrO2 + 9 wt.% Y2O3 (5 mol% yttria partially stabilized zirconia, 5Y-PSZ) were sintered in vacuum
between 1000° and 1200° C for 2 hours. Nearly full densities have been achieved in all of the three
compositions with average grain sizes not exceeding 160 nm. Very small grain sizes of zirconia (< 50 nm)
have been found for the composite due to a homogeneous distribution of alumina-phase particles hindering
grain coarsening by pinning of the grain boundaries. Complementary to X-ray diffraction and scanning
electron microscopy, the microstructural evolution of the n-ceramics was investigated by small angle
neutron scattering. Differences in the densification behavior of the three compositions were verified by the
scattering curves and attributed to effects due to phase transformation. From the quantitative analysis of
the scattering data pore size distributions of the materials were obtained.

Ultra-fine or nanocrystalline (n-)ceramics are known to
be very promising materials which show excellent
sinterability at moderate temperatures with respect to
their coarse-grained counterparts [1]. Nevertheless,
extensive grain growth usually occurs during final-
stage sintering. For many structural and functional
applications of the ceramics final dense products with
small grain sizes are desirable because of the
improved properties [2]. Therefore, the most
challenging problem encountered was to maintain the
grain size on the nanoscale during the consolidation of
nanocrystalline ceramics.

In the present study the influence of yttria as a dopant
and alumina as a second phase on the microstructural
evolution of zirconia during sintering was investigated.
Small angle neutron scattering (SANS) experiments
have been carried out at the V4 spectrometer at the
BER II research reactor of the HMI (Berlin) using a
wavelength X of 0.906 nm. Scattering curves were
obtained by correcting and averaging the recorded
data of scattering-cross-sections which were always of
radial symmetry. Following a model of data evaluation
for n-ceramics initially employed by Wagner et. al. [3]
the main fraction of the differential scattering cross
section da/dQ is attributed to a polydispersed array of
spherical particles causing the scattering of neutrons.
By assuming a log-normal particle size distribution the
experimental data can be fitted.

Weakly agglomerated nanoparticles of zirconia (< 10
nm) and yttria (< 20 nm) have been separately
synthesized by the inert gas condensation technique,
alumina (< 10 nm) by the chemical vapor
condensation technique [4]. Cold compaction of pure
ZrO2 and dispersion mixed ZrO2 + 14 wt.% AI2O3 and
ZrO2 + 9 wt.% Y2O3 (5Y-PSZ) has been performed
successively by applying 150 MPa uniaxially and 460
MPa isostatically resulting in compacts with relative
green densities of about 50 %. The green bodies were
sintered in vacuum (5 Pa) between 1000° and 1200°C
for 2 h with heating rates equal to 200°C/h. Cooling to

room temperature was done in flowing oxygen. Phase
evaluation of the ceramics revealed that the
monoclinic structure is present in pure ZrO2, the
monoclinic with small amounts of the tetragonal phase
in ZrO2 + 14 wt.% AI2O3 and the tetragonal and cubic
(< 35 vol.%) phase in 5Y-PSZ. A maximum relative
density of 95 % has been achieved for ZrO2 at 1050°
C, 96 % for ZrO2 + 14 wt.% AI2O3 and 99 % for 5Y-PSZ
at 1200° C. The corresponding grain sizes were 70
nm, 32 nm and 160 nm, respectively. Due to the
pinning of grain boundaries by homogeneously
distributed alumina-second-phase particles grain
growth of zirconia was successfully suppressed during
sintering.

Fig. 1 shows the scattering curves (discrete data
points) with the superimposed fits (solid lines) of 5Y-
PSZ samples sintered at different temperatures. The
scattering curves exhibit typical features of
nanocrystalline ceramics [3]. At Q = 0.026 nm'1 almost
the same intensities were recorded for all sintering
conditions. The data for all samples follow a Q"
dependence at larger Q-values. Due to the decrease
of the total volume of scattering particles (pores) with
increasing sintering temperature the regions of linear
slope are shifted to lower intensities for the different
samples. The deviations of the fit from the
experimental data at large Q (> 1 nm'1) arise from an
incoherent scattering background. The appearance of
a small interference shoulder which is present if the
distance of the pores is on the same length-scale as
the pore size itself has only been observed in the
sample sintered at 1000°C for 2 h where open porosity
is still present. Fig. 2 gives the calculated volume-
weighted pore size distributions of the samples. From
this figure the rapid decrease of open and closed
porosity during sintering in the narrow temperature
region can be observed. The average pore size Ro

shifts to larger sizes (pore coarsening) and the width of
the distribution gets broader. By calculating the total
volume fraction of the scattering pores from integration
of the size distribution functions a very good
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agreement was obtained with the total volume of pores
measured by Archimedes' Principle.

A comparison in Fig. 3 of the scattering curves of the
three compositions sintered at 1100 °C for 2 h reveals
a difference in the microstructures present, which is
the reason for the poorer densification behavior of the
ZrO2 and ZrO2 + 14 wt.% AI2O3 compared to 5Y-PSZ.
In both cases an additional fraction of very small
scattering particles at Q > 0.3 nrrf1 is obvious. This
behavior is attributed to the martensitic phase
transformation during sintering of monociinic zirconia
at this temperature range which is accompanied by a
significant change in crystal volume, whereby small
flaws are created.
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NANOSCALE MAGNETIC CORRELATIONS IN A CUNIFE ALLOY OF
NANOSTRUCTURED TWO-PHASE MORPHOLOGY

W. Wagner, J. Kohlbrecher (PSI)

The ternary alloy Cu-24at.%Ni-8at.%Fe, upon annealing, establishes a two-phase morphology where
ferromagnetic precipitates are embedded in a nonmagnetic matrix. By choosing different annealing
parameters (time and temperature), the size scale of the precipitate morphology can be varied in a
considerable range. Small Angle Neutron Scattering (SANS) was applied to characterize the magnetic
correlations in this alloy in zero-field and in external fields of different strengths. It is found that the
precipitates are highly correlated, forming groups of common alignment. In external fields of increasing
strength rather complex magnetic structures develop during the rearrangement of the common magnetic
alignment.

The study of magnetic structures and correlation on
the nanometer scale is motivated not only by the
interest in fundamental properties but also by the
intention to use those structures for high-density
magnetic storage devices or granular magnetoresistive
systems. Due to the magnetic moment of neutrons,
SANS allows (non-disturbing) insight into bulk
magnetic structures on the nanometer scale - a unique
opportunity. The magnetic correlation and the
mechanism of magnetization reversal in nanophase
metals, i.e. Fe, Ni and Co, were extensively studied by
SANS ([1] and corresponding report in this issue). This
investigation was now extended to a bulk-magnetic
material, i.e. 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. Referring to
the above cited study on nanostructured mechanically
consolidated ferromagnetic clusters [1], we expect
magnetic correlation between adjacent precipitates,
extending across the paramagnetic matrix and
consisting of many precipitates into a commonly
aligned ensemble.

By choosing different annealing times and
temperatures, the size, volume fraction and spacing of
the precipitates can be varied in a wide range, which
allows to tailor the morphological conditions. For the
present study, the annealing temperatures were
chosen as 773 K and 823 K, and annealing times were
between 30 min and 1000 h. Fig. 1 illustrates this type
of morphology by means of selected Field-lon-
Microscopy (FIM)-micrographs from two different
samples.

The magnetic correlations on the nanometer scale
were characterized by small angle neutron scattering.
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. Fig. 2 shows a
typical sequence of iso-intensity contours on the 2d-
position-sensitive detector of the SINQ-SANS facility:

In zero field the scattering is found to be fairly
isotropic, indicating, on average, a nearly random
distribution of the magnetization vectors of the
precipitates. The slight anistropic distortion originates
from the interplay between texture of the (rolled)
samples and the magnetocrystalline anisotropy.

Fig. 1: FIM-micrographs of the alloy Cu-24at.%Ni-
8at.%Fe after annealing at 823K/17h (top)
and 773K/20h (bottom)

For nonzero fields firstly the overall intensity
decreases, proving that most of the scattering is of
magnetic origin. Secondly, the intensity contours
become highly distorted and show pronounced
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anisotropy: Starting with elliptical distortions, a fourfold
symmetry arises with scattering peaks in planes tilted
by about 45° relative to the external field direction. This
intensity structure is observed for quite different
morphologies: for example, it appears equally for an
average precipitate size of 10 nm as well as of 36 nm,
although at different external fields (0.8kOe and
4.5kOe, respectively), and at different momentum
transfers (scattering vectors).

The SANS-results clearly show that the magnetic
precipitates are highly correlated. An evaluation of the
correlation length in zero-field yields values
significantly larger than the interparticle distance. This
means that groups of several tens of precipitates do
align commonly.

In an external field the moment of the magnetically
ordered groups of precipitates do not continuously
rotate towards the direction of the applied field for
increasing field strength. Rather, in intermediate fields
the majority remains tilted at a finite angle relative to
the external field direction. This results in elliptical
distortions of the SANS intensity contours with the

H

H=0

elongation parallel to the external field direction, giving
evidence for a net magnetic component established
perpendicular to the field. This behavior is consistent
with the prediction of the modified Stoner-Wohlfahrt
model applied to nanostructured magnetic metals [2].
In the present case, however, the situation is still more
complicated: The primary disturbance of the magnetic
correlations by the external field occurs in the
directions parallel and perpendicular to the field.
Further, large-scale correlations are disturbed earlier
than shorter ones. All this leads to the fourfold array of
intensity peaks at angles of 45° relative to the field
direction. A conclusive description of the reorientation
process of the magnetic precipitates in an external
field requires further detailed data analysis and a
sustaining model, which is under way.
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STRUCTURE AND PHASE STABILITY OF NANOPHASE CUCO-ALLOYS
PRODUCED BY THE INERT GAS-CONDENSATION TECHNIQUE

W. Wagner (PSI)

Nanostructured CuCo-ailoys produced by inert gas condensation were investigated by (nuclear and
magnetic) small angle neutron scattering in order to characterize the structure and spatial distribution of the
Co-atoms. For the as-prepared state, the structure functions of the nuclear and magnetic scattering show
distinct differences, indicating a fractal-like structure of Co-agglomerates which would be conformable to
segregation of Co-atoms to the grain boundaries. The experiment reported was a first step towards a
systematic in-situ study of Co-segregation in these nanostructured alloys.

Nanophase CuCo alloys were produced by the inert
gas condensation technique, evaporating the melt of
initially pure Cu- and Co-ingots from a tungsten boat in
an atmosphere of 1 mbar of purified He. The clusters
forming in the vapor phase were collected on a cold
drum and consolidated by pressing with 2 GPa at
room temperature. The ratio of Co/Cu in the collected
material was varied from rather diluted mixtures
(2.5at%Co) to more concentrated ones (20at%Co) by
controlling the heating power. The final composition
was determined by prompt gamma activation analysis
(PGA), comparing with standards produced by
conventional melt-alloying.

The aim of the experiment was the determination of
the Co-distribution in the nanophase alloys. In order to
distinguish Cu and Co, we made use of the
ferromagnetic nature of Co-agglomerates (in contrast
to Cu): by applying a (saturating) homogeneous
magnetic field, the well-known sin2 cc-dependence of
the magnetic scattering, compared to the always
isotropic scattering from chemical heterogeneity,
should allow to separate the scattering from the Co-
agglomerates.

In a first step, six different samples were measured in
the as-prepared state, choosing a neutron wavelength
of 0.50 nm and sample-detector distances of 4.5 m
and 20.5 m. An example of the anisotropic scattering
is given in Fig.1. The intensity contours are found to be
clearly elliptically distorted with the elongation in the
vertical direction as expected for the horizontally
applied field.

The SANSIso-software allows a direct separation of
the isotropic nuclear scattering and the sin2 cc-shaped
anisotropic magnetic scattering when transforming the
2-dimensional intensity distribution to an I(Q) vs Q
representation. The results from the sample of Fig.1
are shown in Fig. 2. It is evident that the nuclear and
magnetic scattering have quite different structure
functions. Hence, the Co is not homogeneously
distributed in the solid solution. Rather it has
agglomerated to some extent, which is not surprising
in view of the low solubility of Co in Cu. The structure
of the Co-agglomerates can at a first glance be
characterized to be fractal-like with a fractal
dimensionality of about 2.4. This would be

conformable to Co-atoms segregated to the grain
boundaries and triple junctions.

Fig.1: SANS-intensity contours of an as-prepared,
nanostructured CuCo-alloy in a horizontal
magnetic field of 6.0kOe.

As a next step, measurements are foreseen with the
same nanostructured CuCo samples mounted on the
heating stage in the magnetic field and annealed in
order to follow in-situ the segregation and structural
rearrangement of the Co-atoms. The objective then is
to compare the decomposition kinetics and
morphology with what is measured in conventional,
coarse-grained CuCo-alloys [1].

q [nm'1)

Fig. 2: SANS structure functions of the nuclear (*)
and magnetic ( • ) scattering of the sample of
Fig.1.
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STRUCTURAL PROPERTIES OF SIMULATED NANOPHASE FCC METALS

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

The microstructure of computer generated Ni and Cu nanophase samples with mean grain sizes ranging
from 3 to 12 nm is studied by means of atom energetics, coordination number, and local crystalline order.
Two types of samples are considered: those with random crystallographic orientation, representing
samples with mainly high angle (HA) grain boundaries, and those with a limited misorientation,
representing samples with mainly low angle (LA) grain boundaries. Overall density, grain boundary density
and grain boundary excess enthalpy are discussed in terms of grain size and grain boundary type and
results are compared with experimental data.

The distinctive property of nanophase materials is the
large number of grain boundaries compared to coarse
grained polycrystals. Peculiarities or differences in
microstructure, such as the presence of a highly
twinned structure or the existence of dislocations in
the grain boundaries may play a major role in the
deformation process and may cause the differences in
mechanical behaviour observed in samples with
apparently the same microstructure when
characterised only by density and mean grain size.
Molecular dynamics computer simulations can help
understanding the relationship between grain
boundary structure and overall properties. Cu and Ni
nanocrystalline samples containing 15 grains or more
and with mean grain sizes of 3.4, 5.2, 8.0, 10.0 and
12.0 nm were created, some of them having mainly
high angle grain boundaries, others mainly low angle
grain boundaries. We have chosen Cu and Ni
because both are fee metals but with a rather
substantial difference in their stacking fault energy.
The number of atoms in the samples ranges from 105

to 1.2-106. The samples were relaxed to a free
enthalpy minimum at 300K, using a parallel molecular
dynamics code (running on Cray-T3D at EPFL) with a
tight binding potential in the Parrinello-Rahman
approach, with periodic boundary conditions and fixed
orthorhombic angles. For details see refs. [1, 2].

Although the initial structure of the samples is the
same, after relaxation to a minimum enthalpy, the Cu
samples have higher grain boundary density and
consequently higher sample density, and a greater %
of atoms in the grain boundary than the Ni samples.
The excess enthalpy is higher in the Ni than in the
corresponding Cu samples. The differences in density
and energy distribution between the two materials
examined can be explained on the basis of the higher
cohesive energy, melting temperature and heat of
melting, and the relatively lower density of the melt in
Ni compared to Cu. The sample density, grain
boundary density, energy distribution, and excess
enthalpy of the simulated Ni samples are given in the
figures below. The connected full circles are data of
HA samples, while the open squares are data of LA
samples. As can be observed, the LA samples have
higher sample densities and contain les atoms in the
grain boundaries. The mean atomic energy of the fee
atoms decreases slightly with increasing grain size;
the value for the perfect fee atoms reaches the perfect

crystal energy (-4.392 eV). The mean energy of the
grain boundary atoms on the contrary seems to
increase slightly with increasing mean grain size,
however statistics on grain boundary orientations are
necessary to confirm this. The LA samples have less
energy in the GB. In other words, whereas the mean
energy per atom is approximately the same, the high
angle sample has most of its excess energy in the
grain boundaries, whilst in the low angle sample the
energy is distributed among the boundary and the
interior of the grain, as elastic distortions. The excess
enthalpy AHGS is expressed as a fraction of the heat of
fusion. The excess enthalpy increases from 15% to
43%, when grain size is decreased from 12 nm to
3.4 nm (Fig. 1d). The excess enthalpy is lower in the
LA sample than in the HA sample. Differential
scanning calorimetry (DSC) measurements of n-Ni
with a mean grain size of 12 nm synthesized by
mechanical attrition, showed a stored enthalpy in the
grain boundaries of 25% of the heat of fusion.
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MICROSCOPIC DESCRIPTION OF PLASTICITY IN COMPUTER GENERATED
METALLIC NANOPHASE SAMPLES

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

We report simulations on the plastic behaviour of nanocrystalline Ni and Cu with grain sizes in the range of
3-12nm. We observe a change in deformation mechanism in both materials: at the smallest grain sizes all
deformation is accommodated in the grain boundaries, while at largeer grain sizes we observe intragrain
deformation. Analysis of the atomic configurations shows that stacking faults are produced by the passage
of partial dislocations generated and absorbed in opposite grain boundaries. In Cu, we observe the
stacking faults at smaller grain sizes than in Ni (8and 12nm, respectively), which is attributed to the lower
stacking fault energy of copper. Dislocations appear on slip systems that are not necessarily those
favoured by the Schmid factor. Atomic displacement analysis shows that deformation starts at triple points,
with grain boundary sliding followed by the creation of intragrain partial dislocations.

The relation between yield stress and grain size has
been the subject of intensive research in recent years
due to the complex behaviour observed in nanophase
materials. Most of the results confirm the validity of
the classical Hall-Petch relation down to mean grain
sizes of a few tens of nanometers. At grain sizes
below 20 nm the results are controversial: whereas
some results indicate a yield stress independent on
the grain size, or even a reverse Hall-Petch relation,
others confirm an increasing yield stress with
decreasing grain size. A possible departure of the
Hall-Petch relation can be explained by dislocation
theory. However, when the grain size becomes
comparable to the grain boundary width, like in
nanophases, all approaches become questionable
and the possibility of a new regime of deformation,
associated to the highly disordered interface regions,
is open. Another deformation mechanism that has
been invoked is sliding at the grain boundaries. This
process has several microscopic contributions and
modelling, and is at the basis of the explanation of
superplastic behaviour.

Computer study of plastic deformation is a powerful
tool to provide evidence of possible mechanisms of
plastic behaviour. By an exhaustive analysis of Cu
and Ni samples in previous works [1, 2], we determine
the conditions under which partial dislocations are
created. They appear on slip systems that are not
necessarily those favoured by the Schmid factor.
Atomic displacement analysis shows that deformation
starts at triple points, with grain boundary sliding
followed by the creation of intragrain partial
dislocations.

It was shown in previous papers [1, 2] that in the early
stages of deformation of Ni samples the strain could
be approximated by a linear behaviour in time,
reflecting the absence of damage accumulation. We
also showed, that when Ni is deformed with a 1.5 GPa
uniaxial tensile load, two regimes can be observed in
the strain rate versus inverse grain size plot. For grain
sizes larger than 10 nm, the strain rate is independent
of the grain size, while for smaller grain sizes, the
strain rate increases considerably. A transition for
d<8nm between an inter-grain channelled slip

behaviour and an intermediate mechanism controlled
by a decreasing contribution from GB sliding and an
increasing contribution of intra-grain dislocation slip is
suggested in [2]. We have analysed the atomic
structure of the Ni and Cu samples deformed at about
the same strain rate and up to the same plastic
deformation.

Fig. 1: Slices of nanophase Ni samples with average
grain size of (a) 5.2nm and (b) 12nm. One tick
is2nm in both figures.
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Figs. 1a and 1b show slices of Ni samples with
average grain sizes of 5.2 and 12 nm, named as
Ni_5.2 and Ni_12, respectively. The samples were
deformed with a strain rate of about 3-107/sec using a
tensile load of 1.5GPa for Ni_5.2 and 2.6 GPa for
Ni_12. The total deformation of the samples in this plot
is 2.3% for Ni_5.2 and 2.7% for Ni_12. At that strain,
both samples have a similar plastic deformation of
about 1.4%. We observe only hep clusters in the grain
boundary at the smallest grain sizes (Fig.1a), whereas
stacking faults can be observed inside the grains at
larger grain sizes. The latter is indicated by two hep
planes crossing the grain from one grain boundary to
the opposite one, as can be seen on the lower part of
Fig.1b. This implies a transition into another
deformation mechanism based on partial dislocation,
as is well known for coarse grain polycrystalline
material.

A similar change in deformation mechanism with
increasing grain size is observed in Cu, but starting
already at a smaller grain size. Deformation of Cu with
8nm average grain size (named as Cu_8.0) up to the
same plastic deformation level as for the Ni samples,
(a total strain of 3.7% in this case), shows evidence of
intra-grain deformation. Fig. 2 presents the time
evolution of a slice of this sample. The first picture is
the configuration without deformation. The following
pictures are at increasing deformation levels between
3.4%, and 4.1%. At a strain level of 3.2%, a small
cluster of hep atoms can be observed at a triple point.
As the deformation proceeds, sliding occurs along a
grain boundary, then slip in a grain, and later on slip is
observed in two other grains. In all cases, slip is
produced by the motion of a partial dislocation emitted
from a grain boundary to the grain interior, leaving
behind two hep planes. Analysis of the sample
revealed that plastic deformation in Fig. 2 is initiated at
the grain boundary in a triple point.

In both materials we observed a change in
deformation mechanism on the atomic level: at the
smallest grain sizes all deformation is accommodated
in the grain boundaries. At larger grain sizes intragrain
deformation is observed, which is detected by the
presence of stacking faults inside the grains. 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 at
smaller grain sizes than in Ni (8nm in Cu, 12 nm in Ni)
due to the difference in their stacking fault energy. The
Schmid factor rule is followed in Ni, but not in Cu. At
smaller grain sizes, the influence of the local stresses
at the grain boundary on the slip system is expected to
be larger.
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Fig. 2: Time evolution of Cu_8.0
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DEVELOPMENT OF OPTIMIZED, THERMALLY SPRAYED METALLIC COATINGS
USING NOVEL LEVEL OF MICROSTRUCTURE CONTROL

J. llavsky (IPP Prague), W. Wagner (PSI), J. Pisacka (IPP Prague) and S. Siegmann (EMPA)

Anisotropic Porod scattering was used to characterize thermally sprayed deposits made of ceramics
(alumina and zirconia) and metals (Ni, NiCr, and NiAl). Thermally sprayed deposits exhibit a special type
of microstructural anisotropy related to the manufacturing method. Strong anisotropy was confirmed in the
ceramic deposits, whereas only small anisotropy was found in the metallic deposits. Strong microstructural
variations were found in these deposits; the Porod constant varied by about a factor of 5 for the metallic
deposits depending on the manufacturing method and material. The results show, that SANS analysis can
be useful for the characterization of these complex microstructures and if combined with standard
techniques can be applied to obtain potentially important understanding of relationships between
microstructure andproperties.

Thermally sprayed deposits often exhibit a special type
of anisotropy - their microstructure, when viewed from
above (perpendicularly to substrate surface) is
isotropic, whereas when viewed in cross section it is
strongly anisotropic (Fig. 1).

Anisotropic
Cross section.

Fine cracks
(low volume,
high surface
area)
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Loiy. '.sacks (higher
volume, low surface area)

Fig. 1: SEM micrograph of the cross section of a
thermally sprayed zirconia deposit.

Evaluation of this microstructure is a challenging
problem as the dominating microstructural features -
voids - belong to various "families" depending on their
production mechanism, size and shape. Numerous
methods have been applied recently, most notably
intrusion methods and studies of cross sectional im-
ages, each with its specific limitations. Anisotropic
Porod scattering is another method recently applied. It

allows anisotropic characterization of voids via their
surface areas. Often, if strong enough anisotropy is
found the void systems can be separated and char-
acterized independently.

During these studies Porod scattering is evaluated in
the cross section in angular sectors (10 degrees in the
present case) as seen in Fig. 2.

Fig. 2: Porod Apparent surface area measured in
different sectors on the alumina sample.

Measurements on the ceramic samples were used to
test the reproducibility of the results obtained in previ-
ous measurements on the 8m SANS at the 20MW
reactor at NIST (Center for Neutron Research, Na-
tional Institute of Standards and Technology, USA).
Fig. 3 shows, that results obtained on ceramic sam-
ples exhibit the same type of anisotropy.

Absolute calibration obtained at PSI using water stan-
dard resulted in somehow lower absolute values for
Porod surface areas (in Fig. 3 the values were scaled
by an experimental constant).
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Metallic samples - Ni, NiCr and NiAl - were manu-
factured by a number of different thermal spray
techniques to prepare a wide range of microstructures.
These microstructures contain various amounts of
voids (porosity) as well as oxides, which complicate
the evaluation. Very low SANS anisotropy compared
to ceramic deposits was found in metallic deposits.
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Fig. 3: Apparent Porod constant measured in
different sectors on the alumina sample.
Comparison of results obtained at PSI
(WSPPSI) and NIST (WSPNIST). Note that
with respect to Fig. 2 this is rotated through 90
degrees; 0 degree direction is in the X
direction of Fig. 2).

The porosity of the metallic deposits (measured by
optical microscopy) varies between about 3% and
12%, the oxide content between about 5% and 20%
(Fig. 4a and b). Porod constants vary by about a factor
of 5. Full evaluation including calculations of the Porod
surface areas are now in progress and will include for
full XRD and chemical analysis of the cross sections
using EDAX on SEM.

This SANS experiment shows that useful data can be
obtained in this way to increase our abilities to char-
acterize the void microstructure of the thermally
sprayed deposits. The responses gained from different
materials and thermal spray systems are broad
enough to justify hope for further correlations. The
SANS results need to be combined with other micro-
structure and mechanical characterization techniques
to obtained deeper understanding of the properties of
these complex materials.

Fig. 4: Microstructure of a) vacuum plasma-sprayed
NiCr and b) water-stabilized plasma sprayed
NiAl. Magnification: width of the micrograph is
228 (xm.
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MAGNETIC MICROSTRUCTURE OF NANOSTRUCTURED FERROMAGNETIC
METALS

J.F.Loffler, H.-B. Braun, W. Wagner (PSI), G. Kostorz (ETHZ), A. Wiedenmann (HMI Berlin)

Small-angle neutron scattering experiments on nanostructured Fe, Co and Ni reveal a coupling across the
interfaces that depends strongly on grain size. In Fe, at a grain size of around 35 nm, the spatial magnetic
correlations are the smallest and the coercive field shows a maximum. The crossover occurs at grain sizes
comparable with LJ = p d, with d the bulk domain-wall width. We present an extended random-anisotropy
model to explain the magnetic properties in the low grain size regime. The magnetization behavior in an
external magnetic field of variable strength can be described by a modified Stoner-Wohlfarth model.

It is well known that the magnetic properties of isolated
grains change drastically as their size is reduced to the
nanometer range. If such grains are consolidated to
form a nanostructured material, the resulting
macroscopic magnetic properties are largely deter-
mined by the grain size and the exchange interaction
between adjacent grains. The dependence of
magnetic properties on structural features allows to
tailor materials to the needs of specific applications.

In fact, it has been observed [1], [2] that in nano-
structured materials the coercive field passes a
maximum for grain sizes comparable to the bulk
domain-wall width. This behavior has been explained
by the random-anisotropy model (RAM) describing the
loss of long-range order in a ferromagnet due to a
random orientation of anisotropy axes, a model that
has originally been proposed [3] for the description of
amorphous materials. A verification of the relevance of
the RAM to nanostructured materials requires a
comparison between magnetic correlations and the
predictions of the RAM. We therefore performed small-
angle neutron scattering (SANS), which is sensitive to
local magnetic (as well as structural) properties on the
nanometer scale.

For our SANS experiments, we produced nanostruc-
tured Fe, Co and Ni by the inert-gas condensation
technique. The production procedure leads to a
macroscopic disk-shaped sample with a diameter of 8
mm and a thickness of 100-300 u.m, whereas the grain
size in these materials is around 10 nm. By thermal
annealing the grain size can be increased
incrementally up to 100 nm.

We measured the SANS radial scattering cross
section of the Fe, Co and Ni samples with different
grain sizes at different values of the external magnetic
field. In an external magnetic field of 10 kOe the mag-
netization of most grains is aligned in the direction of
the magnetic field. In this case, the forced common
magnetic alignment extends to such large distances
that it cannot be resolved any more by SANS. The
scattering then only originates from nanometer sized
grains surrounded by grain boundaries of different
(nuclear and magnetic) density. Indeed, the average
grain size obtained from those measurements agrees
well with the average grain size determined by x-ray
diffraction. At H = 0, we observe an additional

scattering, which we attribute to spatial magnetic
correlations forming spontaneously in zero-magnetic
field. The size of such correlations can therefore be
extracted by considering the difference between zero-
field scattering and scattering at H= 10 kOe.

Fig. 1 shows the (volume-weighted) average magnetic
correlations Lm obtained from the SANS measure-
ments as a function of the average grain size D. The
general trend is a continuous decrease of Lm with
decreasing grain size down to a size of about 35 nm,
and an increase as the grain size decreases further.
Samples with D > 80 nm exhibit magnetic correlations
near the resolution limit of the SANS instrument, i.e. Lm

> 150 nm, and are not shown in the figure.

For grain sizes below D = 35 nm, the experimental
results yield an increasing correlation length exceeding
the grain size. The coupling between adjacent grains
thus appears to play an important role. These
observations are in qualitative agreement with the
RAM which predicts an increase of the correlation
length Lm ~ MD3 for small grain sizes D. By a
modification of the RAM we find that this equation is
also valid for nanostructured materials with reduced
(inter-grain) exchange constant / [4]. As long as I/A is
of the same order as dl D (the ratio between grain
boundary thickness and grain size), the effective
exchange constant is of the same order as the intra-
grain exchange constant A.

Furthermore, we find that with free boundary condi-
tions, nonuniform magnetic correlations exist in grains
with sizes larger than Lcrit = K 8 (~ 46 nm in Fe), with

Sw = IZ4AI K = 46w« the bulk domain-wall width and

K the anisotropy constant [4]. Thus, for grain sizes
larger than i.crit, we expect the formation of domain
walls within one grain or at grain boundaries. The
existence of domain walls within grains is no longer in
accordance with the RAM. The magnetic correlations
will increase with grain size D, in agreement with our
observation (cf. Fig. 1). Correspondingly, the coercivity
is then determined by the depinning of such domain
walls. In fact, the observed coercivity decreases as
1/Din this regime [1, 2].

We further investigated in detail the response of the
intergranular magnetic correlations to external fields.
The magnetic scattering varies with the angle between
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the scattering vector and the magnetization vector.
Thus, anisotropic distortions of the lines of equal
intensity on a two-dimensional SANS detector are a
measure for the magnetization direction of correlated
regions relative to the external field.

Fig. 2 shows the aspect ratio of the vertical to
horizontal axis of the SANS intensity lines of an Fe
sample, for correlation lengths larger than 40 nm. The
aspect ratio is smaller than unity in a field range up to
3 kOe, which gives evidence for a local net magnetic
component perpendicular to the external field. The
figure also gives the hysteresis loop measured with a
SQUID magnetometer. It shows, for instance, that at
an external field of 1.5 kOe about 80 % of the
saturation magnetization is reached although still a
pronounced field-perpendicular component is mea-
sured by SANS. In general, the field-perpendicular
component is more pronounced in Fe than in Co. For
both materials, the effect becomes less pronounced
with increasing external field and finally vanishes (cf.
Fig. 2). For correlation lengths smaller than 40 nm, we
always observe the 'usual' ferromagnetic alignment.

For an interpretation of the SANS data we elaborated
a model of magnetic domains embedded in a homo-
geneous magnetic matrix, with the magnetization of
the domains tilted relative to that of the matrix. We
calculated the magnetic scattering of this modeled
microstructure as a projection onto the two-dimen-
sional SANS detector. Two cases were distinguished:
The scattering of magnetic particles located (i) in a
matrix with the same modulus of magnetization and (ii)
in a nonmagnetic matrix.

The calculated scattering profiles of model (ii) describe
the experimental data well for correlation lengths
smaller than 40 nm. The model requires an assembly
of magnetic particles in a weakly magnetic matrix.
This, we propose, is in the present case the assembly
of grains embedded in the interfacial matter.

For correlation lengths larger than 40 nm, the calcula-
ted scattering profiles of model (i) describe the
experimental data well. This agreement supports the
interpretation that, at intermediate fields, the domains
are still tilted considerably out of the external field
direction. We find that, at around 1 kOe, the
magnetization vectors are tilted up to 70° without the
correlation lengths being significantly increased. This
result suggests that the magnetization relaxation in our
samples occurs via rotation of entire domains which
confine several grains. To explain the magnetization
process we modified the Stoner-Wohlfarth model (a
model which originally describes the magnetization
rotation of single-domain particles) to take into
consideration also the magnetic exchange between
the grains. With this modified model we can
quantitatively explain the magnetization behavior as a

function of the external field for our nanostructured
samples.

1 0 20 30 40 50

D [nm ]

60 70 80

Fig. 1: Average spatial magnetic correlation length Lm

versus average 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 corre-
lations with Lm < Lcrit are found (gray shadowed
region).
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Fig. 2: Aspect ratio of the vertical to horizontal axis of
the SANS intensity lines of a nanostructured
Fe sample (D = 12 nm) in comparison with the
hysteresis measured with a SQUID
magnetometer (Ms - saturation magneti-
zation).
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POSITRON LIFETIME MEASUREMENTS ON NANOCRYSTALLINE IRON

S. Van Petegem*, D. Segers*, C. Dauwe (RUG, Department of Subatomic and Radiation Physics, Belgium)
H. Van Swygenhoven, J.F. Loffler, W. Wagner (PSI)

Positron annihillation lifetime measurements are performed on nanocrystailine iron samples, prepared at
PSI by the inert gas condensation technique, in order to study the influence of compaction and annealing
parameters on the structural defects. Three different types of defects could be detected : vacancy-like
defects in the interfaces, microvoids and large free volumes of the size of a missing grain.

Positron lifetime spectroscopy is a well known tool for
studying structural defects in crystals. The lifetime of a
positron (before it annihilates with a crystal electron) in
a material depends on the electron density seen by the
positron. When trapped in a defect, a positron will see
a lower electron density than in the perfect crystal and
thus will live longer, the lifetime depending on the size
of the defect. The lifetime of a positron can therefore
be used as a unique and sensitive measure for the
size of defects in crystals.

The experimental set-up is presented in Fig 1. A
positron source, 22Na, is sandwiched between two
nanocrystalline samples. Immediately after emitting a
positron, the source produces a 1274 keV y-ray which
is detected by the scintillator crystal and
photomultiplier and is used as the start signal. When
the positron annihilates, a 511 keV y-ray is emitted
which acts as the stop signal. From this information,
the lifetime of the positron can be deduced.

scintillator
Na-source

photomultiplier
samples

Fig. 1: Schematic drawing of experimental set-up.

Nanocrystalline iron samples were prepared at PSI
with the inert gas condensation technique using
different compaction parameters and annealing
treatments. The mean grain size of the samples
measured by X-ray scattering and small angle neutron
scattering ranges between 10 and 100 nm [1]. The
density of the samples is between 85 to 90% of the
theoretical density. Positron lifetime measurements
are performed to characterise the free volume
distribution in the samples, which will allow an
optimisation of the compaction and annealing
parameters in the synthesis process.

Two nanophase samples each synthesised under
identical conditions were mounted. The measured
positron lifetime spectrum shows a clear dependence
on syntesis parameters. In each measurement three

types of defects were found: i) vacancy-like defects , ii)
microvoids and iii) larger free volumes with the size of
a missing grain. According to a commonly used two-
dimensional model [2], the vacancy-like defects are
located in the interfaces between the grains while the
microvoids are situated at intersections of interfaces.

The microvoids have the size of about 26 vacancies as
determined by model calculations [3]. The exact size
of the larger free volumes is more difficult to estimate
because of two reasons : the formation of positronium
in these larger free volumes for which model
calculations are less reliable and the possible inclusion
of He gas during the synthesis of the samples. The
presence of the latter influences the positron lifetime. It
is assumed that these large free volumes have the
size of a missing grain.

Compaction of the samples at a temperature higher
then room temperature (200°C) or annealing after
compaction at about the same temperature result both
in a 30% decrease of the number of microvoids.
However, measurements also demonstrate that both
types of annealing result in a different distribution of
the free volume. Annealing up to 550°C showed not
only a more pronounced decrease of the number of
microvoids (50%) but also a decrease of the mean
size of these voids. More intermediate steps in the
compaction and annealing process have to be
measured in order to get a clear view on the role of the
pressure and temperature on free volume distribution
in the nanocrystalline samples.

To facilitate the procedure, measurements are now
performed in a setup in which one of the
nanocrystalline iron samples is replaced by a
polycrystalline iron sample with well-known lifetime
distribution. Measurements on Ni and Pd, as well on
Ni-Ai intermetallics are planned.
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ADVANCED NANOCOMPOSITE MOSX/M (WHERE M = ELEMENT OR COMPOUND)
THIN FILM COATINGS WITH EXTRAORDINARY TRIBOLOGICAL PERFORMANCE

M.C. Simmonds, H. Van Swygenhoven (PSI), A. Savan, E. Pfluger (CSEM)

Nanocomposite MoSx/M (where M - various elements or compounds) have been synthesised by
magnetron cosputter deposition. The tribological properties of the films have been investigated using pin-
on-disk wear testing. By optimising the film structure dramatic improvements in film performance have been
achieved.

Sputter deposited MoSx (where x ~ 1.6) is often used
as a solid lubricant for vacuum (space) applications,
where it can exhibit low friction coefficients and long
lifetimes [1]. Recently, interest has risen in using MoSx

in terrestrial applications (for cutting, milling and
shaping operations). In such applications MoSx thin
film coatings show much poorer performance than
under vacuum conditions. Lifetimes of the films are low
(insufficient). Other problems include high and
unstable friction coefficients.

Last year we reported substantial improvements in the
performance of MoSx thin films by growing nanoscaled
MoS/metal multilayers. By optimising multilayer
structure we improved the lifetime of films by a factor
of 5, whilst also reducing the friction coefficient by
60%. Structural investigations showed that the
improved film performance did not result directly from
the multilayer structure but was rather due to structural
improvements in the MoSx itself. This led us to
conclude that it may well be possible to induce these
microstructural changes by growing nanocomposite
alloy thin films of MoSx with another element or
compound. This approach is attractive as it can
successfully coat complex parts, which would be
impossible for nanoscaled multilayers.

EFFECT OF FILM COMPOSITION

Nanocomposite alloy films were grown by magnetron
cosputtering from a MoS2 target and a target of the
dopant material. The volume fraction of dopant was
varied over the range 0-25%.The results of sliding pin-
on-disk tribological tests in 50% RH air (load = 5 N,
ball = 0 6 mm, velocity = 0.1 m s"1) for nanocomposite
layers deposited onto polished 440C steel substrate
with a 40 nm Cr adhesion layer are shown beiow.

1.6-
1.4-
1.2-
1.0-
0.8-
0.6-
0.4
0.2-
0.0

| MoS, + Au

| MoSx +WSe2

I Pure MoS.

0 2 f L -J 12 14 16 25
Volume fraction of dopant (%)

Fig 1: Lifetimes of 0.5 urn thick MoS^Au and
MoSyWSe2 nanocomposites.

Fig. 1 shows that film performance is a function of
volume fraction of dopant. Optimum performance
occurs at a volume fraction of around 8%. The lifetime
has been improved by over an order of magnitude.
There is a significant reduction in friction coefficient,
and improved stability of friction coefficient (not shown
in Fig. 1) compared with the pure MoSx film.

EFFECT OF FILM THICKNESS

The tribological performance [2,3] of pure MoSx thin
film coatings in humid air is independent of film
thickness in the range 0.3 to 3 urn. This is ascribed
toicrostructural problems associated with thicker films.
As the goal of the nanocomposites was to overcome
these structural shortcomings the wear characteristics
of thicker nanocomposite films with the optimum
dopant composition were investigated. The results of
sliding pin-on-disk tribological tests (conditions as
before) are shown below.

MoS + WSeo

10000 20000 30000

First 35,000 revolutions

(a)
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Number of revolutions (x106)
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(b)

Fig 2: Friction coefficient versus sliding distance
(revolutions) of 2 urn thick MoS,/WSe2 and
MoS/Ti films compared to a pure MoSx film; a)
shows detail of the first 35,000 revolutions
whilst b) shows revolutions to film failure.
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Fig. 2a reveals the problems of noise usually seen for
the pure MoSx films, with the friction coefficient varying
by well over 50% over a few revolutions. In contrast,
the friction coefficients for the nanocomposites are
much more stable as well as much lower. Fig. 2b
shows that a further significant improvement in film
lifetime has been achieved simply by increasing the
film thickness from 0.5 u.m to 2 u.m. For the
MoSyWSe., nanocomposite a 4-fold increase in film
thickness led to a 10-fold improvement in lifetime,
whilst for the MoS/Ti an improvement of about 5-fold
was observed. Further work is underway to optimise
the film thickness.

The tribological results for our best nanomultilayer and
nanocomposite films are summarised below:

Table 1: Tribological properties of optimised coatings.

Lifetime

Frict. Coeff

MoSy

1

0.20

MoSx + Ti

25

0.10

MoSx + WSeP

100

0.13

By optimising the structure of both nanomultilayer and
nanocomposite thin films we have obtained dramatic
improvements in film performance. Friction coefficient,
noise (frictional torque variation) and film lifetime have
all been improved dramatically.

STRUCTURAL INVESTIGATIONS

In an attempt to elucidate the mechanism(s) behind
the improved tribological performance of the
nanocomposites, films grown onto glass substrates
have undergone extensive x-ray examination. The
results of the x-ray diffraction of MoS/Au
nanocomposites are shown below
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Fig 3: Integrated peak intensity of the MoSx (002)
basal plane and the MoSx (100) edge plane as
a function of Au content.

on an atomic scale in terms of its lamellar crystal
structure. The preferred orientation for easy shear
(and hence good lubricious properties) is basal where
the (00/) planes are parallel to the substrate (i.e. the
(002) peak in Fig. 3). In this case, layers of
molybdenum bonded above and below by a sulphur
layer, lie parallel to the substrate surface. Only weak
van der Waals forces exist between these S-Mo-S
sandwich layers, which results in the films having a
low shear strength and hence a low friction coefficient.
Poor film performance is often ascribed [4] to the
presence of many edge oriented planes, where (hkQ)
planes are parallel to the substrate (i.e. the (100) peak
in Fig 3). These planes often form during sputter
deposition. The easy shear planes are no longer
parallel to the substrate, resulting in a higher friction
coefficient. Higher wear rates are also in part
attributed to the higher reactivity of these planes with
oxygen.

Clear similarities can be seen between the
microstructure (Figure 3) and the tribological
properties (Figure 1) of the films. Low levels of dopant
(2-5%) lead to an increase in the crystallinity of the
film, with both the (100) peak and (002) peak
intensities rising. A simultaneous reduction in the
amorphous diffuse scattering is observed in the
diffraction spectra. This increase in crystallinty is
associated with an increase in tribological
performance. As dopant level increases further (7-
10%) the degree of the beneficial (002) plane
continues to increase to a maximum. In this regime the
amount of detrimental (100) plane in the film begins to
decrease. This is accompanied by a further
improvement in the wear characteristics of the films.
For higher dopant levels the intensity of the (002) peak
decreases substantially which is associated with a
worsening of tribological performance.

This study is part of the Swiss Priority Programm on
Materials Research and is in colaboration with CSEM,
EMPA and the University of Neuchatel and is
supported by Rolex SA, Hilti AG and Buhler AG.
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1 H-NMR STUDY OF HYDROGEN (AD)-ABSORPTION ON NANOSTRUCTURED
PALLADIUM

V. Bonny, W. Wagner (PSI), P. Bouyssy, K. J. Packer (Uni Nottingham), J. van der Klink (EPFL)

Nanostructured Pd was produced by the inert gas condensation method (IGC). To investigate the
narrowing of the miscibility gap in the system nanostructured Pd-H, 1H nuclear magnetic resonance was
used.

Nanostructured materials are a new class of materials
having a typical length scale of between 1 and 100
nm. Their properties differ significantly from those of
conventional materials. For example the behaviour of
the palladium-hydrogen system (PdH) changes when
the Pd grain size is decreased. The phase diagram of
the PdH system possesses a miscibility gap below 570
K. It has been shown1 that nanostructured Pd (nano-
Pd) and coarse-grained Pd (grain size of about 1 jim
or more) do not have the same miscibility gap at 333
K. Indeed the low hydrogen concentration a-PdH has
a maximum solubility which is increased by a factor
two in 8 nm grain sized nano-Pd, and the minimum
hydrogen concentration of the p-PdH phase is reduced
by approximately 25% in nano-Pd compared to
coarse-grained Pd. This initial hydrogen solubility that
does not exist in the bulk is present in several other
nano-transition metal hydride systems as well. Usually
this solubility is ascribed to grain boundaries.
However, on the surface of Pd there is considerable
adsorption (contrary to the surface of the other
hydrides). Moreover it has been shown2 by Monte
Carlo simulations of the pressure-composition
isotherms of nanometer-sized Pd clusters under
hydrogen loading that the hydrogen loads first on the
surface and then in the interior. The above results
suggest that the narrowing of the plateau in the nano-
PdH phase diagram might be in part associated with
loading of hydrogen onto the surface of the voids in
the nanocrystalline samples. So the idea is to look by
NMR for three kinds of hydrogen :

i) at low concentration, on the Pd surface.
ii) somewhat higher: inside the Pd, alpha-hydride.
iii) at high concentration : beta-hydride.

Experimentally the magnetic resonance is excited by a
radio-frequency electromagnetic field. Because of the
skin effect (response to the electrical component) the
field does not penetrate very deeply inside a metal
(typically ten microns). Therefore we need to dilute the
nano-powder with some form of insulating powder.
With 1H-NMR we should use something with a very low
specific surface area, so as to avoid loading of
hydrogen on the insulator surface (formation of
surface hydroxyls when using typical oxides as
insulator). Quantitative spectroscopy made in
Nottingham with SiO2 as an insulator shows that it is
highly hydroxylated following reduction and evacuation
at room temperature, which results in a very broad
signal. For this reason it has not been possible, up to
now, to detect the Knight shifted peak due to hydrogen

chemisorbed to the palladium surface. The only
observed signal comes from the p hydride at high
hydrogen concentration (Fig.1). This signal depends
slightly on the hydrogen concentration and is
approximately the same as the one reported in the
literature for bulk palladium hydride. H2 adsorption
isotherms measured on pure Pd nanopowder show
that in order to load hydrogen on the surface only, the
equilibrium pressure necessary to reach the
monolayer is of the order of 20-30 mbar, assuming a
batch reduction routine which includes heating up to
150°C to be sure to reduce the sample and remove
"all" the adsorbed hydrogen. In this respect overnight
pumping at room temperature as it was carried out
before the NMR measurements in Nottingham is
clearly not sufficient to clean the surface. However, a
second adsorption isotherm measured on the same
sample cleaned in the same conditions, except for a
longer stage at 150°C, shows that, at this temperature
there is already considerable grain growth, thus
decreasing the dispersion. It is hoped that the dilution
of the sample in the insulating powder, necessary for
the NMR measurements, will prevent grain growth.

• 1 2 0 - 1 00 -8 0 -60 -4 0 -2 0 0 20 40 60 B0 100 120

Fig. 1: 1H-NMR spectra of nano-Pd on SiO2 as
function of [H]/[Pd]. The signal at 0 ppm is due
to the surface hydroxyls on the support, the
one on the right is due to the p phase, the one
on the left is a reflexion.
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THE MAIN PERFORMANCE PARAMETERS OF THE NEUTRON RADIOGRAPHY
STATION NEUTRA AT SINQ AND ITS PRACTICAL USE FOR NON-DESTRUCTIVE

MATERIAL STUDIES

E. Lehmann, P. Vontobel (PSI)

In 1998, the neutron radiography facility NEUTRA was completed and started its routine operation. It is the
first station at a spallation source and has some advantageous properties for a wide range of practical
applications. This article describes the main layout parameters and gives an idea about the future
utilisation.

INTRODUCTION

During the completion phase of the spallation neutron
SINQ at PSI the design of a new radiography station
was started in 1995 [1,2]. This relatively early date was
very important for the possibility of optimising the

beam parameters concerning collimation, gamma-
contamination and beam size. The most important
properties of the whole facility are determined by the
design of the special insertion inside the 6 meters
thick shielding block (see Fig. 1).

Bi-Filter Boron carbide

filled apertures

shutter (rotaring drums)

convergen
collimator

divergent collimator

Fig. 1: Layout of the beam port insert of the radiography channel in beam line ,,32" of SINQ

Outside the target block the beam line continues by an
evacuated divergent tube enabling the nearly
unperturbed travel of the thermal neutrons from the
starting point inside the moderator tank to the end
position where the neutron radiography experiments
are performed.

Because a spallation source has much higher neutron
energies from its initial process of neutron generation
it was uncertain how this would affect the needs for
shielding and the purity of the beam. During the
measurements of the properties of the facility it
became clear that high energy neutrons have only
small influence on the system. The main parameters
of the radiography station are given by the moderation
process in the heavy water tank, the beam line
structure and the inserted filter.

LAYOUT OF THE RADIOGRAPHY STATION
NEUTRA

The radiography facility is assembled at the thermal
neutron beam line ,,32" close to the target block of
SINQ. Thermal neutrons are extracted by a specially
designed channel looking on a position in the
moderator tank about 30 cm from the target centre at

1585 mm above the floor level. This situation was
predetermined by the layout of the moderator tank and
its beam ports.

The beam plug inside the moderator tank consists
mainly of steel elements establishing first a
convergent collimator and changing into a divergent
collimator from the smallest aperture (diameter 2 cm).
The opening angle is 2.17°, enabling a collimation
ratio at the beam line end position of more than 500.
In this way, the inherent beam unsharpness can be
reduced to a value below 2 |j.m. The steel insert can,
at the same time be used as primary beam shutter by
6 vertically rotating drums. Because these motor
driven components are not ,,fail-safe", an additional
shutter is installed outside the target block. This
secondary shutter is coupled with the local access
control system (LAC) of the radiography station.

The outer beam channel is an evacuated divergent
tube which can be divided into two parts. The first part
is 3316 mm long and placed close to the outer window
at the target block. The second part (3255 mm long)
can be shifted horizontally by about 820 mm to free
the space for an intermediate radiography position
used for inspection of highly activated samples (see



62

[3]). By this flexible collimator three radiography
stations with different conditions can be established
with properties listed in Table 1.

Table 1: Properties of the three beam position at
NEUTRA in the thermal channel 32

position

distance from
the target

centre [mm]

distance from
the apperture

blind [mm]

beam
diameter [mm]

neutron flux
[cm"2 s"1 mA"1]

UD

Cd-ratio

1

6404

3820

150

1.6*107

200

100

2

9876

7292

290

5*106

350

100

3

13131

10547

400

3*106

550

100

The outer structure of the radiography station (Fig. 2)
consists of the concrete shielding designed to limit
dose rates to less than 1 jxSv/h outside this shielded
room. The wall thickness is between 0.5 and 1 meter
of heavy concrete and is completed by a beam dump
of borated concrete. The radiography room behind the
end position of the collimator is 2.5 m high, 1.8 m
wide, 2.4 m deept This room is very comfortable for
inspections of large samples or for experimental
facilities used for in-situ investigations (see [4]).

Iron
shielding

Beam line
nozzle

MEASURED PERFORMANCE PARAMETERS

Neutron flux level

The thermal neutron flux was measured by gold-foil
activation and spectrometric analysis of the y-
radiation. Results are summarised in Table 1.
By shielding the gold-foils with Cd sheets it was
possible to determine the amount of epithermal
neutrons in the beam. This is described by the Cd-
ratio, also presented in Table 1. For some
investigations (especially quantitative measurements)
the epithermal neutrons can be a disadvantage by
adding an uncertain source of moderated neutrons.
Conversely, epithermal neutrons can also be used for
investigations of thick layers of material and strong
thermal neutron absorbers [6]. In this sense the level
of epithermal neutrons is acceptable at NEUTRA

Neutron spectrum, average neutron energy

The knowledge of the neutron spectrum is very
important for quantitative investigations because most
of the neutron detectors have an energy dependent
response. At beam line ,,32" the spectrum was
measured by TOF [5]. Compared to the similar
experimental values at beam line 31 (looking on the
same position in the moderator tank) several
depressions were found which are due to the
properties of the bismuth crystal inserted into the
beam line 32 to act as gamma filter. For neutron
radiography studies this feature can be accepted and
has to be taken into account only in very special
cases.

In addition, the mean neutron energy was investigated
by Kobayashi with a method [7] comparing the
attenuation in Ti and Pb. The resulting mean energy
was 18 meV, deviating from the peak energy of the
unperturbed spectrum at beam line 31 (25 meV).

RADIOGRAPHY
STATION FOR
RADIOACTIVE
SAMPLES

GENERAL
PURPOSE
RADIOGRAPHY
STATION

Target Moderator
tank

inner collimator

Sample
positioning
device

outer collimator

Detector Beam-
catchers

Fig. 2: View on the radiography station NEUTRA at the target block of SINQ utilising the thermal beam line 32
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Gamma background

All neutron sources are contaminated with y-radiation
from the neutron emission process and by neutron
interactions in the area close to the beam line.
Because some of the radiography detectors (X-ray
film, imaging plates) are also very sensitive to y-
radiation, this background should be as low as
possible. The design of the facility (beam line without
direct view on the target region) and the low gamma
production rate of heavy water compared to light water
are the two main reasons why the value measured
with open shutters and at full power operation of SINQ
is reasonably small (1.5 mSv/h). It was obtained
behind a neutron absorbing layer of 6Li to avoid
additional y-radiation by activation in the neutron
beam.

Beam collimation

The sharpness of radiography images can be
increased if the neutron beam has a quasi-parallel
characteristics. In this manner the spatial resolution of
radiographs will be determined mainly by the neutron
detector. For this purpose, the NEUTRA facility was
designed to get an L/D-ratio larger than 500, enabling
a resolution better than 2 um

To verify the design parameters, a method was used
as proposed in [8], investigating the profiles of holes of
different diameters in an absorber plate placed in the
neutron beam in a certain distance in front of the
detector. An image of this plate is shown in Fig. 3 for
the distance of 83 cm. All details are clearly visible.
The analysis of the measured profiles lead to L/D-
values of 520 ± 20.

Fig. 3: Image of the L/D-device at a distance of 83
cm from the detector plane, indicating only
minor blurring of the image.

Beam profile

The profile of the open beam was measured by
imaging plates' (20 cm times 40 cm) to observe the
whole neutron field (40 cm in diameter, circular). The
central part presented in Fig. 4 shows a very flat beam
profile in vertical direction and a small slope from left
to right in horizontal direction. This behaviour can be
explained by the radial flux distribution inside the
moderator tank delivered as a mirror image on the
radiography detector plane. For most practical
investigations the slope has no consequences, for
some quantitative studies it has to be taken into
account.

The central plateau of the beam is about 25 cm wide,
has a square form (mainly given by the inner
collimators) and can be used well for studies of
relatively large objects.

DETECTORS FOR NEUTRON RADIOGRAPHY AT
NEUTRA

Several independent detector systems are in use at
NEUTRA. They are covering different regimes
regarding time- and spatial resolution as indicated in
Fig. 5. Depending on the sample observed, the most
useful technique will be applied in each case.

Film method

X-ray films in connection with neutron converters (Gd,
Dy, In, B) are traditionally used for neutron
radiography investigations. Film has the advantage of
high resolution, but suffer from limitations concerning
sensitivity, linearity and post-processing. The X-ray
films can be developed in a well equipped darkroom
near the NEUTRA station.

Imaging plates

This relatively new method [9] has some advantages
compared to film and was in use at NEUTRA as the
standard detector for many of the investigations. Due
to their low sensitivity to visible light but high radiation
sensitivity, imaging plates (IP) can be applied without
the need for darkroom conditions. Depending on the
IP-scanner, the resolution can be as good as 50 |im.
The system is well suited for quantitative studies
because of its linearity over about 5 decades in
dynamic range. In addition to their use for radiography
they were applied for investigation of the neutron
beam profiles. An example for the SANS-beam at the
collimator is shown Fig. 6

Camera based detector system

This system was developed for the special conditions
at NEUTRA [10]. It is best suited for quantitative
investigations (moisture transport, content of boron
within material layers) because its liquid nitrogen
cooled CCD-camera guarantees high reproducibility
during repeated investigation cycles. Together with a
rotating sample table it will be applied for neutron
tomography in the near future. This procedure is only
possible with camera based systems using it as an
automated unit.
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Fig. 4: Measured beam profile at the interim position 2 of NEUTRA
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Fig. 5: Working area of the different radiography detectors in use at NEUTRA

Track-etch foils

Some neutronic reactions can be visualised in
connection with a-emitting nuclides (10B, U) by thin
nitrocellulose layers. After exposure, the primary
tracks are enlarged by an etching processes to
macroscopic visible size. In this manner, a neutron
detector is available which is not influenced by other
background radiation. Its field of application is mainly
for highly radioactive samples such as spent nuclear
fuel [11] or target elements of SINQ [12].

APPLICATION OF NEUTRA

Given by its excellent system parameters and the
diverse detector systems, a wide rage of investigations
can be performed at the radiography station NEUTRA.
Complementary to the traditional methods in non-
destructive material testing (with X-ray, gamma or
ultrasound) its high sensitivity to small amounts of
hydrogen and the properties of neutrons in penetrating
thick sheets of metallic samples can favourably be
used.

Because of the reasonably high neutron flux at
NEUTRA and the increased sensitivity of the new
neutron detector systems (IP, CCD-camera) the
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inspection time was reduced from minutes or hours
down to only several seconds. It is an advantage of
this measuring devices to store the images as
digitised information for future work with established
post-processing tools.

Based on practical investigations in the past, the future
working field are envisaged in non-destructive
inspection of mechanical, electrical and biological
objects. Material distribution measurements will be
performed for building materials, wood or concrete as
an final disposal agent for nuclear waste. Crystal
growing processes within vacuum chambers can be
studied in situ.

It was shown [13] that real time dynamic inspections
are possible at NEUTRA down to more than 50
frames per second. This is of practical importance for
two-phase flow investigations and fast processes of
material mixing (e.g. fuel cell generators).

The study of materials after long-term irradiation can
be performed at a modified radiography station at the
interim position, called NEURAP [3,11]. This facility
was used for transmission analysis of spent nuclear
fuel of different nuclear power plants and the some
rods of MARK-1 target of SINQ.

CONCLUSIONS

The suitability of NEUTRA as a flexible facility for
investigation with neutron radiography could be
verified by several experimental tests. Due to the

small inspection time for one given sample it is suited
as ,,user-facility" in the national or European
framework of collaboration.
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REAL-TIME NEUTRON RADIOGRAPHY AT NEUTRA - FIRST ATTEMPTS,
OUTLOOK TO PRACTICAL APPLICATIONS

E. Lehmann (PSI), J. Meyer (GLOOR instruments AG, Uster)

This report describes first attempts toward a neutron radiography inspection method under real time
conditions. For this purpose, a video camera system with an image intensifier was installed at the
radiography station NEUTRA. The primary image is obtained on a scintillator screen inside a light tight box.
The amount of light produced by a neutron field with 3-1(f cm2 s'1 was found sufficient to get clear
information in 25 frames per second.

INTRODUCTION

Processes of interactions with hydrogenous samples
(water, oil, gasoline) or liquid metals in thick layers
often take place in time scales of tenth of seconds and
below. With neutron radiography the visualization and
detailed observation is possible because of the high
contrast by hydrogen and the good transparency of
heavy metals (like lead, bismuth or uranium).
However, high resolution CCD-camera systems [1]
need some seconds to generate the image and in
addition some second for reading out the CCD-chip.

Therefore, two problems have to be solved in order to
come down into the millisecond time scale: have more
light intensity on the sensor and use much higher read
out rates. To solve the first problem, an intensifier has
to be installed in front of the camera. A video signal
with high repetition rates was used to overcome the
second difficulty.

LAYOUT OF THE REAL-TIME SYSTEM

The arrangement of the video system used is
illustrated in Fig.1. The intensifier has a gain in light
intensity of 30.000 to 70.000. The camera (Kappa CF
/1 FMC with variable shutter control) with Navitar
objective was driven by a GrabBit Camera interface
and operated up to 25 frames (corresponding to 50
fields) per second - according to the standard video
norm. The software for data acquisition and post-
processing was AnalySIS 3.0. The video signals were
stored on tape by a standard video recorder.

neutron
beam

object or
process

intensifier

mirror

light tight box

RESULTS OF THE MEASUREMENTS

The most important question to answer was whether
the neutron flux level at the end position of the
NEUTRA beam line would be high enough to enable
the system to get a high frame rate information. For
this purpose two experiments were installed: air
bubbles were pressed into a 1 cm thick layer of oil as
well as into water. The distribution and flow rate should
be visualized behind a 2 cm thick Al-sheet.
As shown in Fig. 2, it was really possible to get clear
images with a frame rate higher than 50/second.
Compared to the static images there are some
limitations regarding spatial resolution and inherent
noise. These parameters can be optimized with
respect to the processes observed in the future.

CONCLUSIONS

It was shown by the installation described above that
investigations can be performed under real time
conditions at the NEUTRA beam. Any improvement of
the neutron flux level is important in order to raise the
performance of the system.

Fig. 2:
Fig. 1 : Assembly of the detector system for real time

neutron radiography imaging

Model experiment with air bubbles in oil for
demonstrating the time resolution of a
neutron radiography real time system
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EXAMPLES FOR INDUSTRIAL APPLICATION OF NEUTRON RADIOGRAPHY AND
TOMOGRAPHY

E. Lehmann (PSI), B. Schillinger (TU Munchen)

The investigation of macroscopic material samples with neutrons can provide unique information on the
samples content. This method is applied mainly for investigation of objects containing hydrogen and thick
metallic layers where other methods (like X-ray) fail. Tomography with neutrons utilises many 2D-
projections of the sample and one can calculate its 3D-reconstruction afterwards. Two facilities for this
purpose have been developed at PSI and at the Technical University Munich independently and
complementary. Some results are presented in this article.

INTRODUCTION

The demand of industry and related research in non-
invasive and non-destructive inspection is rising due to
the increasing complexity and costs of technical
components. Therefore more sophisticated and
computerised systems will be applied for solving
specific problems.

In this context, investigations with neutrons will provide
an unique technique complementary to other well
established methods (X-ray, ultrasound, eddy-current).
However, it is necessary to use a strong neutron
source for high quality investigations. This can only be
provided by larger research reactors such as the FRM
in Munich and spallation sources (SINQ at PSI).

Whereas neutron transmission radiography is
sufficient for a wide range of applications, there are
some advantages in tomography providing 3D
information about observed objects. Inner structures
can be measured exactly. This is the basis for
interesting applications in reverse engineering and
rapid prototyping [1].

APPLICATION AREA OF INSPECTIONS WITH
NEUTRONS

Neutrons have advantages for several materials
concerning contrast and penetrability of samples. This
is especially important for hydrogen (witch gives high
contrast) and most of the metals (penetration).

A comparison with the well established X-ray
inspection is presented for a high current diode in Fig.
1. The connection with glue as well as the metal
structure can be well observed in neutron radiography,
whereas the compact metal and ceramics give no
clear image with X-rays.

Another example obtained with 3D-tomography is the
investigation of the glue structure (and quality)
between two metal components as given in Fig. 2. The
hydrogen content in the adhesive gives more contrast
than the metal which can easily be penetrated by
neutrons. By post-processing of these data, different
materials can be distinguished and set to ..transparent,,
in the visualisation procedure, e.g.

A wide range in practical applications exists
concerning the influence of moisture on technical (or
natural) structures. This holds for building material as
well as for wood and any samples for outdoor use.

With neutrons it becomes possible to study all wetting
and drying processes very sensitively and with time
resolution under different conditions. One first result is
given in Fig. 3 for a special wood sample.

Fig. 1: Comparison of radiography images of a high
current diode obtained with X-ray (left) and
thermal neutrons (right)

Fig. 2: Adhesive connection between two coaxial
metal samples, visualised by neutron
tomography (image produced by B.
Schillinger, TU Munich)

Quality assurance of soldered connections was made
with silver between two thick copper components. The
results is shown in Fig. 4 indicating a high contrast of
the silver solder. The gap between the two parts of the
assembly was found not to be completely filled.
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LIMITATIONS OF MEASUREMENTS WITH
NEUTRONS

Neutron and X-ray radiography share some common
fields, but in most cases they deliver complementary
information. Neutron inspections are limited if thick
layers containing hydrogen must be penetrated.
Therefore human or thick animal tissue are not
suitable for neutron examinations.

Other limitations in spatial and time resolution are
given by the detector systems and the properties of
the neutron source. An example is given in Fig. 6
where highest resolution is demanded.

In neutron tomography based on pixel detectors (e.g.
CCD-cameras) the resolution is also limited by the
amount of data which can be handled by the computer
system. With a common 1000 x 1000 pixel array the
PC memory should be of the order of 0.5 Gbytes.

• | 0.05

40 60 80

height position [mm]

100 120 140

Fig. 3: Study of the ingress of water (from the right) into wooden structures (plywood) with neutrons. The primary
digitised image can be used for quantitative analysis with high precision.

parti of the sample

• ' - <

solder part 2 of the sample

OUTLOOK ON FUTURE DEVELOPMENTS

State of the art radiography and tomography
investigations for industrial partners have to be
performed at a powerful station [2] (regarding flux
level, beam collimation and gamma-background). A
direct access to this facility must be guaranteed and
the results of investigations should be provided in a
short time.

Because image processing becomes more and more
important in this field some investments are needed to
get the right level in managing the large amount of
data obtained. Methods and tools in standard imaging
processing have to adapted to the special neutronic
conditions.

Fig. 4: The inspection of the soldering connection
(silver) between two copper blocks (thickness
about 6 cm) becomes possible with neutrons.



69

3 cm

Fig. 5: In-situ investigation of process in a vacuum
chamber can be performed with neutrons
because of their ability to penetrate metals
and their high contrast to the hydrogenous
chemicals.
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Fig. 6: Inspection of a mini electric motor where
highest spatial resolution must be applied. The
adhesive connections and some lubricant
distribution can be visualised (in the enlarged
image).



70

UTILISATION OF EPITHERMAL NEUTRONS FOR INVESTIGATIONS WITH STRONG
NEUTRON ABSORBERS AND NUCLEAR FUEL ELEMENTS

E. Lehmann, P. Vontobel (PSI)

In neutron radiography, most of the detector systems are sensitive to thermal and subthermal neutrons with
a cross-sections which is inversely proportional to neutron velocity. It is the special property of indium to be
very effective in capturing neutrons with 1.4 eV due to its very high resonance cross-section. This
advantage can be utilised at the NEUTRA beam line at SINQ for specific investigations because the
neutron spectrum has also significant contributions in this energy range. The applied method is described
in this article and some practical examples are presented, illustrating the potential of this technique.

INTRODUCTION

Layers of strong neutron absorbers as B, Gd or 6Li
cannot be penetrated by thermal neutrons because of
their strong attenuation. This is also true for nuclear
fuel if it is highly enriched and for thick sheets of
heavily absorbing metals (Co, Cu, W, Au). There is no
chance for non-destructive testing of components
containing these materials in certain amounts.

Most of the materials mentioned have a 1/v-behaviour
in their absorption cross-sections. Therefore, for
higher neutron energies these materials become more
and more transparent.

Unfortunately, the neutron detectors (3He, Gd, 6Li) in
use for neutron transmission analysis have mostly the
same energy dependency (1/v). Whereas more
neutrons can penetrate through the sample at higher
energies, they cannot be detected efficiently because
the commonly used detectors are less sensitive to
them.

However, some materials have an strong resonance
structure in the eV-region. Among them indium and its
nuclide 115ln are very important because the high
cross-section value (30.000 barn) at a relatively low
neutron energy (1.4 eV). The energy dependent
absorption cross section of natural Indium is shown in
Fig. 1.

In (natl)

Cd (natl)

—n—n-spectrum

1.00E+O6

1.00E+05

1.00E+04

1.00E+03

1.00E+02

1.00E+01

1.00E+00

0.001 0.010 0.100 1.000

neutron energy (eV)

10.000 100.000

Fig. 1: Capture cross-sections of indium and cadmium which are essential for the described method. Also shown
is the neutron spectrum in beam line 32 of SINQ (calculations scaled to experimental data).

THE MEASUREMENT OF EPITHERMAL
NEUTRONS AT SINQ

As shown before, neutrons in the eV-region can be
detected by In. However, the cross-section has also
relatively high values at thermal energies (around 25
meV) where the thermal spectrum has its maximum.

Therefore, it is necessary to suppress the dominant
contributions from the thermal beam by a Cd sheet (3
mm thick) shielding the radiography channel. The
threshold of the Cd cross-section is at about 0.4 eV
and significantly below the In resonance. The
,,shadowing" cross-section of natural Cd is also drawn
in Fig. 1. It gives an impression what fraction of
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neutrons from the NEUTRA spectrum is remaining in
the beam for absorption by the In detector.

The neutron absorption in In results in the radioactive
nuclide 116ln, decaying with the half-life of 54 minutes
under emission of P- and y-radiation. Therefore, In is
mainly in use in the indirect method [1], where the foil
is first activated, and the imaging process is done off
line in the second step. Usually x-ray films were used
for this purpose. In our experiments we applied
imaging plates [2] which are much more sensitive and
give clear images with less induced activity in In.

NEUTRON RADIOGRAPHY WITH EPITHERMAL
NEUTRONS

Two images of an assembly of macroscopic samples
are presented in Fig.2. Left, the direct thermal
radiography with a neutron sensitive imaging plates
shows an strong attenuation in an absorber stripe (Gd)
at the right edge of the picture. The harddisc-drive is
inspectable in great detail.
On the right side the same arrangement is presented
as its transfer image with In as primary detector
behind Cd and with imaging plates as radiation
sensitive device extracting the information about the
transmitted epithermal neutrons. The exposure time in

the shadowed beam was 15 minutes, the exposure of
the imaging plate afterwards about 3 hours.
It is obvious that the Gd-stripe has vanished in the
epithermal image and also other absorbers become
transparent. Components that attenuates the beam by
scattering (as inside the disc-drive) show about the
same structure as for thermal neutrons due to their
nearly energy independent elastic scattering cross-
section.

OUTLOOK FOR FUTURE APPLICATIONS

Although the beam exposure time for In with the
method described above is in the order of several
minutes, the application of the highly sensitive imaging
plates opens up the opportunity for interesting studies
of strong neutron absorbers which are ,,black" for
thermal neutrons. In this way, control elements for
nuclear reactors or thick absorption layers can be
inspected for inhomogeneity or defects.
For nuclear fuel elements with high enrichment or with
Gd as burnable poison the only chance for a
transmission analysis is with this method.
In addition, assemblies shielded against neutrons can
be inspected for components or processes with a
good chance of success.

Fig. 2: Comparison of images of a fuel rod dummy, a hard disk and a Gadolinium stripe obtained with thermal (left)
and 1.4 eV neutrons (right) by the indium converter technique. Gadolinium becomes transparent for
epithermal neutrons.
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SENSITIVITY TESTS OF IMAGING PLATES WITH RESPECT TO KIND AND
ENERGY OF THE APPLIED RADIATION

G. Kuhne, E. Lehmann (PSI)

Imaging plates (IPs) are highly sensitive two dimensional radiation image detectors for all kinds of radiation
(including neutrons). At PSI, three different types of IPs are in use: for neutrons (1), for low energy b (2)
and for g (3). In this study, we have examined the response of an IP type (3) irradiated by different
radioactive sources. In the case of Co-60 and Cs-137 the sensitivity of the IP type (3) for the ^'-particles is
about ten times higher than for the j-radiation. The sensitivity for P' is increasing linearly with energy in the
range from 50 keV to 250 keV.

INTRODUCTION

The IP is composed of a thin photo-stimulable phos-
phor layer of BaFBr:Eu2+ on a supporting polyester
film. The stored radiation energy can be read out with
a He-Ne laser scanner (I = 633 nm) stimulating a blue
luminescence signal (I ~ 400 nm) which is collected
through the light guide to the photomultiplier tube. The
phosphor (in the original [Greek] meaning as Jight
carrier") used for IPs utilizes the ,,photostimulated
luminescence" (PSL) phenomenon, which involves a
substance that emits light again upon the second
stimulation by light having a longer wavelength than
the luminescence wavelengths of the first stimulation
by, for example, radiation [1]. The IP is reusable after
erasing the residual latent image with uniformly irradi-
ated visible light. In this way, the detector is usable
again and again.

The question of our study was: How does the sensi-
tivity of the IP type (3) depend on the kind and the
energy of radiation? This topic is generally important,
because there is only some specific knowledge in
different fields of applications like 14C or 32P labelled
probes.

METHODS

The measurements were carried out using radioactive
sources (see Tab. 1) from the PSI-Calibration Lab.

Tab. 1: Radioactive sources used for the measure-
ments. (Probe geometry: square of 10 cm x 10
cm. Exposure time: few hours due to the
relatively weak acitivity).

Source

C-14

Tc-99

Co-60

Cs-137

CI-36

Activity [kBq]

(October 1998)

2600

3000

2510

3783

3030

Average b-
energy [keV]

49

85

96

157

251

g-energy [keV]

no

negligible

1173,1333

662(Ba-137m)

negligible

interpretation of the measured signal. In order to dis-
tinguish between the b' and g from the Co-60 and the
Cs-137 source, a plate of Plexiglas (thickness 6 mm)
with holes (diameter 7 mm) was placed between the
source and the IP (see Fig. 1).

The use of Plexiglas plates has the advantage, that
they absorb the p' totally and that the attenuation of y*s
can be neglected. The range of the p"-particles in
Plexiglas and aluminium was calculated and confirmed
by IP measurements.

Fig. 1: Image of the Cs-137 source with a plate of
Plexiglas with holes between the source and
the IP. The bright signal of the holes is the
sum of p- and y-signals. The faint signal out-
side the holes results from the ys only.

In the regions of the holes the IP was exposed to both,
P and y. The signal for the b was calculated by
subtracting the signal under the Plexiglas (y) from the
,,hole signal". The value for sensitivity was normalized
to the activity of the source and the exposure time of
the IP. The background signal from a region, which
had not been exposed to the radioactive source, was
subtracted.

The fact that some of these sources (Co-60 and Cs-
137) are emitting P' and y simultaneously, had to be
taken into account in the experimental setup and the
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RESULTS

The sensitivity of the IP to y-radiation of Co-60 and
Cs-137 [y-energies: 1173 keV, 1333 keV and 662 keV
respectively] is about ten times lower than that to the
corresponding P'-radiation [average p-energies: 96
keV and 157 keV] (results not shown here).

The sensitivity for p increases linearly with energy in
the range from 50 keV to 250 keV (see Fig. 2.).

P sensitivity of the IP type (3)

100 200

Average energy [keV] of p"—particles

300

Fig. 2: The measurements show a linear increase in
sensitivity with the energy of the P'-particles

The ,,pure" (no or negligible y) P" sources were imaged
directly on to the IP. They showed different appear-
ances: Two of them (C-14 and Tc-99) have uniformly
distributed activity ..grains" over the entire area (see

Fig. 3: How the IP ..sees" a C-14 calibration source
from the PSI - Calibration Lab (dimension:
10 cm x 10 cm).

Fig. 3) whereas the third (CI-36) had a homogeneous
distribution (no structures) of activity like the Co-60
and the Cs-137 (see Fig. 4) source. These results
show that IPs can be used as a quality control tool for
the production of such radiation calibration sources.

Fig. 4: Homogeneous activity distribution of a Cs-
137 calibration source (dimension: 10 cm x
10 cm).

DISCUSSION

The much higher sensitivity of the so called ,,y sensi-
tive" IP type (3) for P' and the inner structure of some p
' calibration sources was a surprising result. Therefore
further investigations with other types of IPs and with
other radioactive sources (e.g. a/y-, p/y-, p-sources
and point sources) should be carried out.
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THE NEURAP FACILITY IN USE FOR INVESTIGATIONS FOR HIGHLY ACTIVATED
MATERIAL SAMPLES

E. Lehmann, L Wiezel (PSI)

By means of a shielded position in the beam line of the neutron radiography station NEUTRA it was
possible to investigate some highly activated samples from spent nuclear fuel elements as well as of the
MARK-1 target of SINQ. For this purpose, a remotely controlled transportation cask was developed
enabling the positioning of the sample in height and rotation angle.

INTRODUCTION

Non-destructive inspection of material samples is the
most desirable method to obtain information about the
effects caused by strong irradiation. This might be
important for fuel elements of nuclear power plants as
well as for target material of the PSI spallation source
(described in more detail in [1]). Especially the ingress
of hydrogen due to interaction with the coolant (and
the bombardment with protons in the case of SINQ)
can be studied very sensitively by neutrons because of
its relatively high interaction probability. Also uranium
can be inspected by neutrons because of their good
penetration ability (in contrast to x-ray) Thus the
investigation of material changes (cracks, swelling,
interaction with the cladding) becomes possible.

A well shielded facility is needed to handle the
activated samples (with dose rates in the Sv-range). In
addition, a special cask must be used for the sample
transport and their handling (axial positioning and
rotation with respect to the neutron beam).

Furthermore, a special neutron radiography method
has to be used because the radiation emitted from the
activated samples will blacken film when used in the
usual arrangement with converter in front of it.

film slide

transport
container

Fig. 1: View on the NEURAP facility in direction of the
beam with the transport cast on the top; the
sample will be moved downward into the
inspection position

THE STATION NEURAP FOR ACTIVATED
SAMPLES

The layout of NEURAP as a modification of the
standard radiography station is shown in Fig. 1. The
iron shielding block placed at the interim position at
about 10 meters from the target centre has three
different penetrations: for introduction of the sample
from above, horizontally for the incoming neutron
beam and perpendicular to this for the detector foil
slide bar. This block is located inside the concrete
shielding and therefore the dose level outside is far
below the legal limits.

The transport cask has a wall thickness of more than
15 cm lead. In addition, it is transported in a concrete
container (10 cm) to stabilize the cask and to give a
safe enclosure. In this way, the dose rate outside
these shielding elements is close to the detection
limits.

To avoid any contamination during inspections with
neutrons at NEURAP, a well prescribed quality
management procedure was developed and executed
during the first investigations in 1998.

TECHNIQUE OF NEUTRON RADIOGRAPHY OF
HIGHLY ACTIVATED SAMPLES

The goal of inspection by neutron radiography is the
characterization of fuel elements (resp. target rods)
with high spatial resolution. If simple x-ray films or
other radiation sensitive detectors would be used the
high radiation level would cause a blacken before
neutrons are even applied. Therefore two other
methods are in use for this purpose:
1. the activation of a sheet of indium or dysprosium

providing a latent distribution of the transmitted
neutrons; the visible image will be produced by
putting a film [2] or (in our case) an imaging plate
[3] in contact with the activated foil off line.

2. using the (n,a)-reaction of 10B to cause tracks in a
nitro cellulose sheet with a subsequent etching
procedure

Both methods are have their limitations : the
conversion technique with respect to spatial resolution,
the track-etching method because of its the low
dynamic range and inherent noise. For the last
mentioned method it is very important to apply an
adapted method for digitizing the primary images on
the foils.
Typical examination conditions are described in
Table 1.
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EXAMPLES OF RESULTS

A study with inactive dummy fuel rods was performed
in order to check the penetration ability of thermal
neutrons for different enrichments in 235U. This image
and the profile along the sample is shown in Fig. 2.
The enrichment can easily correlated to the neutron
transmission values and a sensitive test of the
enrichment can be performed in this way (with an

accuracy of 0.2 %). The gadolinium poisoned pellets
cannot be penetrated with thermal neutrons.
An example of hydrogen ingress into the fuel cladding
is given in Fig. 3. The local hydride lenses can be
visualised well only by neutrons. They are considered
as the origin of embrittlement and rupture. Material
damage and a reduction of the pellet gaps can be
seen in Fig. 4.

transmission image of the fuel rod and the derived central profile
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Fig. 2: Results of examinations with enriched uranium pellets
first measurements in 1998. Both irradiated fuel and

^ ^ ^ some target element rods were inspected for
W*4vr-v".f'-'-'"Vw* ;<,/*!•: ; " potentially induced damage. Further investigations will

1 ,.' be done during the next years applying some more
sophisticated procedures in image production and
digitising.

Table 1: Methods applied for investigation of
activated samples

Fig. 3: Example of hydrogen influence on the
cladding material. Black spots on the surface
are hydride lenses visualized by neutron
radiography

Conditions for radiography methods at NEURAP
beam position 2

neutron flux @ 850 j i A proton beam: 5000000 cm'2 s"1

exposure with
neutrons
contact on
imaging plates

etching time

Dy or In converter

5 min

3 h

track-etch CN-85B

15 min

20 mm

Fig. 4: Transmission image of a part of a spent
nuclear fuel element indicating some small
material changes in the pellets

CONCLUSIONS

The method of neutron radiography was successfully
applied for inspection of highly activated samples in its
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RESULTS AND EXPERIENCE OBTAINED DURING THE TEST PHASE OF THE
IRRADIATION FACILITIES IN SECTOR 60 OF SINQ

E. Lehmann, H. Aebersold, A. Ellenberger, L Tobler (PSI)

The four independent rabbit systems in sector 60 of the spallation neutron source SINQ were in test
operation during 1998. From the first sample irradiation at the isotope production facility (PNA) information
could be extracted about the neutron flux conditions close to the target inside the moderator tank. The
automated and controlled systems were operated without any loss of radioactivity outside the facility.

INTRODUCTION

Four irradiation facilities were installed inside the
moderator tank in the beam line 61 of SINQ. They are
designed as rabbit systems for the transport of
samples to the irradiation position and back. One of
the two start / end positions are close to the target
block inside a shielded box (system PNA for isotope

thermoelements

production) and the second one is in a chemistry lab in
about 80 meter distance (system NAA for activation
analysis [1]). Because of the limited space inside the
shielding block and by the demand to only small
penetrations and minimized amounts of structural
material, the concept was realized as coaxial tubes,
(see Fig. 1).

neutron detector

Fig. 1: Scheme of the coaxial tube arrangement of the SINQ rabbit systems in sector 60 of SINQ. The aluminum
capsule is enclosing the target material. The inner tube is used for sample movement to the end position,
the tube in the middle for the backward transportation gas flow and the outer tube is for safety reason.
Detectors for neutron flux and temperature close to the sample are included.

One main feature was the filling of the inner transport
circuit with helium to avoid any gas activation, which
might lead to a possible release of activity into the
environment. Especially the well known 41Ar activation
but also those of 16N and 19O were eliminated in this
manner. This resulted in the need to operate a helium
tight system which has to be opened for sample in-
and outlet. This problem was solved by PSI
engineering with a special exchange shutter including
a He rinsing circuit (Fig.2).

A second problem was the cooling of samples which
are heated by the gamma field at the irradiation
position. To guarantee temperatures below 80 °C for
the aluminum capsules of PNA and 60 °C for the
polyethylen capsules for NAA, helium is pumped
through the inner circuit and the heat is deposed into
the iron shielding block.

Table 1: Performance parameters of the four
independent irradiation systems in sector 60
of SINQ

Rabbit
system

NAA-1

NAA-2

PIMA-1

PNA-2

Purpose

activation analysis

activation analysis

isotope production
and NAA (used for
long living
nuclides)

isotope production

Thermal
neutron flux
[cm'2 s"1 mA"1]

2.8 " 10 12

2.9" 10 12

9.5 • 10 12

9 .5 -10 12

Epithermal
neutron flux
[cm"2 s"1 mA"1]

7.3 • 10 9

7.4- 10 9
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EXPERIMENTS WITH THE NAA SYSTEM

First results of test irradiations were reported in [2].
The irradiation of gold and zirconium samples gave
the possibility to measure the thermal and epithermal
neutron flux level at the two independent positions and
the flux gradient inside the capsule. Deviating from the
conditions at research reactors, some contributions of

fast and high energy reactions lead to the generation
of additional excitation of radioactive nuclides at the
spallation neutron source. This behavior must be
carefully considered and distinguished from thermal
reactions especially if the investigated nuclide is
produced via two different reaction chains.

Fig. 2: Helium separation switch used for insertion and extraction of capsules in respect to the inner helium filled
circuit.

Because the proton beam (and therefore also the
induced neutron field) is fluctuating, the monitoring of
the flux becomes very important for precise
measurements. This can be done by the proton beam
signal delivered from the accelerator control system or
by the SPND (self-powered neutron detectors)
installed close to the irradiation positions. Whereas the
precision of the proton signal depends on where it is
really extracted and how often it is provided, the SPND
have some disadvantages regarding their delayed
response behavior. Both systems have to be optimized
and combined for a careful timing of the irradiation
procedure.

IRRADIATION OF SAMPLES IN THE PNA FACILITY

This system is mainly devoted to production of short
lived beta emitters for the in-house demand for
radiopharmacy studies. However, some industrial
applications as the use of 24Na for flux calibration in
NPP stream generators or 60Co sources as position
detectors can be supported by the PNA facility, which
is unique in Switzerland.

First experimental irradiations were done with Pd for
the generation of 111Ag. An amount of 148 MBq could
be extracted after 72 hours of irradiation. In the case
of the production of 24Na there is a competing reaction
((n,oc) by fast neutrons) in generating 22Na which is

limiting the quality of the final product. This behavior is
due to the properties of the spallation source and must
be tolerated.

The flux level estimation was done by comparison with
well known activity values from the former reactor
facility SAPHIR and by gold foil measurements. The
results are given in Table 1.

CONCLUSIONS

Because the neutron flux is at the lower limit of
comparable facilities, any improvement in the SINQ
performance will raise the quality of the irradiation
facilities too. For NAA, the shorter irradiation time will
make the method less sensitive to inherent
fluctuations of the beam. In the case of PNA, faster
irradiation cycles will generally improve the
performance of the facility.

After elimination of some ..children's diseases,, both
systems will come into routine operation in 1999.
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SPACE TIME ANALYSIS OF LARGE EDDY SHEDDING IN SINQ TARGET

J.F. Ravoux (Boston University), Y. Takeda (PSI)

INTRODUCTION

The experiment considered here is a mercury flow.
The apparatus consists of two coaxial vertical
cylinders where the outer one is ended by a
hemispherical bowl and the inner one is made
asymmetric by a slanted cut. The fluid enters between
the cylinders from the top and flows out inside the
inner one, turning around at the sphere-like bottom.
The latter is the test section where the measurements
are realized. More detailed description about the
experiment and the flow can be found in [1]. Here, in
particular, we focused on a 3-dimensional mesh of
measurements.

At first, four different vertical planes are defined at the
positions 0° (which meets the longest extension of the
inner cylinder), 45°, 90° and 135° around the vertical
axis of the cylinders. These planes are referred as the
phases (from 1 to 4). Within each of them, the lines of
azimuthal measurements are taken along 19 directions
separated by 10° from 6=0° to 9=180°. They pass
through the center of the half-sphere.

The spatiotemporal velocity fields are measured using
ultrasonic Doppler method (UVP) for all of the
specified positions. We expect to obtain in this way an
accurate 3-dimensional map of the flow with an
appropriate use of this 1-dimensional instrumentation.
The results reported here are about 3 flow regimes
induced by increasing the distance (called gap 2, gap
4 and gap 8) between the end of the inner channel
and the bottom of the sphere for a constant flow rate
of 1.2 l/s.

DATA ANALYSIS

The purpose of this study is to figure out the behaviour
of the flow and its properties as the gap is varied. We
first separate the mean velocity and a fluctuating
component of the spatiotemporal velocity field v(x,t)
according to the formula :

v(x,t) = V(x) + v'(x,t). 0)

The mean flow V(x) =-f\v{x,t)dt is the averaged
T

velocity over the measurement time interval T and
v'(x,t) is the fluctuations flow. For an idealized case of
infinite time T, V(x) should be a constant and v'(x,t)
should vanish.

The mean flow represents the gross behaviour of the
fluid in the test section. In turn, the fluctuation
component gives the local sites of high activity, the
regions where the instabilities emerge or the places of
singular behaviour. This representation is particularly

interesting to know the degree of disorder in the
hydrodynamical system. In other words, it can help to
estimate the degree of turbulence which is relevant for
the knowledge of the dissipation of the heat and the
mechanical constraints submitted by the container.

By considering the rate of mean flow over the
fluctuations flow for all the azimuthal directions and
over the phases, a fluctuations rate can be calculated
for each gap.
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Fig. 1: Mean flow-fluctuations flow rate for
regimes associated to the gap distances.

the

Fig. 1 shows the rate limit (Rate = 1) above which the
flow can't be considered as globally stationary
anymore, namely, the flow is dominated by the
fluctuations. It can be seen that the regime associated
to the gap 8 is the only one that can be considered as
a globally fluctuating flow; in fact, it is strongly
oscillating.

The study of the fluctuation flow is performed using the
Singular Value Decomposition method, introduced in
Fluid Mechanics by Lumley [2]. It consists of a
decomposition of the velocity on separated spatial and
temporal functions. These are obtained by solving a
spectral problem based on the maximization of the
correlation energy of the flow. The latter is expressed
in term of singular values, spatial and temporal
functions as follows:

k=l
(2)

where Q<a^ <•••<•••< ak <•••< aN are the

correlation energies of the N corresponding
spatiotemporal structures of the field (see [3] for a
complete formulation of the theory).

The logarithm of spectra of the singular values are
drawn in Fig. 2 for the gap 2 and the gap 8.
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The spectra correspond to several azimuthal positions
of the phase 3 (90° vertical plane) which is a plane of
symmetry. It can be noted on the left diagram that the
spectra are varying with the angle 9 which means that
the behaviour of the flow is quite different depending
on the azimuthal direction. Some of them have a linear
behaviour on a certain interval. This exponentional
decrease of a sequence of structures reveals a quasi-
symmetry between them, this is encountered in a
coherent wave train for instance [8]. Such feature can
appear as the deformation of a degeneracy of the

SVD Spectra for Gap 2: Phase 3
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eigenspaces, an example of such a degeneracy is
found in a vortex shedding flow. On the right hand
diagram, it appears clearly that all the spectra are
almost similar, this evokes an isotropy for the gap 8
regime. Furthermore, contrary to the previous case, no
linear behaviour in the spectra is detectable. Thus, no
known symmetry appears that reinforces the
conclusion of high degree of disorder of the
fluctuations flow.

SVD Spectra for Gap 8: Phase 3
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Fig. 2: Spectra of the singular values (60 first indices) associated to several azimuthal positions (left: gap 2, right:
gap 8)

Finally a map of the dominating fluctuations flow can
be drawn through the spatial functions. This is
performed by taking into account only the most
energetic spatial functions (that is <|>k=1(x) in eq. (2) for
each angle 9 associated with the their normalized

weights
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Gap2 I;.

0 . 20 tO 100 120 140 56C

li
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Fig. 3: Most dominant spatial flow fields associated to
the gap 2 (top) and the gap 8 (bottom) at
phase 3, the stars (*) symbolize the walls.

In Fig. 3, the spatial field for gap 2 is mostly uniform
and concentrated at the end of the measurement
domain. Here, an antisymmetry appears, centred
about the 9 =90° axis of the diagram. Conversely, the
field for gap 8 is much more spread out. The effects
due to the space left by the retracted inner cylinder
and the impact on the walls are here quite dominant,
although the incoming flow rate is kept constant
compared to the gap 2.

CONCLUSION AND PERSPECTIVES

From the first figure, it appears that the regime for gap
8 is less efficient regarding the exhaust of heat or the
transportation of fluid. Effectively, the fluid particles are
oscillating and then remain confined in the observed
region. It seems preferable to keep the system with a
fluctuations rate above the unity threshold.

The second figure summarizes the global behaviour
together with the symmetries of the spatiotemporal
flow for the two regimes at a glance. As further
investigation of the flow, the behaviour of the spectra
can be examined with regards to the characteristics of
the flow (by calculation of their slopes for example).
Some studies of similar spectra have been realized in
various cases [4], [5], [6], [7]) and more specifically in
far from equilibrium flows ([8], [9]).

The last figure reveals that the Singular Value
Decomposition is a convenient way to sketch the most
relevant velocity field structure. Only a few functions
are necessary to emphasize the main features of the
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flow. This is also interesting from a numerical point of
view.

Finally, besides the engineering interest of the
experiment, this study proved relevant for fundamental
purposes. Our investigations have shown that the new
data analysis method appears to complete the
traditional Fourier analysis. Compared to this last
method, the analysis of the different features (singular
value spectra, time and space fields) makes it more
appropriate for the study of spatiotemporal systems
(see [11] and [12] for a comparison of the methods)
such as the present mercury flow experiment.
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DEVELOPMENT OF A FLOW RATE MEASUREMENT SYSTEM FOR WATER FLOW IN A
METALLIC PIPE

Y.Takeda, H.Kikura (PSI), M.Mori (Tokyo Electric Power Corporation)

An Ultrasonic Doppler method (UVP) for fluid flow
measurement has been developed for fluid mechanics
studies. This method uses pulsed ultrasonic
echography together with detecting the instantaneous
Doppler frequency shift to construct a velocity profile.
One of its advantages is that it can obtain space-time
information about the flow field. Pulsed ultrasound is
used also for flow metering based on the travelling
time of the ultrasonic pulse. It has, however, critical
restrictions on its installation and its application is quite
limited. Since the UVP method can obtain an
instantaneous velocity profile, it is expected to be used
for flow metering with much higher accuracy and to be
applied with less restrictions.

Flow metering by UVP in a circular pipe depends on
the alignment of measuring lines. The most accurate
way is to make a two or three-dimensional flow
mapping on the cross section of the pipe. This requires
a large number of measuring lines, i.e. transducers,
and a long time for data collection. An example of such
configuration (two dimensional) is given in Fig. 1,
which shows a vector field obtained in a pipe of
280mm diameter. With 40 measuring lines, a total of
80 vectors were obtained. Since the flow is not fully
developed due to a too short entry length, a swirling
flow structure is observed. For such a configuration,
the flow rate can be estimated by the following
equation :

Q(t) = Jlvjr,Q,t)rdrdQ (1)
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estimation of flow rate can be made with smaller
number of transducers as :

(2)

Q(t) =ZfA9j VJr,Q,t)/sin(a)rdr}
where AQ-2n/N
(a: transducer inclination angle).

Principally, N measuring lines would be used being
located at the same position of the pipe with a
constant inclination angle (a) to the radius of the pipe
and at various azimuthal locations. Our investigation
was started using a single transducer to check this
principle.

Fig.2 shows an experimental setup for a small pipe (25
mm in diameter) experiment to measure a transient
flow rate using Eq. (2). In this experiment, the flow rate
was changed rapidly between two levels to investigate
the tracability of the transient flow rate. It could be
shown (Fig. 3) that the transient flow rate is
successfully obtained for increasing and decreasing
transient period. It even shows a sharp spike after the
increase of the flow rate.

Based on this result, the experiment was performed in
a large scale water loop made of stainless-steel pipe
(250A and 400A). The basic ultrasound frequencies
were 0.5, 1, 2 and 4 MHz. Fig.4 is an example of the
measured average velocity profile, showing a
successful measurement of the velocity profile through
the stainless-steel wall. It was also found that the
influence of the wall appears on the velocity profile
near the transducer. This influence can be eliminated
in estimating the flow rate by using only one half
portion of the velocity profile. The estimated flow rate
was compared with the orifice flow meter and the
electromagnetic flow meter Fig. 5. The results
confirmed that the flow rate can be obtained in the
laboratory experiment to a high degree of accuracy
compared with the orifice meter for steady and
transient flow conditions. The difference from the result
by the orifice flow meter was found to be less than 1%.

The work has been performed in collaboration of PSI,
TIT & TEPCO and supported by TEPCO.

Fig. 1: A 2-dimensional (Vr, Vz) vector map for a
large pipe flow; example.

For a more realistic configuration, with all measuring
lines passing through the center of the pipe, the
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Fig. 2: Experimental loop for transient flow rate
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INVESTIGATIONS ON THE PULSATIVE EFFECTS IN A MERCURY TARGET OF THE
ASTE COLLABORATION

L Ni, G.S. Bauer, H. Spitzer (PSI)

Numerical and experimental investigations on effects of the pulsed power into a mercury target were
carried out in an international collaboration. Temperature and beam profile measurements showed that up
to 61% of the incoming beam power was deposited in the target. The spatial power distribution was
reconstructed from the experimental data. A computational model with consideration of fluid-structure
interface was employed to simulate the pressure waves in the liquid and the resulting dynamic stress on
the container. Although experimental data are still very preliminary, a comparison of the measured stress
and deformation data with the computational results showed reasonable agreement in the amplitudes,
which are the most important data for engineering design.

In a short pulsed spallation source with a liquid metal
target, a significant amount of energy is deposited into
a small volume of target material, leading to a sudden
temperature increase and pressure rise. Material
failure on the container might be the result of the effect
of the propagating pressure wave. Numerical
calculations [6] indicated that the dynamic stress in
the target container results mainly from direct heating
in the initial stage, and later from the pressure wave in
the target liquid as it reaches the container wall. The
analysis revealed that the second contribution of
stress might be undesirably high.

In order to validate the computational models, the
ASTE (AGS Spallation Target Experiment)
Collaboration was initiated to obtain experimental data
on power deposition and pressure wave build-up
resulting from a short pulse of high energy content.
The first run in this collaboration was carried out at the
Alternating Gradient Synchrotron (AGS) in
Brookhaven National Laboratory in June 1997. The
aim was to explore measurement techniques in these
high radiation conditions and with suitable time
response, and to provide a basis for the planning of
further theoretical and experimental investigations.

EXPERIMENTAL STUDIES

The ASTE mercury target vessel consists of a cylinder
with an inner diameter of 0.2m and a length of 1.3m,
and a hemispherical front cap with a thickness of
2.5mm. The target is made from stainless steel and is
completely filled with mercury. Two bunches of 24
GeV protons with 8*1012 particles each were injected
into the target. The pulse duration per bunch was
40ns, and the time interval between the two bunches
was 30ms.

For the beam intensity and profile measurement, an Al
foil, 20x20 cm2, 25 jxm thick was placed on the beam
axis in front of the target near the exit of the beam pipe
by the JAERI group[4]. In order to measure the spatial
power distribution in the target, 32 thermocouples
were embedded inside the target, both in axial and
radial directions, by the PSI group [2], Fiber optic
Fabry-Perot strain sensors were attached on the
container surface by the ORNL group [3] to give a

direct measurement of the strain experienced due to
the pulsed power input. Besides, laser accelerometers
were fixed simultaneously at the depth of z=0.3m by
the JAERI group[5] to measure the in-plane velocity of
container deformation.

After correcting the temperature distribution measured
by the thermocouples for the off-axis displacement of
the beam with an elliptical cross section, which was
found through the beam intensity measurement, the
spatial distribution of energy deposition in the target
could be constructed [3] with sufficient accuracy,
yielding a peak power density of 7.7 J/cm3 and a total
of 18.7 kJ, or 61% of the total beam energy, which
agrees well with theoretical expectations.

NUMERICAL CALCULATIONS

The numerical calculations were carried out with the
finite element method by using a fluid module in
ANSYS[1]. Both the fluid medium and the structure as
well as the fluid-structure interface interaction were
modelled. The equation of motion for the transient
dynamics was applied on the container structure. In
the fluid region, the propagation of the pressure wave
was treated by the three-dimensional wave equation,
in which the viscous dissipation was neglected. At the
fluid-structure interface, the discretized structural
dynamic equation and the fluid wave equation have to
be solved simultaneously. The latter was discretized
by the derivation of the damping matrix in order to
account for the dissipation of energy at the interface.

RESULTS AND DISCUSSIONS

Figure 1 gives the time behaviour of the measured and
calculated deformation speed at the point with the
depth of z=0.3m. It should be noted that the noise
level on the velocity signals was found [5] to be
±0.04m/s. A comparison between experimental and
numerical results indicates a reasonable agreement
for the time development and, especially the first peak
value of ca. 0.15m/s at about

Results of axial strain responses at one optic sensor at
the depth z=0.17m are shown in Fig. 2. Considering
the difficulties in determining the starting point (t=0,
corresponding to beam arrival at the target) from the
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measurement [3], the time scale of the experimental
curve was shifted by about 20|j.s. In this case the first
peak development at about t=50(is and the second
one at about t=500n.s were captured well.

0.E+00 2.E-04 4.E-04 6.E-04 8.E-04 1.E-03

Fig. 1 Measured and calculated deformation velocity

The discrepancies found between the calculation and
experimental results may have many causes.
Obviously, neglecting viscous dissipation in the liquid
phase and the structure damping for the container
may affect the calculation accuracy. Uncertainties in
the conversion of strain from the sensor signal were
found during the experiment. Also, the total strain is
obviously a superposition of different models. In this
case the frequency, phase and amplitudes would have
to be predicted precisely to reproduce the overall
interference pattern, which is not to be expected in
view of some geometric idealisation in the model.
However, it is comforting to see the measuring
techniques chosen are in principle capable for
investigations on such high radiation environment,
though improvements on both experimental and
computational sides are necessary.
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Fig. 2 Axial strain responses at the optic sensor by
measurement and calculation

The induced stresses calculated on the container is
shown in Fig. 3, which gives the von Mises stress
distribution as a function of time and the container wall
index. As can be seen, the stress level on the
container at the side of the beam major-axis is higher

than that at the side of the beam minor-axis. The
maximum stress occurs at the side of the beam
major-axis and was found to be about 13.6MP for the
calculated case. From the point of view of design
stress, it is far below the stress limit. This indicates
that a higher energy level could be used for further
experimental investigations.
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Fig. 3 von Mises stress distribution on the container,
showing in both directions of the major and the
minor axes of the beam.
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SOFT PHONONS IN THE HEUSLER-ALLOY Ni2MnGa

U.Stuhr (PSI), P. Vorderwisch (HMI Berlin) and V. V. Kokorin (Institute of Magnetism, Kiev)

The low energy phonons were studied by inelastic neutron scattering in the ferro- and paramagnetic
phases of the Heusler alloy Ni2MnGa. Ni2MnGa shows a martensitic phase transition in the ferromagnetic
phase. The (2; -£, 0)-TAs-phonons near £, =1/3 of the high temperature phase become soft when
approaching the transition temperature. The influence of the magnetic state on the softening behaviour of
the phonons was studied.

Ni2MnGa is the only Heusler alloy that shows a
martensitic phase transition within its ferromagnetic
phase. The phase transition temperature depends
strongly on the stoichiometry and can be adjusted
between -200K and -400K, whereas the Curie-
temperature varies only slightly. The martensitic
transformation is preceded by a strong softening of the
TA2 (£ -£ 0)-phonons near £=1/3. Therefore, this alloy
belongs to the very few systems in which the phonon
softening is not centred at the r-point or the zone
boundary.

We investigated the softening of the TA2-phonons in
the ferro- and paramagnetic phases of two single
crystals. In sample #1 the martensitic transition
temperature is about 80K below the Curie-
temperature, whereas this difference is only ~10K for
sample #2. Figs. 1 and 2 show the results. Near the
transition temperature both samples show a linear
behaviour of the squared phonon energy versus
temperature, as expected from Landau theory.
However, the data of sample #1 show a pronounced
kink at the Curie-temperature, which can be attributed
to the change of the magneto-elastic interaction
energy [1]. These magneto-elastic interactions seems
to be one driving force of the martensitic trans-
formation [2].

CD
C
CD

O

s
CD

" O
<D
Ctf
DT
CO

Fig.1: Squared excitation energy of the TA2-phonon
with £=0.33 of sample #1 versus temperature.

In contrast to samples with low TM (lower than ~250K)
no pre-martensitic phase could be observed in the
present two samples. However, an inter-martensitic
phase transition was found in sample #2 at -290K
(whereas no further transitions were observed in
sample #1). The structural and dynamic properties of
the two martensitic phases of sample #2 will be
investigated in further experiments.
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Fig. 2: Same as in Fig. 1 but for sample #2.
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Technical Support and Co-ordination
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ATK: A CHILD OF THE REORGANISATION OF THE PAUL SCHERRER INSTITUTE

J. Duppich (PSI)

The changes in organisation of the Paul Scherrer
Institute and the creation of a new department GFA,
responsible for the operation of the accelerator
facilities, have also given birth to the new young
division ATK: Division of technical support and co-
ordination (OG 8800). Its main tasks are:

• efficient use of the PSI resources through
excellent and complete overall planning and co-
ordination of the activities concerning maintenance
and improvement of the accelerator facilities and
Spallation Neutron Source (SINQ) and the con-
struction of new large facilities.

• technical support for experiments and machines in
the fields of assembly techniques, liquid gases and
operation of superconducting equipment, vacuum
technique, surveying, design and installation of ap-
propriate shielding against radioactivity, handling
and disposal of activated materials.

• conceptional studies concerning problems of as-
sembling new and large installations.

The division of technical support and co-ordination
consists of 48 persons grouped in three sections:
Most of the members of the crew - located in different
departments however - have already worked in the
past for more than 80% of their time for the accele-
rator facilities and therefore have excellent knowledge
of the requirements of such facilities. Merging them
into one division allows us to make more efficient use
of their knowledge and skills. And indeed - after only
four months the merger proves to be a success. On
this occasion we would like to thank all the people
involved for their support and collaboration during the
difficult times of adaption to the new system.

The division ATK comprises specialised groups in the
areas of vacuum engineering, surveying, assembly
techniques, cryogenics and planning. With its modern
tools it offers on the one hand an innovative technical
support for the large research facilities and its groups
of users, on the other hand it operates technical infra-
structure facilities such as refrigerant facilities for
liquid helium, helium recuperation facilities. It ope-
rates the cranes and transport systems for heavy
equipment and handles activated equipment in the
hot cell with its power manipulator. The division is
also extensively engaged in the project Swiss Light
Source (SLS), making good use of our past ex-
perience with large projects. Here we developed the
time schedule and a "film script" for the assembly
phase of SLS starting in July 1999. We also co-
ordinate all the needs concerning infrastructure of the
accelerators and maintain the interface to the build-

ing, which - due to the complexity of the systems - is a
time consuming and sometimes exhausting task.

New technical challenges and structural problems are
to be tackled in 1999. The short past experience of
the newly formed division gives us confidence for a
successful future. The accelerator facility together
with the Spallation Neutron Source, the start of the
assembly of the Swiss Light Source as well as the
development of concepts for a reconstruction of the
nucleon area do not let boredom arise. There is much
to do - ATK is challenged.

Jurgen Duppich

Head of ATK-Division
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VACUUM LABORATORY

U. Kalt, R. Knecht (PSI)

Many research groups at PSI run their experiments under vacuum condition. Therefore our laboratory
operates three different, well equipped vacuum chambers. This allows us to monitor and test the behaviour
of materials and components under different controlled vacuum conditions down to ultra high vacuum
conditions of 1O12 mbar.

As soon as a process operates under vacuum
conditions the choice of material for components on
the vacuum side becomes of crucial importance. The
lower the needed pressure the more difficult and
important is the choice of the right material.

During the construction phase of the accelerator for
beam guides, space shuttles, vapour deposition units
and other vacuum processes this topic is of central
importance, particularly in a pressure range below
10-12 mbar.

Manufacturers of materials, components or equip-
ment often have only a fragmentary knowledge of the

vacuum behaviour of their products. Here two
aspects have to be considered: the vacuum can
influence the material properties and vice versa. The
friction properties, for instance, of many material pairs
change under vacuum, or the necessary pressure
can not be reached because of out-gassing effects.

To be able to test materials and equipment three
different vacuum installations are available in our
vacuum laboratory, each connected to a vessel of
typically 0 150 mm x 400 mm with several adapter
ports. All three installations are equipped with
vacuum gauges and a residual gas analyser.

Fig.1: The shown installation is equipped with a "dry" turbo pump system, a Ti-sublimator, and an ion
getter pump. The whole system is metallically sealed.
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1. The simplest installation is sealed by an
elastomer. The pump unit consist out of a 2001/s
turbo pump and a 12 m3/h rotary vane pump. On
the vacuum vessel a series of ports are attached:
NW160ISO, a couple of NW16, a NW40KF, and
two NW35CF. The operating pressure is between
1000 and ~10"6mbar.

2. The second installation is mainly metallically
sealed and equipped with a high-compression
turbo pump system (S: 330l/s) with a rotary vane
pump connected to an identical vacuum volume
as in 1. The operating range is below 10~9 mbar.

3. For UHV applications an installation with a "dry"
turbo pump system of 240 l/s, an ion getter pump,
and a Ti-sublimation pump is available. The
aluminium coated Ti-vessel has connectors with
nominal widths of 150, 40, and 16 CF. The whole
system is exclusively sealed with metallic seals.

Mainly the following tests are carried out:

• Measuring the out-gassing rate of the materials,
component parts and groups at room temperature.
Hereby the pressure is measured continuously.
The pumping speed is known so that the actual
gas or steam volume can be calculated.

• Qualitative identification of the gas or steam by a
quadrupole residual mass spectrometer.

• Test (also long-term tests) on parts of component
under vacuum conditions. The large number of
flanges allows working with many feedthroughs ,
e.g. for manipulators, sensors, electric signals etc.

If necessary operation at higher temperatures is
possible.

The measuring equipment does not correspond to the
Pneurop-standards. However, comparative measure-
ments show a quite good agreement with literature
values. The measurements are standardised and
performed at all three installations in the same way.
The data analysis can be adapted to the actual need.
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GEODETIC 4-D FIXED OR REFERENCE-POINT GRIDS

Th. Biedermann, U. Fehlmann, J. Duppich (PSI)

Presented here are how such grids are laid out, assessed and calculated, and above all what use they
have, or for which applications they can be employed.

INTRODUCTION

The primary purposes of surveying are, firstly, the
translation of a finished design into reality and, sec-
ondly, the adequate representation of the associated
environment into a model. Today, such a representa-
tion should be in the form of a CAD model linked to a
relational database [1].

Nowadays material and operational properties are
stretched to their limits in civil engineering as well as
in machine and facility construction. As a result a
further, increasingly important, area of surveying is
continuous geometric monitoring throughout a project
of the object being built or its components. This
requires above all that settling and/or spatial
deformation be measured and recorded. These
checks can then confirm whether or not the allowable
limits have been exceeded. However, these
observations serve not only the safety of the facilities
concerned and their surroundings but provide the
physicist, the structural engineer, the civil engineer
and, not least, the construction engineer with
important feedback for the theories and assumptions
which they have applied.

All this surveying work is based on having a good,
spatial, geodetic fixed-point grid.

4-D BASE GRID

The surveying of a base grid has the goal of deter-
mining the inter-relational position and height of
points, which are as stable and regular as possible,
distributed over the complete space at a certain point
in time. To achieve this goal, the points are connected
together by combined spatial angle and distance
measurements (triangulation and trilateration) and
combined into spatial triangulation measurements or
grids.

For instance, as the geometry of the SINQ beam-lines
and neutron source depends on the existing proton
beam, the basic surveying problem is the connection
of the local SINQ grid to the existing coordinate
system, defined on the basis of a virtual (i.e. non-
physical) centre of the ring cyclotron. The position of
the grid is therefore fixed on two points on the hall
floor (level +/- 0 m), two points in the beam cellar
(level -12 m) and a few points at the end of the
experiment hall. Using these, twisting and possible
scale distortion can be prevented. The horizon is
established by means of two points in the 7tE1 area,
which have been stable for a long time and have a
good correlation to the proton-beam height.

In total, 120 points were precisely defined and meas-
ured, to serve for all time as reference or datum
points for marking-out or level-definition work of all
types, and for occasional checking of possible
building and/or facility movement.

SETTLING AND DEFORMATION
MEASUREMENTS

All civil-engineering construction, particularly of such
large scale and weight, or demanding such high
precision, must be checked carefully for years, or
even decades, after its completion, initially at short
and later at longer intervals, so as to determine
possible changes in position of the construction itself
(relative) and its immediate surroundings (absolute) to
enable appropriate counter-measures to be initiated
at an early stage.

As the result of various external influences, above all
changes in the loading states of the floor of the hall,
the "fixed" points begin to move with time. This
causes, primarily, vertical settling or lifting [2]. Thus,
above all, point heights must be considered to be
variable with time and not static. These values must,
in each case, be referenced to, and documented at, a
very specific point in time, \.

Accordingly, sporadic settling and deformation meas-
urements are absolutely essential, dependent on the
stage of construction; above all, when more objects,
which must be positioned with high precision and over
a long time period, have to be adjusted relative to one
another. In order to be able to carry out such absolute
and/or relative point or object positioning or adjust-
ment, it is necessary to know precisely the movement
vectors of the reference points at any time.
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At one extreme the sector magnets of the ring cyclo-
tron show a horizontal movement of 0.1 to 1.0 mm
over about ten years, while elsewhere the SINQ
target block, during the 4.5-week construction of the
operations room, had a relative tilt, perpendicular to
the beam cellar, of 0.3 mm.

GRID CONCENTRATION

Surveying proceeds in general from the large to the
small. Firstly, one lays out a large-scale reference
point grid, as regularly as possible, over the space to
be surveyed, as described above. Within this grid,
additional discrete points are added as permanent
project-dependent node concentrations, together with
liberal [or unrestricted?] positioning of short-term
instrument locations from which additional point
definition or adjustment can be done.

MEASUREMENT AND CALCULATION
EQUIPMENT

Today a broad spectrum of computer-based methods
are available for some of these demanding meas-
urements: electronic precision theodolites or multi-
purpose stations, digital levellers, photogrammetry,
laser tracking, electronic distance gauges, vertically
devices, autocollimators and so on.

Completely error-free measurements are not possible
by reason of, amongst others: shortcomings in the
measuring instruments; atmospheric disturbances;
imperfections in the human senses; differing
projection and representation systems; tedious
calculations (both functional and stochastic models);
and uncontrollable or unmodellable refraction effects.

Entire measurements are usually repeated and
supported as much as possible by alternative, in-
dependent measurements (the lowest correlation
possible). This leads quickly to over-definition and
then to the application of balancing calculations.
Measurements should be balanced in one process, if
possible, and, when a fixed-point field already exists,
ultimately conformed to the existing grid by means of
a Helmert transformation, so that the smallest
possible gaps remain at every single point.

We balance measured observations when many un-
knowns must be simultaneously determined but the
number of unknowns is greater than the number of
unknowns. In many cases it is not the unknowns
themselves which are observed, but other variables
which have a functional relationship to them. Thus, for
example, angles are measured when making trigono-
metric slices. The co-ordinates of the new points are,
however, defined as unknowns. As a solution, one
first of all expresses the observations through
unknowns in the error equations. Then the improve-
ments V; which appear from this are reduced to a
minimum according to the requirement [py,v].

In general, smoothing calculations allow individual
weightings to be given to single measurements, under
the assumption that random errors are normally dis-
tributed. Through simulation calculations, the grids
can be analysed and optimised before making a time-
consuming measurement effort.

Compensation calculations on the more than 2200
measurements of the SINQ basic grid were uniformly
carried out using the least-squares-fit method. For
this, entire measurements were brought together into
a functional model and then further associated with a
stochastic model. As a result each single measure-
ment was assigned a mean weighting, according to
the weighting propagation law p=G*/c*, which was
then used they were introduced into the co-ordinate
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calculations. Through various accuracy and reliability
indicators, together with hypothesis tests, a relatively
good picture of the basic stochastic model can be
achieved.

ACCURACY AND RELIABILITY

At the forefront of such a comprehensive and rela-
tively time-consuming exercise stands the accuracy
and reliability of the individual measurements, as well
as the unknown point co-ordinates. Some figures
from the SINQ basic grid measurement: Almost 80%
of all averaged measurements from many sets lie
below 2.5E-6 of a right angle (at a distance of 10m
this gives a transverse error of approx. 40jj.m). With
the height measurements (levels), an accuracy of <40
u.m was achieved in 90% of all averaged height
differences (the calculated point heights were all
referenced to a uniformly curved potential surface of
the earth's gravitational field). Distance measure-
ments were taken in three independent ways: with the
time-of-flight method using the precision distance
meter ME5000 (internal measurement accuracy of
50|xm + 0.5ppm) and the software PROMEKO (polari-
sation-modulated laser light) [3]; with the indirect
distance measurement method (parallax triangle with
an exactly defined base); and with direct mechanical
measurement using a measuring rule. Through the
application of different methods, the calibration of the
individual measurements could be tested and com-
pared amongst themselves. These measurement
methods differ above all regarding the effort they
require and their error propagation.

With SINQ, the goal which had been set of obtaining
a point accuracy of mp<150|i.m could be significantly
bettered: In position and height, average accuracies
of mxy= V(mx

2+my
2) = 60|im ± 20u.m and

mz= V(mx
2+my

2) = 6 îm ± 2u.m [4] were achieved.

On the basis of this "precision work" it will be possible
at any time, using these reference points, to adjust
objects with the required absolute and relative accu-
racy, whether they are for above- or underground
construction, such as the adjustment of the the
90-tonne nitrogen-helium tank, the eight-beam-line
housing, or the 12-metre lower, very demanding,
three-dimensional beam inlet channel.

CO-ORDINATE AND REFERENCE SYSTEMS

In order to define the spatial object to be surveyed in
terms of its absolute and relative position and height,
one requires a starting and reference system which is
as uniform as possible in position and height. The
requirement for a uniform positioning system comes,
on the one hand, from the fact that the beam lines
must be geometrically defined and connected to-
gether, and, on the other hand, that the amount of
spatially-related data which must be processed and
applied in information systems today is continually
increasing.

Whenever possible, standard and unambiguous co-
ordinate systems should be defined when describing
the spatial position of discrete points. The spatial
position of a point (position and height) will, with the
dimensions of our grid, be defined in a single,
straight-lined, local, Cartesian, left-handed co-
ordinate system.

Most of our measurements are influenced by the
effect of the earth's gravitational field. This is
controlled by the shape of the earth, through the
distribution of its mass and its local and to some
extent time-dependent anomalies, as well as by the
state of other cosmic bodies. Because of this, plumb-
lines at different positions on the earth's surface do
not hang parallel to one another (one also talks about
the convergence of the plumb-lines). The plumb-lines
are thus not straight, but bent. The area over which
the otherwise bent plumb-lines are vertical is known
as the geoid. This level area is not a regular surface,
and is thus not suited as a reference surface for our
grids. Nevertheless, the geoid is used as a reference
surface for entire height measurements and/or polar
3-D measurements (theodolite, total station, digital
levelling), because one scans parts of this surface
area when setting levels. Mathematically and
geometrically exact replacement surfaces are used as
reference planes for positional measurements instead
of geoids, such as, for example, ellipsoids of rotation,
and spherical, conical or cylindrical surfaces.

Distance reductions would be relatively large, due to
the curvature of the earth, if one were not in a local
system (at a distance of 10m approx. 0.8mm, and at
100m about 8mm). Nevertheless, the influence of the
earth's curvature had to be considered when taking all
of our height measurements (at a distance of 10m
approx. 8(j.m, and at 100m about 800|im).

After the measurements have been reduced and
evaluated, the co-ordinates of the object points lie first
of all in a measurement or instrument co-ordinate
system. In order to obtain agreement between the
true shape of the object which is present in the
measurement co-ordinate system and the shape
which it should have, the object co-ordinate system
must be carried over into the measurement co-
ordinate system, or the reverse, through transforma-
tion calculations. Some of the properties of the object
can obviously be established directly in the measure-
ment co-ordinate system. One still has to decide
between co-ordinate systems which are based on an
object, and those which are object-independent, and
thus can be used as a basis for all measurements. All
input about the shape of an object can be set down in
an object-oriented system. If the object changes its
position in space, then the object-oriented system
moves with it. A connection to the reference system is
nevertheless not yet immediately available. In the
manufacture of machines and facilities, and in above-
and underground construction, a varying number of
object co-ordinate systems are often used (tool,
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machine, facility, product, hall or factory, world or
reference, co-ordinate systems). In order to obtain a
connection between these, the transformation pa-
rameter described above must be unambiguously
defined.

WAYS OF SETTING DISCRETE POINTS

When laying out a grid, it is very important that the
choice of positioning of the points is performed,
amongst other things, on the one hand according to
geological and statically suitability, and on the other
hand keeping them in sight for as long as possible.
With the intention on the one hand of detecting move-
ment of the object by means of these reference
points, and on the other hand because of the
relatively high cost of setting up these grid points
(about Fr 1500 to 2000/point), very great attention
must be given to the long-term stability and exact,
unambiguous definition and documentation of these
points. The main efforts apply from now on to the
requirements of the maintenance, repair and renewal
of the basic grid.

CONCLUSIONS

The surveyor must use the measurement processes
which are economically optimal. He should, at the
same time, seek to determine, with the aid of error
theory and mathematical statistics, which order of
magnitude of accuracy is applicable to the contract
under consideration. For this, it is imperative that he
knows the allowable tolerances, and he can only ob-

tain a clear picture of this in most cases through itera-
tive discussion with other technical experts, and thus
gain the backing to push through what he methodi-
cally finds necessary.

Geodetic measurements must be carried out with ref-
erence to their specific purpose with a specific accu-
racy and reliability, and ensured against mistakes.
The demands on precision should be evaluated as re-
quired, alongside the commercial consequences, in
intensive discussion with the expert disciplines in-
volved, because the cost of surveying increases dis-
proportionately to the accuracy de-manded.

With future requirements to measure beam-lines to
accuracies of the order of less than 1u.m, one ap-
proaches the limits of what can be achieved by sur-
veying at the present time. Development is moving
obviously in the direction of 3-D and 4-D grids. This
means that, in future, one will not be forced to set up
instruments over a known point (forced-centred
measurements), but will be able to determine the
placing of instruments freely by means of reference
points which are as well distributed as possible in
neighbouring space, and subsequently carry out
marking out or level-setting. We have already
successfully employed these methods for the SINQ
Project, which nevertheless necessitated a good,
stable, homogeneous fixed-point grid.
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THE SURVEY SYSTEM LTD500-AXYZ

Th. Biedermann, U. Fehlmann (PSI)

The Survey System consisting of a 3-dim Laser Interference Tracker with Precision Absolute Distance
Gauge (LTD500) and the associated software package (Axyz) with CDM and LTM modules is described.

INTRODUCTION

On account of the consistent and competent applica-
tion of the latest survey and computational technolo-
gies, it has been possible for the Survey Department
to improve its service and to increase its quality. In
addition, it has been possible to reduce the costs in-
curred during the planning, implementation and
operation phases of a project and to improve workers'
safety.

SURVEY SYSTEM

The complete system comprises the sensor (LTD500:
viz. a 3-dim laser interference tracker with infrared
precision absolute distance gauge), the LT controller,
the calibration set (viz. precision ball bar for determin-
ing the mathematical error model), the Axyz software
package with associated CDM (Core Data Module)
and LTM (Laser Tracker Module) modules, relational
database, error model and process control support.

The Axyz-SW system with the CDM and STM
modules (analysis module, relational database and
single theodolite module) has been in use success-

fully at PSI for over two years. With this software it
should firstly be possible to achieve a compact data
flow for the data from the CAD, the data acquisition,
the data management, the data analysis, the data
storage and the understandable visualisation. In addi-
tion, various sensors (total-station, laser tracker,
digital photometryc cameras, etc.) can monitor one or
more objects simultaneously. Several co-ordinate
systems and transformations are available. Unfortu-
nately, the reported least-squares fit adjustments are
not based on a manual stochastic model. This has still
to be implemented in order to obtain a better inter-
pretation of the surveys and their results.

SURVEY PROCEDURE AND ACCURACY

A survey is performed according to the polar method,
i.e. using angular and distance measurements in
space (including atmospheric corrections) between
the survey head and the target. For dynamic tracking,
the system follows the target automatically via the
survey beam. These values are measured up to 3000
times per second and transformed by the processor,
e.g. to the more convenient Cartesian co-ordinates.
The volume of an assembly which can be surveyed
by the system can be up to about 25x25x25 m3. The
average accuracy resulting from systematic and
random errors is +/- 5-10 micron/m in favourable
circumstances [1,2].

This system is ideally suited to our requirements in
regard to compatibility (existing know-how, hard- and
software, accessories) and flexibility.

APPLICATIONS

On account of the dynamic or static survey modes,
on-line adjustments (the realisation of an object from
a CAD model) can be done very efficiently. This is
particularly the case when a large number of
neighbouring components of an object can be seen
from a single point and justifies the relatively high
investment cost of about Fr 250,000. The system can
be operated almost single handed via a built-in
infrared remote control unit and voice recognition
subsystem.

The system can orientate itself using the "learn" mode
and at least three reference points. It can then
perform automatic measurements on several objects
under software control in a very short time (e.g. in
order to minimise exposure to radiation of the
surveying staff) and make a comparison of the design
and actual positions of the objects. The points which
are to be measured must be identified in advance.
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CALIBRATION AND TARGETS

The complete system can be calibrated by means of
occasional calibration runs. These can be performed
without much effort, possibly in-situ and semi-
automatical ly. The system uses these calibrations for
subsequent measurements.

The read-out of indicated points and/or contours or
surfaces is done opto- mechanically, e.g. by means of
a 0.5" Hole-Corner-Cube-Prism. Such prisms contain
three mirror planes at right angles to form a 3-dim
corner. Any incoming beam is reflected from the three
planes so that it returns parallel to its incoming
direction and symmetrical about the centre of the
beam.

SUMMARY AND CONCLUSION

In comparison with a 3-dim co-ordinate survey ma-
chine, the total system is cheap, relatively portable
and has a survey volume which can be adapted to the
object to be measured.

Possible future applications are:
- basic survey; increased fixed-point network den-

sity; surveys of the deformation and settling of the
fixed-point network.

- contract acceptance (comparison of design and
fabricated dimensions).

- the checking of complex design templates.
- surveys of objects and magnets.
- adjustment of buildings and equipment.
- set-up, adjustment and dynamic control of CNS

machinery and the 3-dim co-ordinate survey
machine.

- scanning of surfaces (time and distance depen-
dent).
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STARTING UP OF THE %-\i CONVERTER (PMC)

W. Gloor, J. A. Zichy (PSI) -: "!

The %-\i Converter (PMC), installed in the experi-
mental area 7iE5, was successfully started up in
August 1998. It is placed in front of the bath-cooled
superconducting (SC), spectrometer SINDRUM II. A
pion beam of 109TC7S with a maximum momentum of
120 MeV/c enters the PMC and decays while crossing
it. The emerging pure muon beam hits a Ti-target in
SINDRUM II with a stopping rate of 108 jx"/s. The goal
of the experiment is to search for the lepton-flavor
violating process p.'A -»e"A. To pinpoint such rare
events with cylindrical detectors in SINDRUM II the
PMC acts as a beam filter transparent to muons only.

The PMC is an 8.5 m long SC solenoid with a
40 cm diameter warm bore and a maximum field of
1.5T. The coil is surrounded with a Helium (He)
cooled shield at less than 20 K, and it is cooled with
forced-flow He to 4.5 K [1]. The well-focused pions
are at first collimated inside the PMC, where they
return to the axis periodically. Because most of the
decay muons start off axis, they travel along helical
paths further away from the axis. This feature of the
optics is to eliminate surviving pions, with a conical
stopper located on the axis at the PMC exit. The pion
suppression factor is 10'9.

The tender to build the PMC has been issued in
late 1992, the order was placed end of May 1993 in
Austria. The solenoid has been delivered to PSI in
April 1995 and subsequently installed in the 7tE5 area.
Commissioning started in July. The cool down was
very slow, and although the cooling power of 300 W
was four times higher than calculated, the temperature
in the radiation shield could not be reduced below
70 K. The final temperature in the cylindrical outer and
inner radiation shields differed by 50 K. Additionally ice
has been detected inside the beam pipe which is part
of the vacuum vessel of the solenoid. It was shown
that the temperature of the beam pipe and of the inner
shield are strongly correlated. The measured residual
resistivity of the coil was 0.64 Ohms, well agreeing
with the residual resistivity ratio of RRR = 100. The coil
was never fully superconducting, because it had a final
resistivity of 0.036 Ohms at 2 A.

The supplier refused to repair the PMC, however
it reimbursed PSI for the sustained loss. PSI contract-
ed Marti Supratec to perform the repair of the PMC.
The whole assembly was removed to Zurich. There it
was at first disassembled to asses the necessary re-
pair effort. The actual work started in February 1996
and took more than nine months time. The whole
shield, and the corresponding cooling circuit, the sup-
ply and return lines of the 4.5 K circuit to the coil, the
cooling of the current leads including their connections

to the coil had to be redesigned, fabricated and
assembled. The dewar in the PMC, where high
pressure builds up during a quench, was made
stronger and additional temperature sensors were
installed. The assembled PMC arrived at PSI on
November 18, 1996, and it was installed in the 7tE5
area. After the warm tests were made, and the
refrigerator was operational cool down started on
February 12, 1997 again. The cool down, with
AT < 50 K between inlet and outlet of the shield circuit,
lasted 6 days. The measured heat influx was for the
shield 105 W and for the solenoid 12 W. The error was
estimated to about +50/-10%, and these results
agreed well with the design values. Premature
quenches occurred in the PMC already while setting
up the quenchdetector. The nominal current (920 A)
could not be achieved. The highest value reached was
ca. 600 A. Several tests were performed until end of
May, 1997, however the results were not reproducible.

The inconclusive results of the extensive investi-
gations were interpreted that the cooling of parts of the
shield and of the coil as well as the suspension of the
coil were not adequate. A second reconstruction was
started, to perform the following changes:

1. Lower the shield temperature below 60 K to re-
duce the heat influx to the solenoid. This was
achieved, by installing between the transferline
and the cryostat in the PMC a valve-box to
branch off from the 4.5 K supply line some cold
Helium into the shield circuit, and to regulate the
gas flow through the shield.

2. Improve the indirect cooling of the shield on the
exit side to SINDRUM II, and change the con-
struction to avoid possible contact between shield
and coil.

3. Repair and strengthen the suspension of the coil
to avoid movement induced by the magnetic field
in SINDRUM II.

4. Repair the coil insulation to improve the heat flow
within the coil.

The PMC-magnet had been cooled down in July
1998, and it was energized on August 4, 1998 to the
required current of 900 A. Experiment started finally in
October 1998 and the PMC is in use since then.
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Oct. 15-20,1998, Cangas de Onis, Spain

D. Segers, S. Van Petegem, J. F. Loffler, H. Van Swygenhoven, W. Wagner, C. Dauwe
Positron annihilation study of nanocrystalline iron
4th Int. Conf. on NanoStruct. Mat., Stockholm, Sweden, June 14-19,1998

M.C. Simmonds, A. Savan, H. Van Swygenhoven and E. Pfluger
Structural, morphological, chemical and tribological investigations of sputter deposited MoS/metal multilayers
International Conference on Metallurgical Coatings and Thin Films 1998, San Diego, California, USA, April 27 - May
01, 1998

M. Spaczer, H. Van Swygenhoven, A. Caro
Microscopic description of plasticity in computer generated metallic nanophase samples
MRS Fall Meeting, Boston, USA, 1998 (invited)

U. Stuhr
Multiple pulse overlap diffractometer (POLDI) at SINQ
FRM Il-Seminar, TU-Munchen, Germany, February 13, 1998

U. Stuhr
Concept and simulation results of a multiple pulse overlap diffractometer
Workshop on 'A multiple pulse-overlap-diffractometer for strain field analysis at SINQ', PSI, March 13,1998

Y. Takeda
Ultrasonic Velocity Profile measurement.
13. National Anemometry Conference May, 1998, Praha, Czech Republic

H. Van Swygenhoven, M. Spaczer, A. Caro
Role of low and high angle grain boundaries in the deformation mechanism of nanophase Ni: a molecular dynamics
simulation study
Annual Meeting TMS, February 1998, San Antonio, Texas, USA (invited)

H. Van Swygenhoven, M. Spaczer, A. Caro
Characterisation of the microstructure of nanophase Ni: a molecular dynamics simulation study
4th Int. Conf. on NanoStruct. Mat., Stockholm, Sweden, June 14-19,1998.

H. Van Swygenhoven, M. Spaczer, D. Farkas, A. Caro
The role of grain size and the presence of low and high angle grain boundaries in the deformation mechanism of
nanophase Ni: A molecular dynamics computer simulation
4th Int. Conf. on NanoStruct. Mat., Stockholm, Sweden, June 14-19,1998

H. Van Swygenhoven, M. Spaczer, A. Caro
Workshop on simulation of microstructure and strength of materials
Max-Planck Institut fur Metallforschung, July 1998, Stuttgart, Germany

H. Van Swygenhoven, M. Spaczer, A. Caro
Plastic deformation in nanophase metals: A molecular dynamics computer simulation
Condensed Matter division of EPS, "From atoms to microstructure", Grenoble, France, August 1998 (invited)

M. Victoria, N. Baluc, C. Bailat, Y. Dai, R. Schaublin and B.N. Singh
The microstructure and tensile properties of irradiated fee and bec metals
Intern. Workshop on Basic Aspects of Differences in Irradiation Effects Between fee, bee and hep Metals and Alloys,
Oct. 15-20,1998, Cangas de Onis, Spain
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LECTURES AND COURSES

ACCELERATOR PHYSICS AND DEVELOPMENT

Dr. S. Adam
ETH Zurich, Institut fur Fluiddynamik, 28.10.98
• Vortrag im Rahmen der Vorlesung ..Particle methods in fluiddynamics" von Prof. P. Komutsakos, ..Space charge

simulation with the particle-in-cell method"

P.K. Sigg
Korea Cancer Center Hospital, Cyclotron Appl. Lab, Seoul, S.Korea, 20-24 July, 1998
• Seminar on Cyclotron RF-System Design

Institute of Physical & Chemical Research (RIKEN), Wako-shi, Japan, 27-28 July, 1998
• Seminar on PSI RF-High Beam Intensity Operation; Flattopping Concepts

Dr. Th. Stammbach
Joint Universities Accelerator School (JUAS), Archamp (F), 28-29 January, 1998
• Cylotrons

SPALLATION NEUTRON SOURCE

H. Heyck
Fachhochschule Aargau, Abteilung Maschinenbau, Brugg-Windisch, WS97/98, SS98:
• Kerntechnik

G. Kiihne
Fachhochschule Aargau, Direktionsbereich Technik, Brugg-Windisch, WS97/98, SS98:
• Physikpraktikum

G. Kuhne
Fachhochschule Aargau, Direktionsbereich Technik, Brugg-Windisch, SS98:
• Mess- und Sensortechnik
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MEMBERS OF SCIENTIFIC COMMITTEES

ACCELERATOR PHYSICS AND DEVELOPMENT

T. Blumer
• International Scientific Advisory Committee (ISAC) to the International Conference on Accelerator and Large

Experimental Physics Control Systems (ICALEPS): Member

Dr. Th. Stammbach
• International Organizing Committee for the International Conference on Cyclotrons and Their Applications,

Caen (F): Member
• Expertise on the GANIL project to accelerate a 6 kW Ar-beam, 9-11 December, 1998

SPALLATION NEUTRON SOURCE

E. Lehmann
• Vicepresident EWGNR (European Working Group for Neutron Radiography)
• Coordinator for Switzerland for COST-Project 524 "Neutron Imaging Techniques for Defects in Materials"

Head Working group 1: Standardization, Head Working Group 5: Tomography and Computer analysis

H. Van Swygenhoven
• Swiss Delegate of COST action 523 "Nanostructured Materials" of the European Commission (together with

Prof. Hofmann, EPFL)
• Elected as member of the International Committee for Nanostructured Materials

G.S. Bauer
• Steering Committee for the US- National Spallation Neutron Source Project, Oak Ridge National Laboratory,

USA
• Coordinator for International Research Collaborations for the European Spallation Neutron Source, ESS
• Consultant to Oak Ridge National Laboratory, USA
• Consultant to Los Alamos National Laboratory
• ESS-Spokesman for the International Collaboration for Target Test Stand Experiments at the Alternating

Gradient Synchrotron in Brookhaven
• Coordinator for the International Collaboration on the Development of Advanced Cold Moderators
• Review Panel of the LANSCE Upgrade Project, Los Alamos National Laboratory, USA
• General Chair, 2nd ANS Topical Meeting on Nuclear Applications of Accelerator Technology, AccApp'98,

20 - 23. 09 1998, Gatlinburg, USA
• International Advisory Committee OECD -NEA Workshop on Utilization and Reliability of High Power

Accelerators 13.-15. Oct 1998, JAERI, Tokai, Japan
• International Advisory Committee, 3rd International Conference on Accelerator Driven Transmutation

Technologies and Applications, 7.-11. June 1999, Praha, Czech Republic
• Technical Program Committee, 2nd ANS International Topical Meeting on Nuclear Applications of Accelerator

Technology, AccApp'99, Nov. 14-18,1999, Long Beach, Cal.



112

Thesis

J. Loffler
Structure and magnetic properties of consolidated nanostructured Fe, Co and Ni:
a study combining Small Angle Neutron Scattering and magnetization measurements
Betreuer: Prof. G. Kostorz (ETHZ), Dr. W. Wagner (PSI)
Abschlussdatum: November 1997 (Award 1998)

H. Pleinert
Determination of Moisture Distribution in Porous Building Materials - Neutron Signal Transfer Analysis
Betreuer: Prof. F.H. Wittmann (ETHZ), Dr. E. Lehmann (PSI)
Abschlussdatum: 19. Mai 1998

Awards

J. Loftier
• Medaille der ETH Zurich
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