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•>•, . Foreword

The annual report is a good opportunity to present again a
somewhat more elaborate progress report of the SINQ-
project. We feel obliged to do so. since we are aware that a
community of users of this facility is eagerly waiting for its
commissioning. The scientific contributions of the
Laboratory for Neutron Scattering and its extensive
external net of collaborations with the universities is
evidence for this situation.
I still feel sad about the disagreeable circumstances which
led to the delays for this project in the late eighties. On the
other hand. I believe that SINQ has gained by being able to
lake advantage of new developments. Only now, backed up
by the successful results in the development of
supermirrors described in this report, can we make use of
this chance. So. after all things have turned to the better,
and there is all reason to look into the future with
confidence (Fis. 1).

Fix- I Participants of the 1993 Zuoz-Summerschool on
Neutron Scattering observing nature in the Natural Park

First successful steps have been made in the demonstration
of an increased moderation efficiency for the positron
source. The whole premoderation phase has been
demonstrated with
i) an 82 9r efficiency for the magnetic confinement and

the slowing down to a few keV.
ii) an 83 7r efficiency for the extraction of 7 keV

positrons from the slowing down path.
Next year we expect the demonstration of a high quality
positron microbeam and its use for first experiments.

In 1993 the Laboratory for Astrophysics (formerly in
Dept. F3B) joined our research department. Its research
emphasis consists in the development of space born
detectors for charged particles and electro-magnetic
radiation in the spectral domain of EUV and soft X-rays. A
first detector - REM. for Radiation Environment Monitor -
is expected to be sent to space in spring 1994 by an
"Anane".

For the scientific exploitation of the astrophysical data
from this detectors we seek close collaboration with
institutions from the universities (Geneva. Basel! and
ETHZ. The laboratory is also responsible for a special
proton beam at the PSl-accelerator facility, by means of
which radiation conditions in space can be simulated. This
facility is widely used for testing microelectronic
components by external users like ESA. NASA, JPL and
others.

While providing 65 9c of the beam time at the Tandem
Accelerator facility for mass spectroscopy, the Laboratory
for Ion Beam Physics has increasingly devoted their work
to the application of the facility to material science. New
experimental techniques have been developed, existing
ones have been improved - no doubt this is one of the
qualities of this research group.
Furthermore a new research project in nanostructuring has
been started as a joint effort with the F3B-department.

The gas-jet systems at the reactor "SAPHIR" and at
Injector 1 are a main tool for the experimental activities of
the Laboratory for Radio- and Environmental
Chemistry. The operation of the new ECR-Ionsource
(Electron-Cyclotron Resonance) at Injector I opens up new
possibilities. Although the chase for element 106 is one of
their drives, the development of the corresponding
experimental methods with lighter homologes delivers also
deep insight into the physics and chemistry of aerosol-
particles and their surfaces.
Concerning the research activities 'in the field' to quote
"during winter air masses as Jungfraujoch are decoupled
from the polluted air masses below, whereas during the
wanner seasons polluted air is transported to this site by
thermal convection" a good example of reading nature by
means of the incredible sensitivity of radiochemical
methods.

I do not comment here the list of publications from our
research department - a glance at it will convince that the
laboratories play a vital role in their scientific community;
and this in spite of their considerable load in running and
up-grading the delicate user-facilities they are responsible
for. Obviously this would not be possible without a
competent and valuable support from our colleagues of the
Technical Department (BK). May I take this occasion to
express to them my appreciation.
Furthermore, I have the pleasure to congratulate Dr. Peter
Allenspach of the Laboratory of Neutron Scattering for his
"TIT-ETH award 1994". Finally I would like to thank to
all the colleagues of our department for their dedication to
our case.

W.E. Fischer
Head of Dept. F3A
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SINQ - THE NEW SPALLATION-BASED NEUTRON SOURCE '

<i S Hauer"

F'iiul Scherrer Institute. CH-5232 Villiuen PSI. Switzerland

I. Introduction

At the lurii (il the year SAl'HIR. I'SI's present neutron
source was shut down fur a backtitlinsi operation which
shall ensure its continued service lor several more years
until the new neutron source, Sl\Q presently under
construction has been commissioned and begun to serve
the Swiss Neutron scattering community for its research
needs

SINO is the first neutron source world wide which is based
on the spallation reaction and designed to reach a time
average thermal neutron flux level corresponding to that of
a medium flux reactor. It will not only allow the Swiss
scientific community lo continue neutron-based research
slightly above the level possible at SAPHIR but. in contrast
to SAl'HIR. it will also feature one of the world's best cold
neutron moderators, putlmu it in tile frontier line in the
field ut research with cold neutrons.

Neutron scatteres were involved in the decisions made
early on in the conceptual planning stage and existing
experience from other neutron sources was incorporated to
Ilie largest possible extent, subject of course to existing
boundary conditions

2. HriiT review of the source concept

One ol the boundary condition was that the PSI-cyelotron
is operating at an rf-frcquency of 51 MH/ but apart from
this has no macro pulse structure Therefore, the concept of
SINO is that of a steady state neutron source and hence
aims at providing the highest possible neutron tlux that
can be generated from the available beam power and at
offering the maximum possible space for instruments. For
this reason the proton beam is injected into the target from
underneath, making 3M) degrees around the target
accessible for beam extraction. The concept provides for a
multiple containment of all potentially volatile
radioactivity produced inside the target block itself. For
this purpose a double-w.'lled steel tank with contained
atmospheres will surround the target and the moderator
tank A perspective view of the facilities is shown in
Figure I. The target block, which is shown partly cut open
lo display the space in which the steel tank was inserted,
will surround a 2 m diameter heavy water tank in whose
axis the target with essentially cylindrical geometry is
positioned (Fig. 2). The D,O will guarantee a long life
time ol thermal neutrons and hence a high thermal flux.
Two spectrum shifters tcold or hot moderators) can be
located near the maximum of the thermal neutron flux in

the D-,O-tank. One of them will be a 20 litre liquid D2

moderator, feeding one pair of beam tubes and several
neutron guides. A bundle of 7 neutron guides will serve to
transport cold neutrons to the neutron guide hall, where
the majority of instruments will be located.

All beam tubes are designed as twin pairs to minimize the
llux pertubalion in the D,0 and still have a large number
of possible instrument positions around the target block.
The whole of the services building shown behind the target
block is located inside the target hall. Its raw construction
was finished in 1993.

largoi setvices and
conircis building neutron

guide hall

neutron
guides

useo target
reposrtory

proton beam
transport line

The SINQ
Facility

Figure I: Partial cut-away view of the SINQ facility
hu tiled in the neutron target hall. The proton beam line
partially shown in the foreground allows injection into the
target from underneath. The target shielding is shown
partially cut open to display the space where the
atmospheric containment was inserted as well as the
penetrations for the neutron beam ports and cold source
insertion. Adjacent to the target shielding and located
above the neutron guide shielding cavern is the target
services building, completely located inside the target
hull. Seven neutron guides, two of which are visible, will
lead into the neutron guide hall.

3. Target development programme

Together with the maximum neutron yield that can be
obtained, safe and reliable operation of a target at the
anticipated beam power level of nearly 1 MW is a prime
concern in SINQ. The proton current density will be

'This report is in parts based on the status report given at the 1993 neutron users' meeting at PSI



25 jiA/cm- under normal conditions and can go
substantially higher for short times, if the upstream meson
target fails or the beam is incidentally steered past it.
Inititally we inteded to start operation with a liquid lead-
bismuth target which has a number of attractive features.

However, in view of the lack of experience world-wide
with such targets, v/e decided on an approach which puts
maximum emphasis on operational safety and hence
availability of the source 11 ].

Gate valve

Shielding and heat
transport zone

Double containment
tank

Cooled inner iron
shield

Cold D2-moderator

Neutron producing
zone

Cooled beam
tube shielding

Figure 2: The inner parts of the SINQ target block, showing the target and its surrounding D2O moderator tank which are
contained within two concentric steel tank structures with controlled atmospheres

Starting with a relatively simple design of a target made up
of /.ircaloy rods and directly cooled by D2O, we plan to
develop and demonstrate a target safety container which
should be able tr> provide tight enclosure of any
radioactivity even if something goes wrong in the target
itself. In its present version this container is a double
walled aluminium structure with water cooling which will
surround the target proper. We will initially use it together
with the zircaloy rod target and hope to proceed to a target
with higher neutron yield within a year by replacing the
/ircaloy rods by lead filled zircaloy tubes. One problem to

be investigated with the zircaloy rod target is the effect of
the hydrogen produced in the spallation process on the
zircaloy under the prevailing operating conditions.
Comparative expected flux figures for different target
materials and concepts are given in Table 1. So far,
thermal cycling tests on the lead-filled zircaioy tubes
showed no signs of .shape change even after more than ten
thousand transitions through the melting point of lead.
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I'nhlc I ( till nliitril flux levels »/ thermal neutrons for
viinoits lathes i urn epls jot SIS(J The numbers ure per mA
nl pinion i iiiienl on hirurl

I iiL'iikvuiH1 work on tin- milk 1 target is virtually
coinplcie .inti owisiruchoii nl the lust model is in progress,
iiuludiiiL' .i pruiotypc ol the displaceable target head which
.lllov^s connections (o (he cooling supplies in he made wilh
ininimuin hands on effort Since, according ti' Table 1.
more lli.in a IUDI'OUI llux ;j;im call Ix' expected from an
opiimi/ed massive liquid metal target relative to the
/uc.iliiy taiL'i't. dcvelnpmenl ol this concept will remain a
locus ol Inline work tin SINO l i i ; . ' shows schemalicallv
the two lari'el conccpls

, Window
cooling Secondary

-coolant

Wlnd
co^llr g

Dolay lank

y^R,
D20 —

I
Purification
plant

Shielding

li^nte .* S< hetihilti' t efttese>]Uili(i!' ol the solid rod Imyet
(ii^hll iiiul tin- Ih/uiil inetiil nu\i;fl (left) fur SINQ. The
solid nul tiirxct has />,(> eoolant in the pinion beam and
requites iniissne slueldirii: in the forwiird direeti(Hi of the
beam I he lu/uid metal tiiryet is self xhifhlinii "'"/ heat is
tiansjinried i»wi\ from the reaetum :one b\ eonvt'ilive
mmion ol the target material The target eoolini; water is
iii>l mien e/'iej bv the proton beam, thus avoiding
radioh\/\ problems

4. Target services and ancillary equiqment

The decision to go from a liquid metal targt with no
cooling water in the proton beam to a solid target with
D-,0 coolant that will be exposed to the protons had a
profound effect on the cooling circuits and other ancillary
equipment. Not only did we have to provide for a delay
tank very near the exit of the coolant from the target, but
the whole circuitry became significantly more complex and
voluminous. With most of the basic engineering for the
cooling circuits now at hand, we are presently establishing
a complete 3-dimensional CAD-model of the whole system
to ensure optimum placement of pipes and equipment
throughout Sufficient space must be allowed for
maintenance and exchange where necessary, so work can
be performed at minimum radiation exposure of personel.
The requirements to the target transport flask have been
specified and a conceptual desgin has been worked out.
Detailed design is due to start soon.

The concept of the radiation monitoring and safety system
has been layed down and individual parts ol the system are
now ready for procurement. A concept for the control
system of all ancilliary equipment and the cold neutron
moderator has been worked out and is now being detailed.

All pertinent information is stored in a data base on the
PS I central computer and is accessible form everywhere in
the laboratory. The data base mangagement system used is
ORAC1.K.

5. Expected neutronic performance

Neulronic performance predictions for SINQ are based to a
large extent on model calculations |2. |3). |4| . They were
benchmarked againsi exploratory experimental work done
during the preparatory phase of the project. For the
thermal and higher energy groups the flux is given as a
function of the radial distance from the target centre in
r-itr. 4.

10"

I ioIJ

\ \ IMermed

Epilhermil
0.625— IJeV

High Enci|y
s > ISMeV

20 30 40 50
Dtsunce from Iknjet centre-line

Figure 4: Radial dependence of the neutron flux for
different energy groups in the moderator tank of SINQ.



[is; 5 -.turn', the expected energy spectrum al 30 cm from
the target centre line, the approximate location of the beam
tube noses. This spectrum resembles \ery much that of a
modern reactor, but if should be noted that it extends all
the ua> up to S()|) MeV. although with an increasingly
sleep drop.

R=30cm

10 3 10^10" ' 1 10 102 103 10"1 10s 106

Energy [eV]

ri^iire .V h\pected energx spectrum in the SINQ
ttioilcriilor at .W cm from the centre line of the target.

The high energy component of the neutron spectrum is not
only responsible for the massive target shielding but is also
a matter of concern in the beam tubes of SINQ. Fig. 6
gives the variation of its calculated intensity in the beam
tubes as a function of the angle of the beam tube relative to
the direct line of sight on the target. Obviously the 9()a

viewing angle chosen for the beam tubes of SINQ is of
great significance. Nevertheless we plan for rather massive
monoehromator shielding for the first two instruments in
the target hall.

6. Experiment infrastructure

In parallel to work on the target block and the target itself,
great emphasis is put on those pieces of equipment, which
we call the experiment infrastructure for the instruments.
This includes in particular

• the cold D-. moderator
• the neutron guide system
• the beam port inserts
• equipment needed to install and maintain these

components

Since these systems v.ill serve a large number of
instruments over a long time, we consider il particularly
important to provide a state-of-the-art standard, even if this
limits the number of instruments we can provide for the
start-up phase of the source for financial reasons.

10 30 50 70
Angle "a1 [deg]

Figure 6: Variation of the high energy neutron component
seen at the end of a beam tube with the angle of the beam
tube relative to the direct line of sight onto the target.

The cold D^ moderator system is presently being procured
for an off-line test setup. The deuterium-helium heat
exchanger is nearing completion, the cryogenic plant is
being commissioned and the horizontal leg of the cold
moderator system including the moderator vessel and the
zircaloy pressure tube are being manufactured. We expect
to start the test setup in the first half of 1994. The planning
of the necessary control system is progressing well.

One of the six neutron guides actually viewing the cold D2-
moderator will be divided in its height early on and the two
guides of reduced cross section (5 x 5 cm2) will continue
with different curvatures so that actually 7 guides will
penetrate the shielding of the neutron guide cavern. The
properties of the guides are listed in Table 2.

While the two guides which will serve instruments with
narrow ingoing collimation will be coated with carbon or
nitrogen-doped nickel, we intend to coat the other 5 guides
with supermirrors with twice the critical angle of natural
nickel (m = 2). These supermirrors are produced at PSI by
our own staff. Tests have now routinely resulted in
supermirrors with m close to 2 and reflectivities of 92% or
more (see separate report). The gain from using the
supermirrors will help to make the SINQ neutron guide
system competitive in intensity to that on a high flux
reactor.



(iuidc designation

IRNR1I

IRNRI2

IRNRI3

1RNK14

IRNRI5

IRNRlh

1RNRI7

Anlgc relative to

centre line of bundle

• 6 '

-4.8"

-4.0"

+ 3.2"

+4"

+6

+6

Dimension to Widlh

x Height (mm-)

50 x 120

20 x 120

30 x 120

35 x 120

30 x 120

50 x 50

two times

24.5 x 5<K

curved length
Lcurv ( m )

20

20

20

20

20

20

24

Radius of curvature

Rcurv<m>

1445

3612

2408

2063

2408

1445

1234

characteristic wave
length X* (A)

2.4

1.7
(NiC)

1.5

1.7

1.5

4.2

(NiC)

Table 2: Sfwi ifictiliims />/ nemrim guides at SINQ. Guide coutins; ist with supermirrors unless indicated otherwise (NiC).

7. Conclusion

With S00 |uA proton beam reached in the ring cyclotron
alter upgrade of two of the tour rf-cavities. we are
confident, that the design goal of 1.5 mA will be met when
the upgrade is complete This will enable us to have I mA
on the SINQ-target. yielding about l()14 n/cm2s at the
beam tube noses even with the lead filled rod target
structure. In view of the novelty of the concept and the lack
of experience world wide with u continuous spullation
neutron source, we anticipate a somewhat extended
commissioning phase, but we are confident thai we will
produce first scientific results from at least live neutron
spectrometers before the end of I99o.
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March 199.i
Heavy equipment was needed to place
the 90 ton double wall enclosure tank
in its position in the SINQ shield. The
arrival of this tank from the plant in
France, where it was manufactured
was a major milestone in the
construction of the SINQ shielding
block

September
U//// the bean\ extraction channels in place, steel is being
Idled into the polygon tunned l>\ the outer steel liner of
the SIS'Q shtt'ltt. At the same rime the service building
HIIHII will house the ancilliary equipment and control
rni>ni l\ < /f//imi! up

November
Raw construction of the service and controls building is
complete and most of the steel in the target shielding block
is in place. The square steel enclosure around the
containment tank is to provide safety against airplane
crash.



Two ninri" mik-stoni's:

December 1993:
The outer turret .shield jacket, made
from a specially developed mix of
heavy concrete and the top concrete
layer of the targe! shield are in place,
just in time for Christmas. The steel
bars standing out through the top will
provide safe anchoring of the
concrete that will form the target top
enclosure (airplanes crashing again!)

September 1993:
The buffer tank for the Di of the cold
moderator is unloaded under the
watchful eyes of Harald Spitzer,
responsible for the cold moderator
system and with the assistance of
Jiirgen Duppich, coordinator of the
assembly workes at SINQ. Before the
buffer tank will be moved into its final
position, it is to serve for a temporary
test setup of the cold modeartor
outside the SINQ shield.



EXPERIENCE WITH SUPERMIRROR PRODUCTION AT PSI

I' Bum". (). Hlsenhan-.'. HP. Friedli". H K. (Irimmer*. I.S. Anderson'

• Paul Scherrer Institui. CH-5232 Villigen PSI. Switzerland
f Instnut I.aue Laneevjn. F-3SO42 Grenoble. Cedex. France

Supermirror coatings for the seven neutron guides of
the continuous spallation source SINQ at PSI are being
produced on a DC-magnetron sputtering plant at PSI since
April 199 J at a rate of up to 2 meters of guide per day.
AH .supermirrors are characterised after production on the
lest spectrometer TOPSI at reactor Saphir. The more than
M)i) production runs allow interesting comparisons between
coalings made on various iypes of glasses.

1 Introduction

Neutron guides are a means to transport cold and thermal
neutrons from the source to the instruments in areas of low
background. Supermirror coatings allow to increase the di-
vergence of the beam by reflection from a slack of layers
with variable thickness, thus increasing the available flux
ai the spectrometers. Therefore it was decided to develop
a reliable process suitable for the large scale production
of supermirror coatings for the spallation source SINQ. Af-
ler commissioning an inline DC-magnetron sputtering plant
/.Mil) at our institute in fall 1991 we started the development
of supermirror coatings in January 1992.

A supermirror with r» = 2 times the critical angle of
bulk Ni consists typically of 40 bilayers of two materials
with a large positive scattering length density and a large
negative scattering length density, respectively. The thick-
ness of the single layers varies continuously between 70 A
and ~ 100(1 A. Obviously Ni and Ti are an ideal couple of
materials because their scattering contrast is high.

Pure Ni and Ti (end to interdiffuse quickly and to de-
velop rough and wavy interfaces which reduce the perfor-
mance of supermirror coalings seriously. In order to avoid
iliis problem it is common practice to introduce carbon into
Ni and/or hydrogen into Ti.

2 Development

At the beginning of our development we followed the above
ideas and investigated in detail the structure and morphol-
ogy of NiC.r and TiHv multilayers. However, several fac-
tors have led us to give up the further exploration of super-
mirrors containing C and H:,:

• the quality of NiC layers depends on the way, how
C is incorporated into the Ni target material, raising
the question of maintaining a constant target quality

• NiC targets are expensive

• hydrogen has a large incoherent scattering cross sec-
tion for neutrons

• H: is noi pumped well with turbo pumps due to the
low molecular weight

• supermirrors must be annealed after production

• the production is slow.

Therefore we decided to i) alloy Ti and ii) to sputter Ni
in the presence of reactive gases in the deposition chamber.
These supermirrors can be produced quickly and reliably.
Moreover, the adhesion as well as the temperature stabil-
ity of these structures is excellent. In Fig. I we show the
transmission of a neutron beam (A = 4.08 X) through a mi-
croguide assembled from two float glass plates coated with
supermirror. The measured reflectivity H = 94% is rather
close to the maximum theoretical value ft = 96%. Based
on investigations of the surface morphology of the glass, as
determined by atomic force microscopy, we believe that the
minor losses in H are mostly caused by damage of the sur-
face. Therefore, the reflectivity of our supermirror coatings
cannot be improved significantly anymore.
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Figure I: Transmission profile of one of our best supermir-
ror coatings on float glass 50 x 500 mm- arranged as a
"micro guide" having a gap of 0.8 mm. The solid line is
a fit to the data, using as model a single reflection profile
with reflectivities ft, = 99.9% at m = I and H2 = 93.8%
at tn = '2.in. The neutrons undergo ~ 9 reflections near
tii = 2.

3 Production

Small scale production of supermirror coated guides was
initiated during April 1993. After a few adjustments to the
process, full scale production started in May 1993. Super-
mirrors were made on different types of glass at a rate of
up to 2 m of guide per day (i.e. 1.0 m'J/d).

The choice of the substrate material is mainly influenced
by the following criteria:

• flatness



10

95

0 2 4 6 8 10 12 14 0 2 4 6 8 4 31.5 30.7 28.9 27.11

Date (d.m)
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• roughness

• price

• handling

• absorption of neutrons which do not undergo total
reflection

Boron containing (horkron) glass is excellent with re-
sped to absorption of neutrons within the guide structure
itself. However, because it is not available as float glass, it
is necessary (and expensive) to polish the surface in order
to achieve a low roughness. In fact, the requirements on the
roughness for supermirror coaled guides are more extreme
than for simple Ni coated guides.

On the other hand, normal float glass is cheap and it
provides a surface that is inherently smooth and chemically
stable. 1'nlortunately it is not as flat as polished glass,
although this factor is less important for supermirror guides
because of the significantly larger angle of reflection.

SINy guides are being manufactured from different types
of glass. Alter coaling them with supermirror in = i we
characterise the performance of the guide pieces by mea-
suring the transmission of neutrons through a so-called mi-
croguide (l-'ig. I). Thanks to the more than KXK) plates
coaled so far. we gained a lot of information on the quality
of superrmrror coalings. In Fig. 2 we show the reflectivi-
ties obtained on the four different types of glass made since
Mai I W (,/ is the thickness of the glass):

• super-polished borkron glass

• super-polished calcile glass

• float glass I mm v >l •*. 10 mm initially seleclfd for
Ni coaled neutron guides

• selected float glass from local supplier 2 mm < d <
! 0 mm

The data indicates that the highest reflectivities are ob-
tained on regular float glass from our local supplier. The
coatings on that glass have been usually put down dur-
ing the same production runs as for the other glasses and
the results for the different substrates can be directly com-
pared with each other. Investigations using atomic force
microscopy indicate that the different performances can be
traced back to the surface morphology of the different types
of glasses. The problems involved with borkron glass are
the roughness and possibly the chemical activity of the pol-
ished surface, which requires extremely careful handling to
avoid degradation in performance. In contrast, the quality
of the supermirrors on float glass depends on the number
of damages on the inherently smooth surface and also on
the proper cleaning of the surface before coating.

Although we do worry about the poorer reflectivity of
polished glass as substrate for supermirrors we should keep
in mind that the resulting flux at the end of a typical (curved)
S1NQ guide having a cross section 35 mm x 120 mm and
a length of 50 m varies only by ~ We for 889^ < H < 919c
(Fig. 3). However, we do gain a factor of at least three in
flux when compared with a regular Ni-coated guide (Table
I). The choice between different glass substrates will there-
fore be based on the requirements with regard to shielding,
price etc.

Table I: Flux expected at the end of a 50 m long bent su-
pennirror coaled guide of SINQ for a neutron wavelength
A = 4,4 and a pruitm current of I m.4 Isee also Fig. 3i.
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Flux Calculations Beam Tube vs. Guide (TASP, 50m)
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l igure 3: Calculated neutron flux of a typical SINQ guide for i) m =],!{= 99.5%. and ii) m = 2, 88% < K < 95%. The
beam cross section is !J.~> x 120 mm", the length of the guide is 50 m and the radius of curvature is 2063 m. The supermirror
coating \ wills u flux gain of more than three and extends the neutron spectrum to shorter wavelengths. Also given is the
calculated flux at the end of a 6 m long beam lube pointing to the D-> cold source.
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We observed that the performance of supermirror coat-
ings (in thick float glass (d > 8 mm) can vary between
different deliveries of glass. The range of variation in ft
being as large as ~ 8%. However, the relatively low price
of this glass allows us to select a .suitable quality in the
following way: We order from the supplier test samples of
different glass deliveries and coat them with supermirror.
Based on the performance of the test coatings we purchase
the best glass.

of coatings with larger m. The best result we obtained so
far at ra — 2.4 is a reflectivity of 88.5%. In addition we
managed to increase the production yield to ~ 0.24 trr of
supermirror in less than 4 hours.

It is clear that with today's deposition methods it is pos-
sible to produce excellent supermirror coatings for neutron
guides at rather high production rates. Thus, compared to
normal Ni-coated guides, the neutron flux can be increased
by more than a factor of three and the spectrum of the trans-
mitted neutrons through curved guides can be extended to
shorter wavelengths (Fig. 3). Supermirror coated guides
are the most effective and cheapest means to improve the
utilization of neutron sources.
We should like to thank G. Bauer for critical reading of the
manuscript.

4 Concluding Remarks

Thanks to the reliability of the sputtering plant at PSI and
the stability of our process the production is presently ahead
of schedule. By the end of November we have performed
more than 300 production runs on borkron and on float
glass, corresponding to ~ 140 m of neutron guide. About
M)ri of the coatings having a reflectivity H < 88% at
m = 2 are either used i) for a SINQ guide, which only
requires m = 12 or ii) are repolished or discarded. Most
bad coatings have their origin in glass surfaces of low qual-

Being ahead of schedule we embarked also on the inves-
tigation of polari/mg supermirrors and on the development
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MEASUREMENT OF TEMPERATURE DISTRIBUTION OF COOLING
WATER IN A ROD STRUCTURE OF SINQ TARGET

Y. Takeda*, M. Haefeli*

* Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

1. Introduction

In the first operational phase the SINQ-target will consist
of a stack of rods cooled by heavy water. A number of
zircaloy rods is stacked perpendicularly to the beam
direction inside a cylindrical tube. An annular channel
outside this tube serves as an inlet to the cross flow to this
rod bundle. The objective of the present study is to measure
the temperature distribution of the cooling water inside the
target structrue. Since it is practically impossible to
simulate the internal volume heat generation of the proton
beam, our study focussed on to the temperature of the
cooling medium, rather than on the rods.

2. Experimental set-up

The test modul is illustrated in Fig. 1. It consists of a
straight channel with a radius of 19 cm and a height of 62
cm. This double walled structure has an inner wall made of
Teflon in order to minimize the thermal coupling between
the inner and outer channel. The outer wall is made of
Plexiglass in order to avoid its heating by the induction
heater, which should heat up the target rods only. The
heating coil with a height of 30 cm is located outside the
test modul. Run 1 and Run 2 refer to two different
positions (upper, lower) of this coil with respect to the
modul.

The modul is compoesd of 1144 stainless steel rods, which
are arranged as illustrated in Fig. 1 and 2. The diameter of
each rod is 10 mm. They are arranged with triangular
packing hcc and a distance between the rod centers of
12 mm. Alternating layers have 11 rods (Fig. 2a) and 10
rods (Fig. 2b). These rods are supported by being inserted
into a hole grooved in the inner wall of the Teflon cylinder.

It should be noted here that the target structure is not
axisymmetric. It shows a somewhat porous media structure
in its vertical cross section perpendicular to the rod axis.

In the modul, 61 therocouples (TC) are implemented. Each
TC is located with its top (junction) 2 mm beneath the rod
surface in order to measure the temperature of the flowing
water. They are treated in 7 groups (A to G). For groups A
to E (10 or 11 TCs for each group), TCs are set on one
central rod to measure the distribution parallel to the rods.
In a rod, TCs are set with the first one at 9 mm from the
edge of the rod and the others at 20 mm distance. Group F
and G are for the distribution measurement in the
perpendicular direction.

RUN 1

Figure I: Vertical cross section (perpendicular to the rod
axis) of the test section. Positions of TC groups is marked
as A to G (see Table 1). Positions of heating are given as
Run I and 2. Water flows from bottom to top.
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u
Figure 2: Horizontal cross section {perpendicular to the target cixis) of the test section, (a right) is at the height of TC group
B showing 11 rods and (b left) i.sl one layer below (a) showing 10 rods. Orientation of TC groups is given for A to E and F to
G and positions of TCs are displayed.

3.2 Vertical temperature distribution

Fig. 4 shows a vertical temperature distribution on the
centerline for various flow rates. Temperature distribution
is monotonic in the uxial direction starting at almost zero
for the inlet and saturating at 450 mm, at the other end of
the heating coil. The distribution is the same for all flow
rate studied here.

Vertical Temperature Distribution on the
Centerline (Run 2)

Group
A
B
C
D
E
F
G

Height (mm)
27.5

214.6
339.3
464.0
588.7
339.3
588.7

Orientation
Parallel
Parallel
Parallel
Parallel
Parallel

Perpend.
Perpend.

Table 1: Height and Radial Orientations of TC groups

In addition to the above measuring positions, the
temperature for the inlet and outlet of the cooling water,
pressure al the inlet and the outlet and volumetric flow rate
and output power of the power supply were recorded.

3. Experimental Results

3.1 Horizontal temperature distribution

An example of a horizontal temperature distribution is
shown in Fig. 3, where the heating coil was sel to the lower
position. The flow rale was 8 m-Vh and the heating power
50 kW.

Run-2, 0-5. G«8

-O-A
—-8

O-E
••F

Figure J: Horizontal temperature distribution. Run 2
I Heater at lower position). 50 kW. X m^/h. A • E: P-
direction, F and G: N-direction.
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-&- 13.84

-T-16.21

-•- 18.23

Figure 4: Vertical temperature distribution on the
centerline for various flow rate. Run 2, 50 kW.

3.3 Temperature at Center

Taking the position at the center of the target as a
representative point (Group E), the temperature for the
system is plottted with respect to flow rate in Fig. 5. It is an
interesting observation that the temperature decreases
exponentially with respect to the water flow rate up to ca.
18 mVh. It shows a linear relationship on semi-log plot. It
behaves, however, very differently above this flow rate.
After an increase at the flow rate of 20 mVh it decreases
again but more gradually. Scattering of the data is larger
for the flow rate higher than 20 m-Vh although the
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temperature increase is quite low. This peculiar behaviour
is seen for both (15 and 50 kW) input powers and is
reproducible. We believe that this is due to the change of
die flow regime at this flow rate.

The same quantities are plotted as a function of input
power (Fig. 6). It shows a linear behaviour against the
input power.

Temperature Increase at Center (Run 2)
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Figure 5: Temperature at the center of the target.
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4. Discussion

4.1 Horizontal temperature distribution

We observe a large difference in the horizontal
temperature distributions for parallel and perpendicular (or
normal) direction to die rod axis. We call them P-
distribution for the former and N-distribution for the latter.
The clear difference is that the P-distribution is upward-
open and the N-distribution is downward-open. This
difference can be seen for all axial positions studied and all
power input levels. It is also the case for all flow rates.

4.2 Temperature at the center

The temperature at the center (Fig. 7) decreases
exponentially up to Re=2500. There occurs a slight
increase and then a slow decrease. This behaviour is
exactly the same as the correlation curve of the friction
coefficient in a pipe or a channel flow, where flow is in the
laminar regime below Re = 2000 m, a transition regime for
2000 < Re < 3000 and a turbulent regime for Re > 3000.

dT ar Cantar (Porout Madia Modal)

t

a

•
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0 1000 3000 MO MM MO M l U N
ModNM Mynotda Hunter (Potoua)

Fig. 7: Temperature at the center of the target vs Reynolds
number (Porous media model).

Reference

[1] Y. Takeda and M. Hafeli, SINQ-Report 818/TY38-
201.-

Figure 6: Temperature at the center of the target with
respect to the input power.
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EXPERIMENTAL MEASUREMENT OF THE MODULATED WAVES IN A
ROTATING COUETTE SYSTEM BY ULTRASONIC DOPPLER METHOD

V Tadeka* & \V. K. Fischer*

Paul Scherrer Institute. CH-5232 Villigen PSI, Switzerland

Introduction

Related to ihe development of a liquid metal target of
SINQ. we have established a method to measure the
instantaneous \elocity field of fluid flow (Ultrasonic
Doppler Velocity Profile. UVP) |1] and applied to a
number ot different configurations and fluids. Among all,
we have been investigating flow characteristics at
moderately high Reynolds number in rotating concentric
double cylinders, a rotating Couette system. This
configuration is frequently used to investigate the passage
of flow transition from laminar to turbulent because the
transition is gradual and has no hysteresis with respect to
the Reynolds number |2 | .

The experimental setup is described in detail elsewhere [3|.
The Reynolds number is defined as R = I2Rjd/v (ft is the
rotational speed, d is ihe gap distance and v is the
kinematic viscosity), and the reduced Reynolds number
R"= Re/RL. <RC=I35.O). The Reynolds number range we
investigated is 10<R*<l 10. corresponding to the How
regime where the flow transition occurs most apparently;
laminar • chaotic - turbulent flow.

What we obtained by UVP is a time series of instantaneous
velocity profiles providing a spatio-temporal information
on ihe velocity field. We demonstrate here some of these
examples using the experimental results obtained in the
Couette system. For details of physical discussion we refer
to ihe publications.

Space-dependent power spectrum

The raw data obtained by UVP is vz(z,t); spatially one-
dimensional and temporal. This dataset can be viewed as
space-dependent time series such that the temporal Fourier
transform generates the space-dependent power spectrum.
As precursor of the chaotic regime there are a few spatio-
temporal modes prevailing in the flow field. We observed
(hat the space-dependent power spectrum showed that one
of these modes has a particularly interesting spatial
distribution, and the space-averaged power spectra (Fig.l)
confirmed that there are three distinct modes existing over
a wide range of the chaotic state [4J (R <22).

Energy spectral density

The spatial Fourier transform of the same datasel can
generate a lime-dependent velocity amplitude as a function
of spatial wave number, from which one can evaluate the
energy spectral density This quantity is important for
general studies and is hence quite frequently used in

theoretical investigations, but very difficult to obtain
experimentally. Especially, the time-dependent spectral
density could not be measured so far.
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Figure I: Space-averaged power spectrra for (a) R =9.05,
<h) 14.08and (c) 21.27.

The time-dependent energy spectral density showed also
some temporal variation for the flow in the lower range of
Reynolds number (R <I2). The time-averaged spectral
density for the higher Reynolds number (12<R*<30)
showed that this continuous component decreases
exponentially with wavenumber (Fig.2) [5|. The numerical
investigations |6] and dimensional analysis |7] predict that
the decay rate of the continuous component is exponential.
This component corresponds to an energy cascade from
large scale motion to smaller scale motion, that is, a
hypothetical mechanism fundamentally conjectured on the
flow transition to turbulence.

Decomposition of velocity field :

Decomposition of velocity fields in fluid flow into spatial
and temporal modes of orthogonal eigenfunctions has long
been a challenge in the investigation of hydrodynamic
instabilities and coherent structures turbulence. Several
mathematical techniques [8,9] have been developed but
mainly computed flow fields have been used to test them.
Since the flow field in the present configuration has a well
defined spatial and temporal periodicity, the two-
dimensional Fourier spectrum is most suitable. A space-
time 2D Fourier transform generates the spectrum in
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wavenumher and frequency domain and it may be
depicted by characteristic peaks corresponding to
jundanicntal wave modes and their harmonics.

0 1 02 0.3 0.4 05
Wave Number k 11/mm)

e 2 1 inic-averawti spet trill density. R -

I1!!1 ' is an example of the 21) Fourier spectrum thus
obtained It shows a clear peak structure, all peaks
cniivsp.indinj; to three fundamental modes and their
harmonics m wavenumber and frequency. We concluded
th.n these three lundamental modes are intrinsic for this
How regime anil that they (and only these three) are needed
to reconstruct the How field precisely using the inverse
lourier transform 110]

Summary

The ultrasonic Doppler method for measurement of the
instantaneous velocity profile of fluid flow has been
developed and applied to a fundamental study in fluid
dynamics. We have demonstrated that this method is quite
powerful in studying the flow behaviour by showing the
possibility of experimental investigation of I) space-
dependent power spectrum, 2) time-dependent energy
spectral density and 3) decomposition of the flow field into
orthogonal eigenfunctions.
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Figure J: two-dimensional Fourier spectrum: the lower
portion is shown for clarilx.The absolute values of the
Fourier coefficients I.Vyyl vertunl axis) are plotted over the
fret/uencx' wave rnonher phine.. The spectrum at f=0 is
divert in the insert.
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STATUS OF THE POSITRON BEAM PROJECT - SUMMARY AND
OUTLOOK

Paul Scherrer Institute, CH-5232 Villigcn-PSI / Switzerland

W.B. Wacber, M. Shi, D. Gerola. U. Zimmermann and D. Taqqu

The main emphasis in the first phase of this project
is put on exploring new ways for conducting the modera-
tion process [1,2]. For the conventional source-moderation
concept of beam production, it is unlikely to achieve mod-
eration efficiencies of much more than ~ 1 0 " 3 [3|, due to
the fact that the range of the implantation profile is much
bigger than the diffusion length of positrons in condensed
matter. In principle there are two possible ways to increase
the moderation efficiency: 1) reduce the range of the im-
plantation profile (by prcmodcration (I]), and 2) increase
the travelling distance of positrons in the favoured direc-
tion (field-assisted moderation (4]). By means of trapping
Ihc emitted /^+ in a confinement, the overall moderation
step can be chopped up into many small steps, thus cither
enhancing the implantation density in a thin moderator by
several orders of magnitude (transmission mode), or nar-
rowing the implantation profile and shifting its maximum
closer to the surface of a thick moderator (reflection mode).
The main goal in this project phase is to show experimen-
tally that confinement and slowing-down works. This is a
crucial lest which should demonstrate that high beam in-
tensities can be realized.
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Figure 1: The confinement efficiency vs (he high volt-
age mirror potential for different central field strengths
with fixed Iim = 9T, for the slow-down C-foil thick-
ness W fig/cm2. The solid lines are the corresponding
simulated results obtained by using the Monte Carlo
technique. In these experiments a 50fiCi/6mm diame-
ter 58C'o source spot on the slow-down C-foil has been
used.

In addition there arc still a number of further steps to be
mastered, which ask for satisfactory solutions for reaching
the ultimate goal of a really high intensity monoenergetic
slow positron microbeam. The first decisive step has been
taken successfully: we have experimentally confirmed that

Vcmv

t> 6 8 10 12 U
cut-off energy [keVJ

Figure 2: The extraction efficiency vs the cut-off en-
ergy Ec, for the thickness 20iig/cm2. The solid lines ore
the measured curves and the dotted lines are the cor-
responding simulated results by using the Monte Carlo
technique. The premoderation efficiency rjpre (the value
of 0.82 has been used for t]conj) and the conversion effi-
ciency nconv — T)tie.T}vriL are also shown. The moderation
efficiency rjW(. is taken from reference [5].

the prcmodcration step works in the way the simulations
and the model calculations have predicted [6]. This means

1) that confining and slowing-down to a few keV of
most of the primary source /?+spectrum has been re-
alized with an efficiency of 82% and, based on the
experimental confirmation of (he model description,
can very reliably be extrapolated to values close to
100% by increasing the mirror potential Vr to 335kV
(sec Figure 1), and

2) that the efficiency for extracting the slowed-down
poistrons at the cut-off energy Ec = 7keV from the
slow-down path has been determined experimentally
to have a value of 83% for 20 /ig/cm2 of foil thickness
(see Figure 2).

Hence, a premoderaiion efficiency npre of 68% (or 81% for
Vr = 335kV) is resulting for the presently realized premod-
eration facility, leading to an overall conversion efficiency
of 41 % (sec Figure 2). We note that for different source ra-
dioisotopes this percentage may slightly change depending
on the maximum energy of the /?+specmim.

The premoderation facility is the first stage for a positron
beam with a high moderation efficiency. Such a premoder-
aiion step can be used to advantage in two possible ways:
The most simple concept which does not require the trans-
verse extraction of the premoderated beam is to place the
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final moderator in the slowing-down path and extract the
slow positions axially in a small electric field. In such a
concept, which makes use ot pure magnetic confinement,
the optimal moderator appears to be a diamond foil of a few
/im thickness |7| . The prcmoderation efficiency reduces to
be the confinement efficiency obtained in absence of the
electrostatic reflectors. By increasing the magnetic mirror
action (sec the lin/llm = 1T/5.6T point in Figure 1) a con-
finement efficiency as high as 20.5% has been measured for
a 40 ii<)/cm'* C-foil. With the diamond moderator added to
the thin source support, the optimal moderator thickness is
around 3. V m f° r which, according to the simulation, j)rmj
increases to 40%. Beam extraction from the confinement
and installation of a possible field assisted final moderation
(7] will be treated elsewhere |8).

In the other concept which makes use of transverse ex-
traction, with final off-axes moderation and slow positron
extraction from the confinement full advantage could be
taken of the very high prcmodcralion efficiency as discussed
above. This is another important part of concept analysis
work: The simulation of inicrmadialc energy beam extrac-
tion from the prcmodcralion confinement, beam guiding to
the final moderator and slow positron beam bending away
from the high field region towards the field extraction de-
vice at low fields [8).

A remaining second decisive step is the extraction of
the slow positron beam from the magnetic field into field
free space and the subsequent focusing for rcmodcration
|9 | , which is now under investigation. There arc two possi-
bilities: a more simple way of field termination by magnetic
shield and aperture 110] and a more sophisticated way by
introducing a phase space shifter [111.
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ELECTROSTATIC POSITRON BEAM
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The concept for a high intensity slow positron beam
at PSI is based on the idea of prcmoderating the positrons
inside a magnetic bottle confinement. As explained else-
where (see for example rcf. [1 | and other contributions in
this volume) the positrons arc initially produced in a field
of about 1 Tcsla within a diameter of ] cm. For perform-
ing experiments that require beam diameters of less than
1 mm and/or magnetic field free space, it is necessary to
extract the beam from the magnetic field [2] and to use
one or more brightness enhancement stages [3]. Once a
small size beam in absence of magnetic fields is formed, an
electrostatic optics has to be realized for guiding the slow
|x>sitrons to the target with prescribed beam characteristics
and without significant intensity loss. In the first section the
results of simulations for the brightness enhancement stages
of the beam extracted from the magnetic field are presented.
The second section describes the design of the electrostatic
transport system to the target. Finally we discuss a low
intensity pure electrostatic beam, usable in the very near
future by using a source moderator assembly and a single
remoderation stage. The optics for this beam should be the
same as for the high intensity one. So once the extraction
problem will be completely solved, it should be possible to
use this already built beam line.

Brightness enhancement

The quality of a beam is given by its phase space charac-
teristics | 3 | . In the cylindrical symmetric case it is useful
to consider the so called r-0 diagram. Each positron pass-
ing through a particular plane transverse to the beam axis
is characterized by its slope 0 and height r with respect to
the axis. The area in this phase-space is denoted with r .
From Liouvillc's theorem we have:

VyE = constant, (1)

wheic /•," is the energy of the beam. It is easy to see that the
quantity "2 D\f~Er is an invariant quantity depending only on
the initial characteristics of the beam (ET is the maximum
energy related to the motion of the positrons in a direction
perpendicular to the axis; D is the beam diameter). Some
estimations of the phase space of the beam (1] immediately
after the device for extracting the positrons from the mag-
nc'.ic field, give a diameter of 10 cm and ET = 20 eV. The
corresponding V\fE is much bigger than the one obtained
from a standard source moderator assembly (of (he order
of 1 cm cVi) . In this case the brightness enhancement
operation is necessary. This technique consists in focusing
the beam to a spot as small as possible on a rcmodcralor
foil (typical foils are of Nichel [4] or Tungsten |5); they
have a maximum transmission efficiency of 20-30%, for
incident positron energies of a few kcV, and a thickness of
0.1 ;im). Due lo the big reduction of D and ET of the slow
positrons emitted on the other side of the foil, the bright-
ness li = 1/AD'ET is increased, compensating the loss of

beam intensity / . Unfortunately the bad quality of the beam
exiting from the magnetic field, makes the focusing opera-
tion very difficult, and an unconventional device is required.
The result of a thorough analysis is shown in Figure 1. Af-
ter passage of two electrodes, ihe positrons reach a grid at
-24 kV ( with respect to the magnetic shield) and then are
decelerated to a voltage of -7 kV on the rcmoderalor foil
in a spot of about 8 mm diameter. Since incident angle
and energy are quite large (nearly 1 radian and 7.5 keV),
not corresponding to the optimum values, the transmission
efficiency of this siage is estimated to be about 15% for a
W remoderator.

On the exiling side of the foil we can have a beam with
r%/fi = 0.7 cm eV*. For a further increase of the bright-
ness a second stage could easily be realized (see Figure 2)
with a demagnification factor of 30 and with an optimal in-
cident energy of 3-5 keV. So what we can form is a beam
of 300 /im and ET = 0.2 eV.

The guiding optics

The requirements for the design of the transport optics of
the positrons emitted from the last remodcrator are the fol-
lowing:

- lo have a beam of variable energy from a few eV
to 60 kcV; this gives enough flexibility for doing
different types of experiments (6]

- to have (he target at ground potential and as a con-
sequence all the beam line, the remoderation stages
and the source floating on high voltage

- to have a minimum beam spot size at the target for
all energies

- to have open gaps in the beam line for placing UHV
valves

- lo have a bending of the beam in order to separate
the slow positrons from the background

- to have an easy and quickly adjustable voltage setting
for the whole energy range

- to avoid discharge problems due to high voltage dif-
ferences

According to these requirements we have designed a beam
optics consisting of three pans (see Figure 3):

- a drift section from the remodcrator foil to a chamber
containing the bending device

- the bending device
- a drift and accelcration/decelaration section from the

bending device to the target

Let us analyze the first part (Figure 4). The positrons emit-
ted from the remoderaior foil (at z - 0) are accelerated
towards the z axis passing a first electrode and then enter-
ing into the electrostatic tube at Vr - 20 kV, where Vr is
the potential on the last foil and it defines "ie final beam
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Figure 1: a) First focusing stage. At t=O is placed the magnetic shield with a beam aperture [2]. The total initial
energy of the positrons is 500 eV. The line at z = 124 is a grid at -24 kV with respect to the shield, b) Phase space
diagram at the remoderator foil located after the grid.
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of 1 eV and 10 degrees divergency; the second remoderation foil is at -3.5 kV with respect to the other, b) Phase
space diagram at the second remoderator position Cat z = 32.5 mm).
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energy. This is a simplified version of the modified Soa-
gun |7 | with very good performance as it is possible to see
from the aberration free phase space of Ihc beam (sec Fig-
ure 6). We consider this as the initial phase space of the
beam. 1\vo cin/.cl Icc-.es [8J separated by a distance twice
the focal length transfer the beam with unaffected phase
space ID the entrance hole of the bending device, passing
a gap of width 7 cm for the valve. Due to the particular
design of the adjacent electrodes and the high energy of
the positrons, the gap acts like a very weak lense (focal
length of nearly 200 cm) even with a potential difference
of 40 kV between the tubular electrodes and the valve body
at ground. We can consider its action on the beam as neg-
ligible.

The bending device is basically a cylindrical mirror ana-
lyzer |9). It is designed for deflecting the beam of 105 de-
grees. Rotating the device of 90 degrees along the axis per-
pendicular to the beam plane, we can switch the positrons
to a second eventual line. A second similar device, parallel
to the first, can be put in position also with a rotation of
Ihc support deflecting the beam by 75 degrees in both di-
rections. In this way two further beam lines arc available
for future experiments. Particular attention must be given
at the entrance and exit hole of this mirror since the phase
space of our beam is so good that fringing fields could mod-
ify it in a sensible way. Hence the entrance aperture must
be covered by a fine grid of 0.25 mm mesh that increases
0 of less than I mrad (the initial value is ~ 5 mrad) [101.

From the exit hole the beam is then guided to Ihc target
by Die third section of the optics (Figure 5). After another
valve gap, we have an cinzel lense and then an acceler-
ation/deceleration gap lensc. Up to this point the perfor-
mance of ihc beam guiding system was the same for all
beam energies, since the potential difference between each
electrode and the rcmodcration foil docs not change. From
this point the situation is different depending on the final
beam energy. Let us take the case of V> < .r> kV. Then the
electrode after the gap is at V = Vr - !> kV. The following
gap reduces the beam energy to I•' = i'r-(J.M kV. A zoom
lense then brings the beam to the target at ground potential.
In Ihc case where V'r > f> kV all the electrodes after ihc
first gap arc at ground except the second last that is tunable
according to Vr (its voltage value is about 0.7 V,). For all
positron energies a beam with a diameter equal or less than
the initial one should be obtained as trajectory simulations
have shown.

The pure electrostatic beam

As a precursor and intermediate step we intend to build a
pure electrostatic beam using the guiding optics described
above. What we have done is a small modification of the
source-moderator assembly, already fabricated (or the high
intensity beam (Figure 7). Since we intend to use solid
Neon as moderator 111] the source holder is mounted on a
saphirc cylinder that is connected to the cold finger of the
cryostat. For avoiding heal dispersion the source is shielded
with two concentric thermal shields: one is mounted on the
same saphire of the source and the other on a hollow saphire
cylinder concentric to the first. Inserting a cylindrical elec-
trode and applying different voltages on the two cups, il is
possible to focus the beam onto a remodcrator foil, plugged

into the hole of the external shield. Since the emission of
positrons from the Neon moderator is isotropic with few
eV energy, we cannot reach a very small spot on the foil.
Simulations have shown that this could be 0.8 mm from
an initial source diameter of 8 mm. After the foil we then
have the already described optics line.

AH computer simulations have been done with the SIMION 11
and SLAC programs! 13].
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FIELD ASSISTED POSITRON MODERATION
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So far the moderation efficiency of the conventional
moderators only reached the order of ~10~3 . This is due
to the fact that the width of the implantation profile of
positrons emitted from a /}+ source is much larger than the
diffusion length of positrons in condensed matter. Thus,
after thcrmali/ation only a small fraction of positrons can
diffuse to the surface where they can be pushed into the
vacuum with some probabilities if the solid has a nega-
tive positron work function. For substantially increasing
the moderation efficiency, one would have to increase the
fraction of positrons diffusing to the surface. There are two
possible ways to realize such an improvement: 1) to reduce
the range of the implantation profile, and 2) to increase the
travelling distance of positrons in the favoured direction
(field-assisted moderation).

At PSI a big progress has been made to narrow the range
of positron implantation profile through a confined slowing-
down process in a prcmodcraiion stage [I]. The second
possibility can be implemented by using electric fields in
the moderation process [2,3]. If it can be adapted, we can
incorporate it within the prcmodcration stage for the slow
positron beam production and/or in the rcmodcration stage
for the brightness enhancement |4J. In this contribution we
give the theoretical analysis for field assisted moderation.

Positron Diffusion in Electrostatic Fields

After thcrmali/ation, the motion of the positrons in the lat-
tice can be described by using the Boltzmann equation,
which accounts for normal drift and collisional effects on
the positron's motion. Since the mean free path for positron
scattering is much less than typical penetration depths (a
few /mi), it is assumed that the diffusion equation ade-
quately describes the positron motion [5]. For most practi-
cal cases, positron drift and diffusion in a moderator can be
considered as a one-dimensional problem. It has the form

with

dt
= D+

dz1 - Xc}jn(z,i) -
d[vdn(z,l)]

dz

where O+ is the diffusion constant,
(1)

jjrff\ is the ef-
fective annihilation rale, r , ; / is the effective lifetime, vj
is the drift velocity and n(z, t) is the probability density of
the positrons.

The solution of this diffusion equation for a moderator
of thickness <i, initial condition and total absorbing bound-
ary conditions

n(;,0) = *

respectively, is

(2)

(3)

The probability of the positrons diffusing to the surface at
2 = d can be determined as

(4)

By averaging q(d, zj) over some implantation profile, P(z),
we obtain the efficiency of positrons diffusing to the surface
at z = d

(5)

For a constant implantation profile, P(z) = const when
0 < z < d, resulting from multiple passages through a thin
slow-down foil, we have

with

V+TcSf

(6)

(7)

A Good Moderator Candidate Material: Diamond

The requirements for a good field assisted moderator are

1) the ability of sustaining high electrostatic fields,

2) with high mobility of positrons, and

3) a negative positron work function.

The first two requirements arc necessary conditions for
achieving a high drift velocity, vd, which plays an impor-
tant role for obtaining a large fraction of positrons diffusing
to the surface in the field assisted diffusion. The last one
is the general requirement of a moderator which pushes the
slow positrons from the moderator surface into the vacuum.
By reviewing these requirements diamond can be a good
candidate for this type of application. First of all diamond
is a very good insulator, so it can endure high electrostatic
fields. Secondly, the experiment has shown that the mobil-
ity of positions is very high in diamond, the saturation drift
velocity of positrons can reach 7xl06cm/s [8]. Lastly, for
the (100) surface of diamond, the positron work function
has the value of -3.83cV and the zero implantation energy
yield y0 can reach 67%. In Figure I we present the results
of r)(d) and the moderation efficiency t}mod = yo-q{d) as a
function of thickness, d.

The application of an electrostatic field in the moderator
material can be realized by depositing a few lens of A
metal layer onto the moderator surface to form an electrode.
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d turn)

Figure J: The efficiency of positrons diffusing to
the surface as a function of moderator thickness d.
fhe upper curve is with the field assistance, where
v,t — Tx l(f'cm/s mid T,.JJ= '.)7ps [S] wire useil in the
calculation, while the lower curve is without the field
assist are. l)+ =H.2.'icnr/s was nseil in both cases. The
dashed line is the moderation efficiency 'I,,,,,* = J/o'/(</)

By taking this assembly as a field assisted moderator the
following must be true: I) the metal should have a negative
positron work function, since after a few layers the positron
work function will change from that of the substrate to that
of the mcuil electrode, and 2) the positron affinity of the
substrate should be bigger than that of the nicia! layer. The
second requirement is due to the difference of the positron
energies between two materials in contact

/ . ' " 1 -/ + -- i + • ' + .

where A* and .1+ arc the positron affinities in material
A and B respectively |9 | and the transportation of the thcr-
malized positrons can occur only from high energy lo lower
energy levels. Table I shows the positron work functions
and affinities of Ni, Cu and diamond. Ni and Cu arc con-
ventional moderators. Diamond has a higher positron affin-
ity than Ni and Cu, so the latter could be used as metal
electrodes. Diamond foils with metal coatings will be de-
veloped in collaboration with CSEM, Ncuchalcl.

The main difficulties in constructing this type of field
assisted moderator are the lack of present knowledge about
the positron emission properties of diamond under the con-
dition of a sustaining electrostatic field, the transportation
behaviour of positrons in the interface of diamond and the
metal coating (interfacial defect structure as a possible sink
for positron trapping), and the changing of the conductivity
of diamond under the energetic positron bombardment. All
these aspects need lo be further investigated.
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The concept used for high intensity slow position beam
production at PS1 contains two main steps: first premod-
crating most of the /?+spectrum and finally moderating the
intermediate energy positrons. Both steps take place in
the high magnetic field region (~ Tcsla order). However,
it is not feasible that magnetic collimation is maintained
from the moderator down to the target using the high field
strength. On the other hand, many experiments need to be
carried out in field free space (e.g. scattering experiments,
etc.). In particular, the brightness enhancement operation
should be performed in field free space too. However, the
transport of a charged particle beam produced in high B-
ficld from the magnetic field to field-free space is difficult
owing to its phase space containing the term of the magnetic
vector potential, since the volume of the phase space is in-
variant under conservative fields (Liouville). In a cylindri-
cally symmetric system (electrostatic and magnetic vector
potentials have this symmetry) the contribution of the term
e.-f in P = p + cA makes rApx much bigger in field-free
space than in the high magnetic field region where the beam
is bom (>• is the radius of the beam, A p i is the spread of
the transverse momentum and / ' is the canonical momen-
tum). At PS I there are two proposed methods for making
the beam extraction from the B-field region to field-free
space. One is the phase space shifter [1] action after the
beam has been transported to very low field (~ 3 Gauss)
and the other is the beam extraction by field termination (at
~ 100 Gauss) through a magnetic shield with an aperture
furnished by a magnetically conductive internal structure.
Both of them induce a cylindrical symmetry breaking op-
eration, followed by a rcmodcration stage. In the following
sections we will concentrate on the latter method.

The Concept

The main objective of this method is to optimize r and Apj.
in the beam extraction so that the extracted beam can be
focused electrostatically after the extraction.

Since r\/H is a constant of the motion in the cylin-
drical ly symmetric system a change of r can be realized
by varying the field strength B. From the place where the
beam is embedded with the field strength Bo to the re-
gion with a field strength B, the radius of the beam will
become r0^/Bo/B, of course, the transport must be per-
formed 'adiabaticlly'. If one extracted the beam from a
field B to field-free space through an open aperture main-
taining the cylindrical symmetry, the invariance of f x P
makes this operation very difficult because as the field falls
off to zero the beam will receive Ap x = erfl/2 which is
produced by B± (Bx results from the field termination),
thus, Apx entirely depends on the beam radius r. There is
no freedom to optimize A p x whenever r is given by the
magnetic field strength of B.

However, we can break the cylindrical symmetry by

furnishing the open aperture with an internal structure as
shown in Figure 1. The rings and the bars in the internal
structure are made of magnetically conductive materials.
The function of the rings is to terminate the B-field and
smear out Bx in the whole area of the beam cross sec-
tion which can keep Bx small even far from the beam
axis. Then the bars will lead all the field lines to the outer
shield. Provided this shield device can totally terminate the
B-field, very roughly the maximum value of Bx will be
wB/2d (where w and d are the distance between the rings
and the thickness of the aperture respectively), while in
the open aperture case the maximum Bx. would be rB/2d.
The consequence of the B± reduction will be a reduction
of Apx in the field-free space as compared to the open
aperture case.

Preliminary Results

The basic requirement for the magnetic field termination
is this: the leakage of field from the B^O region to the
'field-free space' should be small, and the B field should
be terminated rapidly, because

1) the beam extraction is followed by a focusing stage
and this can be performed only in a very low mag-
netic field (~ 1 Gauss) region, and

2) if the magnetic field is terminated slowly the motion
of the charged particles will follow the field lines and
then hit the shield materials.

- 6 - 4 - 2 0 2 4 6

X axis (cm)

Figure 1: Aperture configuration of the Held termina-
tion shield. The radial gap between aperture rings is
5mm and the aperture diameter is 1 lcm. The aperture
has about 80% open area.

In the following figures we present the preliminary re-
sults for (he simulation [2] of field termination by using the
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shield with the aperture shown in Figure 1. From Figure 2
it can be seen that (he aperture can reduce the field across
its thickness by an order of magnitude. Figure 3 shows the
very rapid magnetic field changes in the radial direction.
Over a distance of 1.2cm across the aperture thickness the
magnitude of this component is reduced by about a factor of
ten, which means that this component either is terminated
or changes to the fi± component.
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Figure 2: 'JTir lola/ magnetic fold strength distribu-
tions. The shield aperture in centred at z = 152cm. a)
is the Held distribution along the z axis (= the beam
axis), and b) shows the same distribution except the
axis is displaced I.'.km in the railial direction.

The thickness of the aperture used in the calculation is
lcm. It should be mentioned that we have performed the
experiment by using a simple iron plate with a thickness of
8mm as a shield. The B field was reduced nearly by the
same factor as in the calculation.

Figure 3: lit component distributions in the radial di-
rection at positions a) z = 151.4cm just in front of and
b) z — 152.6cm just, after the aperture.

Besides the field termination further quantities charac-
terize the aperture: the transmission efficiency and the beam
divergency after the beam extraction. Since the aperture is
furnished with an internal structure there is a fraction of the
beam that will hit the rings and bars of the aperture. It is im-
portant to determine this fraction experimentally because it
will influence the final beam intensity. The beam extraction
will be followed by a focusing stage and its performance
depends very much on the beam divergency [3]. Thus the
determination of the beam divergency after beam extraction
is also important. The experimental determination of these
quantities will be performed in the near future.
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In 1 !)'.>:! tin- operating time of the PSI/ETH tandem ac-
celerator could be kept at the high level which has been
achieved during the past five years: about 2780 hours
• if operation. H% more than in 1992. This means that
lieatn time was available for more than 13 hours on an
average work day. This could only be achieved with 24
hours operating cycles during the routine AMS measure-
ments.

About <)!>'/£ of the total measuring time was spent on
AMS measurements with 50% of the beam time for rou-
tine measurements and 15% beam time for tests and
new developments of the technique. During 16% of the
time the tandem was operated in connection with ma-
terials science, and a significant portion of the beam
tune (lH'/f) had to be spent on conditioning and ma-
chine tests. This was necessary after the maintenance
shut-down in spring 1993 where the charging belt of the
accelerator has been replaced. A more detailed compi-
lation of the beam time statistics is given in table 1.

Overall, 3757 individual samples have been analyzed
in I!l!>3, more than ever measured at the PSI/ETH AMS
facility during one year. The three most important radio
isotopes. '"Be. ''1C and MCl, show a significant increase
of measured samples. In the case of 36C1, the number
of measured samples has almost doubled. More detailed
information is given in table 2.

Material Sciences

Tin1 emphasis of the research program in materials sci-
ence has been put on the development of new methods
for ion beam analysis and modification of materials for
both applied and basic research.

The investigation of damage production by MeV poly-
atomic carbon ions in silicon has been continued and
has yielded considerable interest in the international re-
search community. So far, the annealing effect of the
high density of electronic excitation by cluster ions has
been studied in semiconductors. In a collaboration with
the University of Lyon (France) the point-defect creation
in an insulator ( LiF) has been investigated as well. With
the installation of a new high current negative ion source
will allow to accelerate even bigger clusters to MeV en-
ergies. I'he electronic energy density deposited along
a track of such an ion will be almost as high as that
produced by GeV heavy ions and might well result in
defect production or even formation of amorphous zones
in metals.

Several details of the time-of-flight (TOF) spectrom-
eter for heavy ion backscattering (HIRBS) have been

improved which resulted in a bigger acceptance and a
better energy resolution of the system. Furthermore,
the spectrometer has been used to detect light ions as
well. For slow He ions (300 keV) a resolution of 3keV
has been reached which is about a factor of 5 better than
the one obtained with a silicon surface barrier detector.

In a joint effort with the F3B department, a new re-
search program in nano-structuring has been started.
This project is divided into two parts. Maskless and
defect-free structuring of surfaces on the sub-micron
scale is investigated at the Focused Ion Beam system lo-
cated at PSIZ, while a preparation and test bench for liq-
uid metal ion sources - the essential part of Focused Ion
Beam systems - has been set up at ETH-Hönggerberg.
The aim of this project is to develop metal alloy sources
and to reduce the energy spread of the ion beam by
investigating the ion emission process.

The SuperSIMS project (Accelerator Mass Spectrom-
etry applied to stable isotopes) has been continued as
well. For that purpose, a research collaboration with
a French company (Orsay Physics) for the development
of an ultraclean Cs sputter ion gun with a sub-micron
beam spot has been established.

The ion beam analytical techniques developed in the
last few years have been applied to a number of new
problems posed by external users. Backscattering spec-
trometry has been used to characterize CoSi layers
(collaboration with ETH-Hönggerberg), Ni/Ti multi-
layer systems (collaboration with PSI Würenlingen),
InP quantum well structures (collaboration with PSIZ),
Al/Ta interfaces (collaboration with PSI Würenlingen)
and the oxidation of steel surfaces (collaboration with
PSI Würenlingen). In a collaboration with the Univer-
sity of Berne, fluorine concentrations in meteorites have
been determined by nuclear resonance reaction analysis.
Thin layer activation is still routinely applied to wear
studies in large Diesel engines (collaboration with New
Sulzer Diesel AG). In a collaboration with AFIF (Ar-
beitsgemeinschaft für industrielle Forschung) an investi-
gation of Implantation doping of PbSe has been started.

AMS

Progress has been achieved in the measuring technique
of elements heavier than chlorine. A new detection
method has been elaborated to suppress unwanted back-
ground from isobaric interferences. This method uti-
lizes the X-rays emitted from a high energetic projectile,
when it is stopped in an absorber medium. In case of
59Ni and 60Fe, the detection efficiency and the isobaric
suppression capability have been studied.
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Table 1: Beam time statistic 1992/93

Field

A MS 1()Be
'«C
2fiAl
36C1
129,

Tests
Subtotal
Material Science
Conditioning. Development
Total

Hours
1992
296
603
220
262
47

314
1742
610
313

2665

1993
286
726
88

369
31

341
1841
451
486

2778

%
1992

11
23

8
10
2

12

: 66
23
11

100

1993
11
26

3
13

1
12
66
16
18

100

Samples
1992
1036
1395
545
450

20

3446

3446

1993
1249
1554
200
714
40

3757

3757

Table 2: Compilation of samples measured at PSI/ETH-AMS-facility in 1993

Field
Oceanography
Polar ice
Limnology
Atmosphere/climate
Others
Earth Science (Total)
Meteorite, Cross section
Archeology
Biomedical
Others,Tests
Subtotal
Standards
Blanks
Total

1DBe
234
163
169

2
100
668
176

35
211
255
115

1249

MC
294

42
75

297
708

385

166
551
190
105

1554

•'"Al

2

4
6

98

38

136
40
18

200

JbCl

425

47
37

509
98

98
66
41

714

23
23

8
9

40

Total
528
588
213
124
438

1891
372
385

38
224

1019
559
288

3757

14
16
6
3

11
50
10
10

1
6

27
15
8

100

The new developed high intensity ion source has been
tested and improved on the test bench. It was connected
to the injecting system during the last months of 1993.
The system is currently being prepared for routine AMS
applications

In the field of the earth sciences, the numerous col-
laborations with EAWAG, PSI, ETH, Columbia Univer-
sity, and Universities of Berne and Heidelberg have been
continued. Meteorite studies were continued in collab-
oration with University of Cologne and University of
Hannover in order to investigate irradiation history of
meteorites or to measure production cross sections of
important nuclear reactions taking place during irradi-
ation of meteorites. Here, 36CI spallation cross sections
for Ca, Ti and Fe targets could be measured.

'' 'C is still the most important cosmogenic radioiso-
tope. This is confirmed by the large number of samples
analyzed in 1993. About 25% of all radiocarbon mea-
surements are to archaeology.

were: the 36C1 program at PS1/ETH, the capability
of isobar separation with the technique of the gas-
filled magnet, the calibration procedure for radio car-
bon dates, optimization of the charge changing process
inside the terminal stripper, and the newly developed
high current ion source. In addition, the dating of the
Ice Man from the Tyrolian Alps was presented in col-
laboration with the University of Innsbruck.

Other important conferences on application of accel-
erators, the ECCART and the IBA, was held in 1993. At
these conferences, four contributions were presented by
the PSI/ETH group. In connection with AMS, papers
dealing with isobar suppression (by means of projec-
tile X-ray detection and energy loss measurements) were
presented. In the field of materials science, one contri-
bution on HRBS and TOF detection of heavy ions, and
a second contribution dealing with damage production
by MeV poly-atomic carbon ions have been presented.

Conferences

At the 6th AMS conference, which was held in Septem-
ber 1993, five contributions were presented by the Zurich
AMS group. The topics which have been emphasized
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Because of their high efficiency for the production
nf negative ions, mostly Cs sputter ion sources are
used for accelerator mass spectrometry. Two of such
sources with a frit type ionizer for the production
of tin- Cs+ beam are installed at the PSI/ETH tan-
.Inn accelerator system. To increase the negative ion
lii-arn intensity and thus minimize measuring time
per sample, a new source including a spherical sur-
fnri- ionizer for the Cs+ ions has been set up. It is
based on ilevelopements of R. Middelton [1] and G.
I) Alton [2]. This source is described in more detail

i » [3 ] [•«]•

Ion Source Design

For the production of the Cs+ ion beam a spherical
surface ionizer ( Spectra Mat Inc. Q829 ) is used. The
< s+ ions are accelerated to about 7 keV and focused
with two electrostatic gap lenses onto the target. The
focus spot size is <1 mm. The Cs+ current intensity
is cdiitrolled by the temperature of the Cs reservoir
(usually between 180 °C and 200 °C). As with the ex-
isting C's sputter ion sources, the new design is based
on the same concept, with the source box at ground
potential and the target at -40 kV [5]. As the high
electric field configuration within the vacuum cham-
ber together with a high Cs vapor pressure tend to
sparring and discharges, the ionizer is surrounded by
two cylindrical condensation traps for the Cs vapor.
Additionally all insulators are protected by cylindri-
cal caps. The ionizer housing, including the ionizer,
the (*s+ gap lenses, and the shieldings is shown in
Figure 1.

The sample change mechanism is the same as the
one of the existing ion sources [5]. It allows the
change of a cassette with 25 samples through a vac-
uum lock without interruption of the source opera-
tion. Additionally, the new source has room for a
second cassette to further minimize time for sample
changing by replacing one cassette during measure-
ment of the second one and thus increasing sample
throughput.

Negative Ion Beam Handling

The negative ions from the target are accelerated
from 40 kV down to ground potential by a system
of extracting and focusing electrodes [5] and are fi-
nally focused onto an adjustable aperture outside of
the ion source box. This point is taken as the object
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Figure 1: Holder for the spherical Cs surface ionizer
with positive Cs ion beam optics.

point for the following ion optics. The new source
was designed to be a seperate injector besides the ex-
isting ion sources. Therefore, an electrostatic cylin-
drical deflector (ro = 101 mm, <j> = 40°), which can
be moved into the beam line without breaking vac-
uum was installed. Combined with an electrostatic
quadrupol lens triplet the ion beam is focused onto
the object point of the magnetic mass analyser II of
the injection system as shown in figure 2.

Measurements and Results
A large number of tests with different negative ion
beams including single atomic ions, molecules And
clusters were made at a test bench consisting of the
new ion source and a 90" magnetic mass analyser. In
general the ion current could be increased by a fac-
tor of 7 to 10 compared to the frit type ion sources.
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Figure 2: Injector stage of the PSI/ETH tandem ac-
celerator. The four ion sources can be operated inde-
pendently.

With a cesium filling of 1 g in the reservoir the source
can he operated for more than 80 hours without in-
terruption for cleaning.

After moving the source from the test bench to
its new position at. the tandem beam line, first mea-
surements were done to determine the transmission
of the ion beam through the accelerator. For 107Ag
an ion optical transmission of more than 20% for fi-
nal charge states 1+ through 6+ at terminal voltages
between 1 and 5.5 MV were obtained with a current
of about 1 /(A lo'Ag~ injected into the tandem. This
is comparable to the transmission obtained with the
other Cs "gun" sputter ion sources.

References
[1] R. Middleton, Nucl. lnstr. and Meth. B5 (1984) 193

[2] G.D. Alton, Nucl. Instr. and Meth. A287 (1990) 139

[3] Th. R. Niklaus, W. Baur, G. Bonani, M. Suter, H.-
A. Synal, and W. W61fli, Rev. Sci. Instr. 63 (1992)
2485

[4] F. Ames, G. Bonani, Th. R. Nildaus, M. Suter, H.~
A. Synal, and W. W61fli, PSI Annex IIIA Annual
Report 1992 (1993) 26

[5] R. Balzer, G. Bonani, M. Nessi, M. Suter and W.
Wolfli, Nucl. Instr. and Meth. 233(B5) (1984) 204

[6] M. Dobeli, PSI Annex IIIA Annual Report 1993
(1994)

Conclusion

The main advantage of the new ion source is its high
output current for negative ions. Together with the
second sample cassette, measuring time for A MS can
be reduced at least by a factor of 3 or the counting
statistics can be increased. Also, material science
applications like implantation or RBS [6] will profit
from the high ion currents. Further measurements
on beam quality which can influence the transmis-
sion through the tandem and on background for AMS
measurements are planed.
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III'- •"'( '1 measurement system is based on the EN tar.-
.l.-tn accelerator of the PS1/ETH AMS facility. A gun
type (V inn source [1] is used to produce negative ions
from the sample material. On the low energy side, the
particles are analysed with the heavy ion injector [2].
'I'll'' injection system combines an electrostatic analyser
in rut off the sputter tail and a magnetic spectrome-
ter fur high resolution mass analysis. The injector is
t-iiui|ipi-<l with a fasl beam pulsing system that enables
tin1 i|iia.si-sirni)ltantH)us injection of the three chlorine
is.ilopes :>r'(i|.:)1'ri. and 37('l into the accelerator [3, 4].
At the high energy side, the beam is analysed with a 15"
• •l.-.-trostalic deflector and a 90" magnetic spectrometer.
The stable chlorine isotopes are measured in Faraday
cups lucated in the focal plane of the magnet spectrom-
eter The identification of the 36CI ions is performed
with an multi-anode gas ionisation detector [5] which
has been optimised for the :*!OI/36S separation.During
n>iitin< measurements, the source is operated with 35C1
currenis <if about 11) //A. The '"'01 counting rate is about
10 Hz for samples having a 3fiC]/Cl ratio of 10~12. This
means that samples with a :lfiCl/Cl ratio of 2x 10"14 can
In- measured with !>% statistical precision within half an
hour.

Beside the efficiency, background events limit the de-
tection of very low 3 l '( 'l/CI ratios. One possible source
of background are stable chlorine ions which may enter
the detector. These events cannot be separated by en-
ergy loss measurements. In the described system this
is not a problem because of the high suppression ca-
pability of the mass filtering system, especially of the
low energy mass spectrometer. Another source of back-
ground are isobaric interferences. Due to the limited end
point energy of our accelerator, the separation of 36CI
events from '"'S events by means of energy loss measure-
ments is very crucial. A gas ionisation detector with 4
AE electrodes is used for this purpose. In addition, the
detector has the capability of an independent total en-
ergy measurement. Data processing is performed with
a multi-parameter data acquisition system which per-
forms the on line analysis of all incoming detector sig-
nals. With this detection system a sulphur suppression
of "ix 10"5 is possible. Under routine measurement con-
ditions, at 48 MeV beam energy, the background levels
of samples which are presumably free of 36C1 varies be-
tween l-3x 10"'5 . Blank sample with very low sulphur
contamination have been measured at below 10~"15. For
different blank samples a good correlation between sul-
phur counting rates and measured background levels has
been observed. Test measurements have shown that the
sulphur suppression factor is constant over a wide range
of sulphur counting rates. Thus a reliable correction of
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Figure 1: The four gated energy loss spectra of a typical
ice core sample are shown. The counting rate of the
interfering 3 6 5 isobar was « 300 Hz.

the sulphur background is possible. The quality of 36C1
identification is shown in figure 1 in case of a typical
ice core sample. The four energy loss spectra from the
gas ionisation detector, in which the windows are dis-
played where 36C1 events are expected. The average 36S
counting rate during this measurement was 300 Hz, the
measured 36C1/C1 ratio 8.0xlO~14. Counting statistics,
standard normalisation and background correction re-
sulted in an 1 a error of 4.5%.

The quasi-simultaneous injection of all three chlorine
isotopes enables the measurement of the stable isotope
ratio 37C1/35C1 at the end of the high energy beam line.
This ratio is a good indicator of systematic errors which
can affect the 36C1/C1 measurement, e. g. drifts in the
power supplies of beam optics elements. In addition,
the position of the 35C1 beam is measured and the de-
rived position signal is utilised to regulate the terminal
voltage. Thus very stable and reproducible conditions
are obtained during the measurement. From more than
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Figure '2: The frequency distribution of 6H0 measured
' ' C'//'r' (1 ratios. The t/aussian fit of the data has a stan-
ilanl dentition of :!.!>%.

li.r>() ! ' ( ' l / l l r ' ( ' l mi'asurements made during three differ-
ent measurement periods in li)9H, a frequency distribu-
tion of the • i7('l/ : ! r '( ' | ratios is shown in figure 2. From
measurement period to measurement period, the mean
value of the stable isotope ratio differs by 1-2% depend-
ing on the actual settings of the system. Therefore the
''("|/ i lr '( 'I ratios of each measurement period were nor-
malised to the natural isotopic ratio and are displayed
in the same histogram. Together with the obtained fre-
quency distribution a gaussian fit of the data is shown.
The scatter of the data gives a good measure of system-
atic effects which can affect the isotope ratio measure-
ment The resulting sigma of the gaussian distribution
is about ;j..r)%. But the reproducibility of the stable
isotope measurement of an individual sample is much
heller than the width of the frequency distribution. In
general, a reproducibility of \% is typically achieved for
!i independent measurements of one sample. This in-
dicates that the systematic effects are generally much
smaller than the uncertainty due to counting statistics.

The n.'wlv developed high-current negative ion source
[(>] is currently being connected to the injection system
of the AMS facility. This ion source uses a spherical
ionizer to produce a sputtering Cs+ beam which now
hits the target collinear to the beam axis. Therefore a
more efficient consumption of the target material should
be possible so that smaller samples can be measured.
It should also be possible to run the new source with
higher beam currents compared to the resisting sources
because the reduced sputtering energy results in a lower
deposited energy. Higher beam currents will reduce the
overall measurement time and will increase the through-
put of ("I samples. On the other hand, there are some
possible disadvantages of the new source. To inject the
extracted negative ion beam into the AMS beam line
a small 40° electrostatic deflector is used [7]. This de-
vice has only a poor energy resolution so that the mass
resolution of the following mass spectrometer might be
reduced. But the sputter tail of the new source is iess

pronounced compared to the gun type ion source be-
cause of the tower sputter energy. Therefore, sufficient
isotope suppression should be available.

The Zurich AMS system has been supplemented with
a gas-filled magnet which has a dedicated design for high
intensity isobar suppression [8]. In case of 'KV\. this sys-
tem provides a sulphur suppression capability which is
a factor of '2U higher than the one obtained with the
gas ionisation detector alone. This means that even for
samples with high sulphur content 36C) measurements
are possible. In combination with the high-current ion
source, for which higher 36S counting rates can be ex-
pected, this system will become useful.

Conclusion

The 36C1 measurements system at the PSI/ETH AMS
facility has been continuously improved so that 3Gf'l
measurements of large series of samples are now pos-
sible. Due to the good suppression of the 36S isobar
and the high mass separation capability of the system,
the background level is less than 10~'5 under routine
operation conditions at 48 MeV bpam energy. The re-
maining background is mainly caused by unsuppressed
3<iS events. The overall efficiency of the system enables
•r) % statistical precision in an half hour measurement
of samples (4mg Cl) having an isotopic ratio of about
](j-M -pne a n a |ySi s of measured 3'C1/35CI isotope ra-
tios from more than 650 individual measurements show
that systematic errors are of the order of 1%.
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Introduction

Accelerator mass spectrometry (AMS) is a highly sen-
sitive technique to determine isotopic ratios on a very
low level. For many long-lived radioisotopes measured
by AMS (e.g. 36Cl". wNi, fi0Fe ...) the background of
a stable isobar (36S, 59('o, 6nNi, ...) limits the sensitiv-
ity of the method. It has to be suppressed by a well
suited analysing system. Standard isobar separation
techniques using ionisation chambers, gas-filled magnets
and complete ion stripping can be applied only at suffi-
ciently high energies. The ETH/PSI 6 MV EN-tandem
accelerator does not deliver enough energy for the nec-
essary isobar discrimination for elements with atomic
number much higher than 20 (exept in cases where the
interfering isobar does not form negative ions).

The detection of characteristic projectile X-rays dur-
ing the stopping of ions in matter is a new isobar sepa-
ration technique with a suppression factor independent
of the ion energy [1,2]. This method is applied here to
the measurement of 59Ni in the presence of interfering
r'''('o in the sample. 59Ni (electron capture, /?+-decay,
no i, Tiy2=7.5'104 a) is of great interest in the field
of cosmic ray analysis and in the investigation of mete-
orites. Another application is the measurement of the
5nNi content in nuclear waste.

Experimental Set-up

Figure 1 shows the experimental AMS set-up used for
these 59Ni measurements. The sample material (Ni foil
or NiO) pressed into a copper sample holder, is sput-
tered by the cesium beam in the ion source. The ex-
tracted ion beam (typically 100 nA Ni~) is mass sep-
arated in the low energy (LE) [3] and the high energy
(HE) mass spectrometer. The accelerated particles of
mass 59 with an energy of 55 MeV are stopped in a zinc
target. This target material with a nuclear charge close
to that of the projectile was choosen to obtain a high
X-ray yield because inner shell vacancies are produced
by nuclear orbital formation [4], The X-rays emitted
during the stopping process are analysed with a Si(Li)-
detector covering about 7% of the solid angle. Events
in the appropriate energy range are counted and nor-
malised to the current of the stable 58Ni measured in the
HE Faraday cup. Stable and radioisotopes are sequen-
tially injected into the tandem by a fast beam switching
system [5].
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Figure 1: The experimental set-up in Zurich for AMS
measurement with projectile X-ray detection. The ion
beam from the sample is mass separated, accelerated and
stopped in a thin target foil. The detected X-ray events
are normalised to the current in the HE-cup.

Background level
The tails of the cobalt Ka and Kp peaks (fig. 2) at the
location of the nickel peak limit the suppression of the
isobar. Suppression factors are calculated for an inte-
gration over one, respectively two standard deviations.
The calculated suppression factors are 100 for l<r and
50 for 2<r integration. The 59Ni/58Ni background level
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Figure 2: X-ray spectrum from a nickel blank sample.
The ±1<T integration limits are shown. The zinc peak
originates from the excitation of the target foil.

was determined from a sample which is expected to be
free of 59Ni (fig. 2). The acquired counts in the re-
gion where 59Ni events are expected are normalised to
a measurement of a standard sample. Depending on
the cobalt content of the samples used this background
varied between 0.3 and 310"7.
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Figure l̂ X-ray spictntm from a nickel sample with a
y'Nif'HNi ratio of l.5-l()'r'. The zinc peak originates
from the target foil.

Detection efficiency

The detection efficiency is defined as the ratio of de-
tected r'"Ni projectile X-rays to the number of 5!<Ni ions
stopped in the (argot, foil. For a standard-sample mea-
surement at .r).r) MeV energy with a 59Ni/5SNi ratio of
1.5•l()~'r' a counting rate of 200 s~' was observed (fig.
;t). With a 5liNi UK current of 7 pnA for the same sam-
ple, a detection efficiency of U-10 * can be calculated.
It is possible to enhance the efficiency by increasing the
solid angle acceptance with a more appropriate X-ray
detector bv a factor of 5.

Standard measurement

To obtain r's'Ni standard material, pure nickel (63 mg,
MERCK) was irradiated at the PS1 research reactor
SAPHIR with an integrated thermal neutron flux of
2.9- IOi!1 n / cn r yielding a 5 ' \\ 'i/5SNi ratio from 1.3-10~4.
At the same time 1 mCi of r"*Co was produced. The
cobalt activity had to be separated chemically by dis-
solving the nickel in hot, concentrated HCI and using an
anion exchange resin (DOWEX 1x8, 20-50 mesh). Stan-
dards with concentrations of (1.5± 0.1)10~5 and (1.6±
0.1)-10"" were produced by dilution with a nickel solu-
tion. The associated errors represent the uncertainty
of the chemical yield of the separation process. By
adding 4n NaOH solution, Ni(OH)j was precipitated.
The Ni(OH)_> was cenlrifuged. dried and baked to NiO.
mixed with silver powder and pressed into the sample
holders. A reduction of the cobalt activity by 7 orders of
magnitude shows thai cobalt can be separated efficiently
with this chemical procedure Figure 4 shows the results
of the standard ine.-isurement* plotted as a function of
the nominal ratio. Tin- vertical error bars represent the
AMS measurement errors. I he measured mean value of
(he primary standard «•» ii.-w-d for calibration

Nominal Ratio

Figure 4: Measured / nominal 5 9 N i ^ N i ratio as func-
tion of the nominal ratio for standard samples in the
range from 10~r' to !0~4. The ratios were normalised
to the primary standard (1.310~A).

Conclusion
A new AMS detection system with an isobar separation
of about 100 and an efficiency of 310~ 4 has been set
up. r<aNi/58Ni ratios down to 10"' can be measured
at present. Increasing the efficiency to above 10~3 and
decreasing the background to the 10~10 level by an im-
proved chemical separation of cobalt seem possible. For
59Ni measurements the use of a high-current ion source
and the combination of the new detection method with
a gas-filled magnet as an additional isobar separator
should also lower the detection limits.

This study has demonstrated that, in principle, it is
possible to use projectile X-ray detection for isobar dis-
crimination. Further investigations are needed to op-
timise and explore the potential of this technique for
practical applications.
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Although the existence of sunspots had been known
for a long tini" it was not before 1843 that the cyclic-
it.y of sunspot occurences was recognised by Heinrich
Schwabe. His discovery of the 11-year or better Schwabe
ryrlr 150 years ago was the beginning of continuous
systematic observations of solar variability. Other pa-
rameters like auroras, magnetic disturbances at antipo-
dal stations (aa index) and the solar diameter are all
related to the magneto-hydrodynamic processes taking
place in the convective zone of the sun. During recent
years the sun has been continuously monitored by earth
and satellite based instruments. Probably the most im-
portant result of the last 15 years is the observation of
a positive correlation between the solar irradiance and
the sunspot number (solar activity). The irradiance
exhibits variations of less than l%0 during one cycle
[1]. According to the standard solar model the energy
production by fusion is extremely stable over periods
of centuries or millennia. Therefore, variations of so-
lar irradiance can only be attributed to fluctuations of
the energy transport within the convective zone and by
sunspot blocking effects in the photosphere which have
to be compensated after some time. Since the sun repre-
sents the engine driving the climate system of the earth,
any variation of the solar irradiance is directly reflected
as a change of solar forcing which in turn influences cli-
mate. Although the solar variability over the last decade
was rather small, the fundamental question arises: How
large was the solar variability in the past and how large
will it be in the future? Based on the level of variability
observed for sun-like stars the potential of the sun seems
to be rather large [2].

When studying the solar variability, the main prob-
lem is that, in spite of an almost complete set of direct
observations of emitted radiation and particles, this in-
formation is restricted to a very short time period of
decades which is by far not sufficient to investigate the
long-term solar variability. The longest record of con-
tinuous direct observation is the sunspot record. It goes
back, with decreasing reliability, to about 1700 A.D. Be-
fore the Maunder Minimum period (1645 - 1715 A.D.)
there is a lack of consistent records of directly observed
solar variability. Several attempts have therefore b*-en
made to develop indirect methods for the reconstruction
of the history of solar variability. The search for solar
variability in various natural archives such as tree rings,
sediments and ice cores, turned out to be a rather diffi-
cult task because the effects induced by solar variability
are small.

Probably the most successful tool, so far, for estab-

lishing the history of solar variability are cosmogenic
isotopes like 10Be [3]. Since their production rate in
the atmosphere is modulated by the interaction of the
solar wind with the cosmic ray particles, they provide
information which can be attributed to solar variabil-
ity. 10Be attaches to aerosols and is removed from the
atmosphere mainly by wet deposition within about 1.5
years after its production. As a consequence, the deposi-
tion flux at a specific site does not necessarily represent
the global mean value. It contains also a local com-
ponent which can be related to atmospheric processes
(e.g. exchange stratosphere - troposphere, precipitation
rate). On the other hand, due to its short atmospheric
residence time, 10Be is also sensitive to short-term pro-
duction variations, such as the 11 year Schwabe cycle.
Based on model calculations, production variations of
30 - 50% are to be expected during a cycle depending
on the mean level of solar activity.

The best archive for 10Be measurements are ice sheets
which directly store the atmospheric fall-out. However,
1 kg of ice contains only about 107 atoms of 10Be which
makes detection by decay counting impossible. With
the development of the accelerator mass spectrometry
such small numbers of atoms became measurable.

We analysed a shallow ice core which was drilled at
Dye 3 (65.2° N; 43.8° W), Greenland. It has a length of
300 m corresponding to 563 years. The 10Be results of
the upper part dating back to 1783 A.D. have been pub-
lished earlier [4]. The dating of the upper part is based
on determinations of annual layer thicknesses by mea-
suring H2O2 which shows a strong seasonally. Before
1783, the core was cut into equidistant samples of 50 cm,
and further down, of 40 cm which is close to the annual
accumulation rate. The time scale was established after-
wards using S1SO variations on the nearby deep-drilling
core assuming that the annual layers do not differ sig-
nificantly between the two tores. Each sample of about
2 kg of ice was prepared following standard procedures
and analysed using the AMS facility of ETH/PSI Zurich
[SI-

A large number of publications is dealing with the
question how proxies of solar variability can be used to
reconstruct changes of the irradiance. Since there are no •
long records of direct observations available, the only
possible approach is to compare proxies with climate
records, preferably the mean global surface tempera-
ture. However, this approach is hampered by several
unknowns. The quality of the older climate data is lim-
ited, because they are more and more based on proxies.
The response of the climate system for long-term trends
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has to be estimated with models. The measured rela-
tionship between solar variability and irradiance is only
based on the very short observation period since 1978
and the underlying physical processes are not yet under-
stood The climate system is also strongly influenced by
the increasing green house gases and by changes of the
atmospheric aerosol content.

1720 1760 1800 1840 1880 1920 1960 2000
YEAR

Figure 1: Comparison of Ike iaBe record [3] with devia-
tions from the mean temperature of the northern hemi-
sphere [6,7].

In fig. 1 the inverted 10Be concentration record is
compared with a combined temperature record of the
northern hemisphere [6,7]. There is a generally good
agreement between the long-term trends. Also, some of
the most prominent features such as the temperature
minimum at 1815 and the subsequent sudden increase
are well represented in the 10Be record. During the 20th
century the temperature increases more steeply than the
I0Be record. This could be interpreted as a result of
greenhouse warming. But for a quantitative discussion
additional parameters like solar cycle lengths and atmo-
spheric aerosol content have to be included. On the basis
of this simple correlation there is good reason to believe
that the solar irradiance was changing in the past and
that these changes are reflected in climate records.
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The Antarctic Circumpolar Current System (ACC)
with its associated upwelling of water masses rich in nu-
t rients represents one of the areas of the oceans where
huge amounts of biogenic opal (SiOj) are produced by
diatoms and radiolarians in the surface waters. The sed-
iments of high opal content form a belt around Antarc-
tica located south of the present Antarctic Polar Front.
During the Late Quaternary strong changes in the sed-
imentation conditions have occurred which were mainly
caused by t he northward extension of the sea ice during
the glacial periods. The ice cover prevented the sun-
light from reaching the upper mixed layer of the oceanic
water column, and thus the phytoplankton could not
develop and sedimentation processes were strongly re-
duced. At the end of the glacial periods the sea ice
boundary shifted south and biological activity in the
surface waters exploded. This led to an enhanced pro-
duction and deposition of biogenic opal. The reconstruc-
tion of duration, spatial variations and intensity of these
highly active periods which may have had a strong im-
pact on global climate change by removing big amounts
of ('()•) from the atmosphere and depositing it as organic
matter in the sediments is important for the understand-
ing of the drastic climate changes that were recorded in
the continental ice cores.

Figure 1: Location of the five cores forming the transect
over the ACC: the posttton of the fronts is from [7] and
sea ice distribution from [8].

High resolution profiles of the radionuclides 10Be,
230Ther and 231Paer (ex = 230Th and 231Pa adsorbed
to particles) of five sediment cores forming a transect
over the ACC (Fig. 1) will improve our knowledge of
the processes described above.

The radioisotope 10Be is produced cosmogenically at
a present global average production rate of 1.21 ± 0.26
•106 at/cm2 yr [1] and is rapidly transported to the
oceanic water column by precipitation. It is deposited in
the sediments after a mean residence time in the water
column of about 400 - 1000 years [c.f. 2]. Variations in
the production rate of about 30 % may have occurred,
for example, during the Last Glacial Maximum (about
18 ky b.p.) [3]. 10Be is particle reactive and is trans-
ported to the sediments by adsorbtion to aluminosili-
cates [4] and, as recently shown, biogenic opal can be
an important scavenging phase as well [5].

230Th and 231Pa are produced in the water column
at a constant rate by the decay of 234U and 235U, re-
spectively. Their particle reactivity is higher than the
one of 10Be, and they are transported to the sediments
by adsorption to different kinds of particles, such as Mn
and Fe oxihydroxides and particles of biological origin,
with a mean residence time of 10-40 years and about
100 years, respectively [6].

The first core which was analyzed (PS1772-8, 55°
27.5'S, 1° 9.8'E, 4135 m water depth, 640 cm analyzed
core length) is located south of the present position of
the Polar Front at the boundary of the ACC to the Wed-
dell Gyre. As indicated by bio- and lithostratigraphic
analysis which was done at the Alfred Wegener Institut
fur Polar- und Meeresforschung in Bremerhaven the lo-
cation was covered by sea ice during most of the last 300
ky with the exception of the Holocene core section (12
ky - present), parts of stage 5e (130-120 ky) and parts of
stage 9 (before 300 ky). In these core sections the sed-
iment consists of up to 90% of biogenic opal compared
to 20 - 45% in the other sections of the core.

Applying a 230Thej; constant flux model it turned out
that the sedimentation rates increai °d from values of
2.5 cm/ky to up to 50 cm/ky at the beginning of the
interglacial stage 5e, which is a factor of 10-20. This
period only lasted for about 8 ky. Then, sedimentation
conditions returned to their pre-interglacial mode. After
calculating the 10Be fluxes on the basis of the 230TheI

model it turned out that they were significantly higher
than the value expected from production throughout the
core and that, during the periods with sea ice cover, they
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were lower than the average of the core . This confirms
the importance of hiogenic opal for the scavenging of
"'B>' from the water column. A comparison of the de-
cay corrected fluxes of 2 3 0ThP r with the ones of lnBe
shows that the -3"'J'h,r fluxes are lower than produc-
tion throughout the corr and that they are even slightly
lower than average in the opal rich layers. From this we
can deduce that lateral diffusion of '"Be from areas with
lower particle fluxes occurred during the high opal flux
periods in this core. Thus calculating the 1 0Be/ 2 3 0Th e I

flux ratio may serve as a proxy indicator to trace pale-
oproduclivity in sediments south of the Antarctic Polar
Front (see Fig.2). This new tool will be applied to the
other cores of the transect in order to achieve more com-
plete information on the climate history of the Southern
Ocean.
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Figure 2: a) 1(>Bf concentrations (\ff at/g), b) sedi-
mentation rates (cm/ky) and c) the '°Be/2 3 0 Thel ra-
tio of the flutes (10s al/dpm) plotted versus depth m
core. The shaded areas mark the high productivity pe-
riods. The horizontal lines and the numbers mark the
isotope stages [9] as deduced from bio- and lithostraii-
graphic analysis of the Alfred Wegener Instiiut fur Polar
und Meercsforschung. The vertical line in c) represents
the value expected from production of the two isotopes.
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Terrestrial in-situ produced cosmogenic nuclides, such
as :!He, l0Bo, '-''No. -r>AI and 36C1, are created within
thi1 mineral lattices in the upper decimeters of an ex-
posed rock surface as a result of cosmic-ray bombard-
ment. The concentrations of these nuclides are depen-
dent upon the length of time the rock has been exposed
and thus can be used to determine the age of the respec-
tive geological surface [I].

We are presently investigating samples from the Sirius
Formation (SF) and related bedrock morphologies from
the McMurdo region, Antarctica (e.g. Mt. Feather, Mt.
Fleming, and Table Mountain in the Dry Valleys sector)
in order to establish an absolute age scheme of the Sirius
Formation deposits.

Geology

The Sirius drift consists of glacigenic and glacilimnic fa-
cies deposits which define a higher elevation ancient to-
pography for the Transantarctic Mountains. Although
originally described as pre-Pliocene in age [2] [3], a con-
troversy has developed, with an emphasis on a maxi-
mum age of Upper Pliocene/ Lower Pleistocene (< 2.4
Ma), based on entrained Plio-Pleistocene diatoms [4].
The high elevation occurrence of the diatom-containing
deposits has been explained by unusually rapid uplift of
the Transantarctic Mountians [5] [6]. Conversely, Den-
ton et al. [7] have argued that the SF was deposited
at least by the Lower Pliocene and have shown that ex-
treme uplift is not necessary [8]. The question of the
age of the Sirius drift is at the core of unraveling the
origin, evolution, and long-term stability of the Antarc-
tic Ice Sheets: a crucial yet unknown factor in today's
unstable climate.

Sampling
Samples were collected in the Antarctic field seasons of
1991 (12 samples) and 1992 (54 samples). The Table
Mountain samples were taken along a traverse from the
Ferrar glacier up to the top of Table Mountain. Both
the SF and the neighboring bedrock surfaces of Permo-
Triassic Beacon Supergroup Sandstone (higher than SF)
and Jurassic Ferrar Dolerite (sills which intruded the
sandstone) [9] were sampled. Intra-Sirius samples com-
prise both embedded boulders and loose clasts of gran-
ite, sandstone/quartzite, and dolerite. The granitic er-
ratic boulders and cobbles, probably derived from the

Precambrian/Paleozoic Granite Harbour granites, but
never before encountered (cf. [2]) in the SF, were dis-
covered by our group and sampled. Samples were col-
lected under 'open-sky' conditions with dip angles of 0
to 15°.

Sample Preparation and AMS Measure-
ment

The methods of Brown et al. [10], E. Brook (personal
communication, 1993), Albrecht et al. [11], and D. Lal
(personal communication, 1993) were slightly modified
and combined for our preparation of the quartz samples
for AMS measurement of 10Be and 26A1. The primary
goal of the various sample preparation steps is to obtain
a pure quartz mineral separate which is free of meteoric
10Be contamination.

For sample material, we took the upper 5 cm (or less)
of the exposed sample surface. After crushing to <lmm
grain size and sieving away of the <0.4 mm fraction,
pure quartz was obtained by selective dissolution [12].
This involved 1 sequential weak HF (5%) dissolution
steps with vigorous shaking to dissolve the more soluble
mineral grains (alkali feldspar, plagioclase and micas).
The purity of the remaining quartz was checked along
the way by examination under a binocular microscope.
In this way the presence of less soluble minerals (e.g.
zircon) could be monitored; if present, they were picked
out. Additonal HF dissolution steps were done just to
make sure that the quartz was free of meteoric 10Be,
so that at the end 30-50% of the original surface of the
quartz had been removed.

Up to twenty grams of pure quartz were completely
dissolved in concentrated HF with either 0.4 or 0.5 mg
9Be carrier. Remaining undissolved sample material was
always -<0.1% by weight. Separation of the Be and Al
was accomplished by cation exchange, the hydroxides
were then precipitated and baked at 850°C to the oxides.
Total Al was measured by ICP-AES. A12O3 and BeO
were mixed with Cu and pressed into Cu target holders.
Measurement of 10Be/9Be and 26AI/27AI ratios was by
AMS [13].

Results and Discussion

Thus far, 57 10Be/9Be and 3 26AI/27AI measurements
have been made for this project . This number includes
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various chemistry blanks and tests, as well as extractions
froiii licitli quartz ami pyroxene mineral separates. As
Be and Al extraction from silicates, and especially the
winning of quartz liy selective chemical dissolution, had
never been routinely performed ••' our institute, much
care was taken to sel up, checK jul modify the pub-
lished sample preparation procedures.

We made several tests to check for the presence of me-
teoric '"lie. We found that, as reported by [10], most
of the meteoric "'Be is removed in the initial H('l wash
and the lirst III' leach step. For example, a hand-picked
quartz sample (615) had 2.N9I0*. 1.14107 and 5.33-10'"1

'"Be atoms/gram for the |(('I wash, I1F1 step and fi-
nal step, respectively. Notably, the fact that the first
111' step had >2 times more '"Be than the final dis-
solution step shows that a simple acid wash with HC'I
does not do the job of removing meteoric '"Be contam-
ination Furthermore, no difference between the 10Be
content found in the IIF2 and HF3 fractions from sam-
ple 21H indicates thai the meteoric '"Be had indeed been
removed by this stage. An additional check, where dis-
solution steps II['"(>, lll''7, and HF8 for sample 217B were
measured, also showed that the "'Be concentration had
leveled off.

So far, we have measured '"Be on quartz from sand-
stones and quarUites from Beacon Supergroup surfaces,
and quartzite and granite boulders possibly associated
wit h the Sirius drift. Shown in Table 1 are the weights of
quartz dissolved, corresponding etch step, and I 0Be/9Be
ratios for those results with sufficient precision that an
age may be calculated. The errors listed are ltr, includ-
ing the statistical (counting ) error and reproducibility.

Preliminary exposure ages for these five samples were
calculated using the production rates of Nishiizumi et al.
[14] and scaling factors of Lai [1]. As discussed by Lai
[1], these rales are known to within 0-7%. Saturation
'"Be values obtained from the quartzites of the Beacon
surface (outside Sirius Formation and topographically
higher) indicate that this landscape was carved at least
!> Ma ago. Also, -"Al measurements are being made to
substantiate that these samples do not somehow inad-
vertently still contain meteoric H'Be.

Our recent find of the granite (-lasts was fortuitous,
but their true reationship to (he SF forming glacial event
is as yet unclear. In order to better clarify the field rela-
tionships, further fieldwork at Table Mountain is taking
place during the 1991! season. The preliminary exposure
ages are. intriguingly. in the million-year-plus range.

Exposure dating using 10Be and 2bAI of the SF it-

self has been thwarted by the fact that the clasts are
solely doleritic. which of course contains very little if
any quartz. Preliminary tests investigating the use of
pyroxene for lnBe are in progress, the first step is to
check that pyroxene behaves as a closed-system with re-
spect to "'Be. 'This mineral has the added disadvantage
that its -'Al content is too high for 26A1/2'A1 measure-
ment.

Conclusions
Conclusions about the age of the SF must be drawn
cautiously. Indications are that the first measurements
are in the range and magnitude predicted by the geology
[15]. Interpretations must be constrained by comparison
of 10Be and '-""'Al to elucidate erosion rates, as well as by
combination with the noble gas results [16]. The full set
of isotopes (10Be. 26A1, and 21Ne in quartz and 10Be,
3He, and 21Ne in clinopyroxene) is necessary to draw
real inferences about the exposure ages of these rocks.
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CONSTRAINTS ON OCEAN GCMs FROM 14C MEASUREMENTS
IN THE MAIN THERMOCLINE, ATLANTIC OCEAN

J.I'. Severinghaus". VV.S. Broecker* and G. Bonani'

"Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA
Mnstitut fiir 'IVilchenphysik, ETH-Honggerberg. CH-8093 Zurich

Ocean general circulation models currently are used to
address the critical question of the oceanic uptake rate
of anthropogenic C'O-j. Because the uptake of CO2 de-
pends primarily on the vigor of mixing in the main ther-
morline, some means to verify the models' mixing is
needed Observed spacial and temporal distributions
of '•'(' in I tie ocean provide one important check, since
physically accurate models should faithfully reproduce
tlie real distributions.

We measured depth profiles of 14C in the Atlantic
thermocline along an east-west transect at 24N latitiude
on the 1992 cruise Hesperide.s VI. Eight density surfaces
were sampled to an approximate depth of 850 m at eight
localities spaced at ~10 degrees of longitude, in addition
to one locality near the mouth of the Mediterranean.
All dissolved inorganic carbon was extracted from the
seawater samples, and the carbon was analyzed by ac-
celerator mass spectrometry.

Figure I shows our results from 53W longitude in
the Sargasso Sea. Here older measurements exist from
the 1972 GEOSECS [1] and 1981 Transient Tracers in
I he Oceans (TTO) programs [2], which can be com-
pared with our data to yield a time series spanning two
decades.

C in the main thermocline, Sargasso Sea

Mediterranean outflow

100a

1992

O • GEOSECS 21N 54W 9/72

6 TTO 21N S4W S/B1

••—He-06 24N 53W 6/92

-100 -SO 50 100 ISO 200

A14C permil
Figure I: Radiocarbon activity of dissolved inorganic
carbon in Me Sargasso Sea

The pulse of 14C produced by atmospheric nuclear
weapons testing in the 1960s is clearly reflected in the
steep gradient between surface water and 800 m depth.
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Figure 2: Radiocarbon activity of dissolved inorganic
carbon in Mediterranean Outflow water

where no bomb 14C has yet penetrated. Also note the
apparent increase during this time period in A14C in
the depth interval 300-800 m.

In keeping with previous investigations, we attribute
this transient 14C increase to the progressive penetra-
tion of bomb-produced H C into the main thermocline
by the mechanism of advective mixing along isppycnal
surfaces (surfaces of constant density) from the high lat-
itude outcrop where the water is exposed to the atmo-
sphere. According to this explanation, A14C is lower at
greater depth for two reasons:

1. mixing is less energetic on deeper isopycnals, result-
ing in less transport of 14C from the outcrop

2. at the outcrop, deeper isopycnals are less well ven-
tilated than shallower ones1.

When replicated in many locations, this type of time
series provides a demanding four-dimensional (3 spacial,
1 temporal) target for models of thermocline mixing. If
a model can satisfactorily reproduce the observations,

1 Below the permanent mixed layer, water i> exposed to the at-
mosphere only during winter cold events when the density struc-
ture becomes unstable and the column overturns. The duration
of these overturning events is short compared to the ~1O year
equilibration time for carbon isotopes, so >4C equilibrium is never
attained during an event. Since deeper water is ventilated lest
often and for shorter durations than shallow water, deeper water
acquires leu 11C than shallower water.
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we argue that COv uptake calculations made with the
same model can he regarded with confidence.

Figure '1 shows the depth profile taken just west of
(iiliraltar. where the relatively saline Mediterranean wa-
ter Hows out over the sill at (Jihraltar and down to
greater depths in the less saline Atlantic. Typical A1 4C
in the depth range tiOO-ltOI) m in the Atlantic is about
-1011 permil, whereas in this profile A ' V is -10 to -40
permil in this depth range. We interpret these anoma-
lously high values as I he "tongue" of Mediterranean out-
flow water, which was recently near the surface in the
Mediterranean and therefore carries hornh M ( ' . Nearby
profiles from earlier expeditions are shown for reference,
although direct, comparison rannot he made since the
locations are significantly different.

References
[1] M. Stuiver and 11.(1. Ostlmul, Radiocarbon >2 (1980) 1

\l\ Transient Tracers in the Ocean, N. Atlantic Study Ship-
board 1'hysical and Chemical Data Report 198fi. PA-
('OI)K Publication No. 221. Scripps Inst. of Oceanog-
raphy. San Diego. California.



44

RECONSTRUCTION OF THE TBRRESTICAL LAPSE RATE IN
THE WESTERN UNITED STATES DURING THE LAST GLACIAL
MAXIMUM USING THE NOBLE GAS PALEOTHERMOMETER
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Introduction
OIK- nl' iIK- puzzles in recent climate research is the ap-
parent ini'iinsistrnry between low latitude oceanic and
i-iintitnMitHl paleotenii)eratures [lj: Snowlines in the high
mountains of both the northern and southern hemi-
spheres ami at the equator were about 700 to 1000m
Iciwer than today, suggesting that the temperature dur-
ing the last glacial maximum (LGM) was about 4 to
(i..r)°(' lower than today. In contrast, according to fau-
u.-il abundances and 11SO studies on oceanic sediment
cores, most of the low latitude ocean surface was colder
by niily about 2°(' . One hypothesis to explain this dis-
crepancy is that the vertical temperature gradient (lapse
rate) was increased during the LGM.

In this study, we are using the 'ground water noble
gas paleothcrmometer' to derive paleotemperatures for
different, altitudes to constrain the terrestrial lapse rate
in the southwestern US.

Noble gas thermometer
The physical principle of this paleothermometer is based
on the temperature dependency of the solubilities of the
noble gases Ne, Ar, Kr, Xe in water (Fig. 1). In many
cases, noble gas concentrations measured in ground wa-
ter were found to reflect the mean annual ground tem-
perature in the recharge area. In specially selected and
M C dated confined aquifers, continental paleotempera-
tures for the last .'50,000 years can be reconstructed [2].

Noble gas temperature records
Glacial paleotemperatures have been reconstructed from
two confined aquifers in the San Juan basin, the Ojo
Alamo sandstone and the Nascimiento formation in the
NVV corner of New Mexico ('New Mexico' in Fig. 2).
Mean annual temperatures during the LGM were found
to be about 5°C lower than during the Holocene (Fig. 3).
The same temperature change («5DC) was recently de-
termined from groundwater of the Carrizo aquifer in
southern Texas ('Texas' in Fig. 2; Fig. 4) [3].

Discussion and conclusion
Today's mean annual air temperature decreases while
elevation increases along a transect from the Gulf of
Mexico to the NW corner of New Mexico at a rate of
O.filT/lOO m (Figs. 2. 5). Within the error margins,
noble gas temperatures of groundwaters formed today

0.25
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Temperature [°C]

Figure 1: Temperature dependency of the solubility of
noble gases in water expressed as Bunsen coefficient.
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Figure 2: Map of the US showing the locations of the two
aquifer systems (gray circles connected by line) and of
the sites where snow lines for the LGM wert determined
(black circles). The black line represents the transect
from Texas to New Mexico shown in Fig. 5.

and at the LGM show the same temperature gradient
(Fig. 5).

This inland decrease of temperature is a result of in-
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Figure t̂: Noble gits temperatures as a function of C
age for the Ojo Alamo sandstone and the Nasetmiento
formation in the San Juan basin. New Mexico. Sam-
ples marked by open circles are influenced by mixing arid
thrrrfon cannot be used for the paleotemperature record.
7'Ar teviperature difference between today and the L(iM
is 5 to .1..PC.
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Figure 4: Noble gas temperatures as a function of age
for the Carnzo aquifer, Teias. The ages were derived
by interpolation from a ' T data set obtained earlier on
a different set of samples [4J. The age of the. samples
older than 20,000 years may be slightly underestimated.
Samples marked by open circles may be influenced by
minng. According to the noble gas thermometer, mean
annual temperatures in southern Texas were 5 to 5.6°C
lower than today.

creasing elevation, distance from the coast, and latitude.
If ocean surfaces and high mountain terrains did indeed
cool so differently during the LGM as suggested by pale-
oclimatic records, the terrestrial lapse rate should have
been significantly higher than today. Also, the pres-
ence of the Laurentide ice sheet should have increased

0 5000 10000 15000 20000 25000 30000 35000

C-14 age [years]

Figure 5: Mean annual air temperatures (black circles)
and noble gas temperatures (open circles) as a function
of elevation along a transect from southern Texas to the
NW corner of New Mexico. The inland temperature gra-
dient appears to have been the same during the L(!M as
compared to today.

the temperature decrease as a function of latitude and
distance from the coast. However, noble gas paleotem-
peratures seem to indicate that Texas and New Mexico
were uniformly cooled during the LGM: The lapse rate,
the latitudinal gradient and the decrease of temperature
as a function of distance from the coast, must have been
very close to what it is today. This finding is consistent
with the uniform lowering of the snow- and treelines
in the southwestern US by 700 to 1000m [5, 6] which
also indicates a uniform cooling by about 5° and sim-
ilar inland temperature gradients during the LGM as
compared to today.

The inconsistency of continental and oceanic pale-
otemperatures remains unsolved. We will have to ques-
tion oceanic paleotemperature records or our current un-
derstanding of key climate processes.
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THE MAN IN THE ICE: RADIOCARBON DATES
Hi H Niklaus". <!. Honani*. R. Prinoth-Fornwagner' and M. Suter*

• Institut fiir Teildienphysik. ETH-H6nggerberg, CH-8093 Zurich
• Forsrlimig.sinstitiit fiir Alpine Vorzeit, I'niversitat Innsbruck, A-6020 Innsbruck, Austria

In September Will, a muniniified corpse was found in
a small rork depression at the Hauslabjoch, which is
located in the Otztal Alps (part of Similaun Massiv),
South-Tyrol. Italy [1]. To determine the absolute age of
(In' Ice Man. different samples were radiocarbon dated
with A MS. All available radiocarbon dates were com-
pare.) and summarised to determine the age of the Ice
Man. I lie resulting time range for the Ice Man was
then rnntparod with estimated duration for Late and
Final Neolithic cultures in the Northern and Southern
Alps This allows a possible assignment to the cultural
origin of the Ire Man.

Data Evaluation
Hone and tissue specimens (20 - 30 milligrams) were
taken from the left hip of the mummy, which was
damaged by a jackhammer during recovery. The
specimens were independently radiocarbon dated in
Zurich/Switzerland and in Oxford/Great Britain [2].
(trass from the man's straw cape and from his left
shoe were radiocarbon dated in Uppsala/Sweden and
in I'aris/r'rance [.'}]. Other loose blades of grass, which
were found on the samples of the human remains, were
radiocarbon datpd in Zurich and grass samples from the
l!l!.)2 excavation in Cambridge and Oxford [3].

The 'l(r confidence ranges resulting from the calibra-
tion of the measured conventional radiocarbon ages for
the various samples of the different laboratories are dis-
played in figure 1 as horizontal bars. There is a good
agreement between the resulting ranges. Therefore,
from all conventional radiocarbon ages the weighted av-
erage was calculated and then calibrated to determine
the age of the Ice Man.

•'Cage:

calibrated age ranges:

4546 ± 17 y BP

3352-3300 cal BC 31%
3235-3175 cal BC 36%
3166-3108 cal BC 33%

This age determination based on nine independent mea-
surements differs only slightly from the age for the Ice
Man established earlier [2]. The effect of the plateau in
the calibration curve is responsible for the fact that the
calendar age uncertainty could not be reduced, although
the standard deviation of the conventional radiocarbon
age was reduced to 17 years.

Late and Final Neolithic Cultures

The radiocarbon dates, which all fall into the second
half of the fourth millennium, appeared to be relatively
early, on first sight, in relation to the objects found, i.e.
the axe, the flint stone utensils, the bow etc.
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Figure 1: Comparison of the 2o~ confidence ranges. The
areas of the black bars are proportional to the probabil-
ity of finding the true age within the corresponding Sa
confidence interval.

To determine the duration of a culture, all available
conventional l4C ages of such a culture are calibrated
individually. The resulting probability density functions
of the individual samples are summed together and nor-
malised to 1. The obtained distribution is also a prob-
ability density function and can be used to discuss the
duration of a culture by calculating the cumulative prob-
ability distribution and the corresponding 2<r interquan-
tile range (95%) or interquartile range (floruit, 50%)
[4]. The boundaries of the floruits calculated below are
rounded to the nearest 50 years.

Northern Alps

Going from west to east, we first come across the Cor-
taillod culture in Switzerland, which radiocarbon dat-
ing places between 3900 and 3400 cal BC. Following
the arguments of Breuning [5] and taking only samples
with a conventional radiocarbon age between 4750 y BP
and 5200 y BP into consideration, radiocarbon dating
places the culture between 3900 and 3600 cal BC. It
cannot, however, be assumed that the man from the
glacier originated from this culture complex, also be-
cause of the 200 km linear distance to the Hauslabjoch.
Both the Pfyner culture (3900 - 3600 cal BC), which is
mainly found around Lake Constance, and the Michels-
berger culture (4250 - 3800 cal BC), whose ramifications
reach as far as Southern Bavaria and the area around
Salzburg, are radiocarbon dated as being before the time
of the man from the Hauslabjoch. The Altheim culture,
which is radiocarbon dated between 3650 cal BC and
3450 cal BC and which is prevalent mainly in the area
of Bavaria south of the Danube and the Salzburg area,
nearly overlaps with the time window of the Ice Man's
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lifetime '1 he neighbouring Mondsee culture, prevalent
in the regions rif the lakes Mondsee. Attersee. Traunsee.
and in Lower Austria, and which distinctly penetrates
the Alpine valleys from the north, presents a very inter-
esting radiocarbon spectrum between 3600 cal BC and
31(10 cal DC. This culture, however, is also of negligi-
ble interest HI this context because of the approximate
20(1 km linear distance. For similar reasons, it is unlikely
that the man from the glacier had any direct contact
with the Daden culture (3350 - 2950 cal BC).

From the 27 radiocarbon dates for the Horgen cul-
lure which stretches from western Switzerland via a
central area around Lake Constance to Liechtenstein
its duration was determined to be from 3350 cal BC
to 21150 cal BC. This overlaps the entire time window
for the lifetime of the Ice Man. On the other hand, the
heyday of the ('ham culture, which was prevalent, in Old
Havana with branches in Bohemia and Austria, lies ap-
proximately between 2!)5() cal DC and '2750 cal BC and
is slightly too young to be the origin of the Ice Man.
The Cham culture developed ill the same area as the
Altheim culture. It is also the direct descendent of the
Altheiin culture. The lifetime of the Ice Man lies in
I he time period where the two cultures meet each other.
Therefore, both cultures could be the origin of the Ice
Man.

[ce Man are the phase 1(B) of "St. Martin de Corleans"
and the "Grotticelle Sepolcrali" group, which is adjoin-
ing to the east. Surprisingly, those artefacts, which can
be compared best to the objects found with the man
from the glacier, i.e. the axe, the dagger and the arrow-
heads, come from grave 102 from Remedello (Brescia),
which has not yet been radiocarbon dated.
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Figure 2: Comparing the time periods (floruit. 50%) of
halt and Final Neolithic Cultures of the Alpine region
with the lifetime of the Ice Man.

Southern Alps

I'nfortuiKitely, 'o date only a few radiocarbon dates
are available from samples of cultures of the Southern
Alps, '['hi1 radiocarbon dates of the Lagozza culture
(380(1 - 3550 cal DC) and tin- phase I(A) of St. Mar-
tin de Corleans (Aosta. 3850 - 3500 cal BC) indicate
thai both cultures are older Ihan the Ice Man's. Three
radiocarbon dated samples are used to estimate the du-
ration of the Vasi a Docca Quadrata culture (3850 -
3550 cal BC) which is also significantly older than the
Ice Man. The time period (floruit, 50%) based on three
samples may not have enough evidence. However, com-
paring the '2a confidence ranges resulting from the cal-
ibration of the three single radiocarbon dates (Mosio
3990 - 3790 cal BC. Komagnano 3700 - 3380 cal BC
and VSlser Aicha 3780 - 3350 cal BC) with the 2<T confi-
dence range of the Ice Man one can conclude that these
samples are significantly older than the mummy from
the llauslabjoch.

The localities at Libiola in the province of Gen-
ova. Lagozzettn di Besnate in the province of Varese.
Lasa/Laas at Val Venosta in the province of Bolzano
and Manerba Kiparo Valteiusi in the province of Bres-
cia may have existed during the lifetime of the Ice Man.
The sample from Manerba Riparo Valtenesi can be as-
signed to the Grotticelle- Sepolcrali group indicating that
this culture may also be the origin of the Ice Man.
The time period of the phase I(B) of St. Martin de
Corleans (Aosta) can be estimated from two radiocar-
bon dated samples of this site. It gives a lime window
from 3250 cal BC to 2900 cal BC and thus includes the
lifetime of the Ice Man. It follows that the cultures to
the south of the Alps in the vicinity of the site of the

Conclusion
To the north of the Alps we find Late and Final Neolithic
civilisations (the Altheim and Cham culture, developed
in the same area, though at a different, time, and the
Horgen culture), which fit well into the time period of
the Ice Man's lifetime between 3350 and 3100 cal cal BC
(fig. 2). To the south of the Alps, there may be a rela-
tionship between the Ice Man and the phase I(B) of Si.
Martin de Corleans or the Grotticelle Sepolcrali group
which are in the vicinity of the site of the Ice Man.

It is, however, justified to consider the probable en-
vironment of the man from the glacier to have been in
the Venosta Valley region in South Tyrol/Italy, which is
near to the finding place the Hauslabjoch and certainly
in the area of direct influence of the Northern Italian
Remedello culture.
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UNCERTAINTIES IN RADIOCARBON DATING
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Thi' accuracy of radiocarbon dating depends both on
tin' accuracy of the radiocarbon measurements and the
time dependant fluctuations of the HC concentration in
l In' atmosphere of the past [1]. From 14C measurements
nf di'iidroclironologically dated wood the so-called radio-
carl>on calibration curve (radiocarbon age vs. calendar
age) lia.s been established which allows the latter effect
to be taken into account [2]. These fluctuations compli-
cate I lie conversion of a radiocarbon age into a calendar
.:ge. A stali.slical treatment of this conversion produces
a density distribution along tlie calendar age time scale
[3]. The results of the probabilistic calibration proce-
dure can. however, be ambiguous, and correspondingly
the interpretation can be difficult [3].

Improvement in precision of radiocarbon measure-
ments leads to the question of the limits in radiocar-
bon dating. A numerical procedure has been developed,
based on the calibration procedure of CalibETH [4], to
study the influence of the !'1C fluctuations on the ac-
curacy of radiocarbon dating. This procedure allows
systeinalic investigations over the past 10,000 years to
deiermine the limits of the accuracy of radiocarbon dat-
ing, and to determine the age ranges, for which the
Hurt nations become primarily responsible for these lim-
its In addition, the various characteristic, statistical
parameters describing the probability density function
are compared (2a confidence interval, 2tr interquantile
range and standard deviation of weighted average [3]).

The calibration was calculated over the past 10,000
years HI' first assuming a la error of 5.07oof°r mod-
ern samples and a ]<r error of 10.0°/wfor 10,000 year
old samples. A linear interpolation of the la error
was applied for radiocarbon ages between two points.
The actually measuring errors were used for the cali-
bration curve. The 2a confidence intervals and the er-
ror bars considered here indicate that the mean accu-
racy of radiocarbon dating is 335±116 years BP with
substantial variations. The extrema are 113 years and
801 years. The difficult areas for calibration and there-
fore also for radiocarbon dating are around 300 y BP
and a,400 y BP and at the time ranges 4,000 y BP-
4.71)0 y BP, 7,700 y BP - 8,200 y BP and 9,300 y BP -
11.900 y BP. For these radiocarbon ages the correspond-
ing 2a confidence interval has often several incoherent
regions separated by large gaps and also several cross
points with the calibration curve. Thus higher accuracy
in the measured radiocarbon age may not result in a
higher accuracy in radiocarbon dating.

The 'In confidence interval represents the mathemati-
cal correct age determination. In some cases, ranges are
not very useful for further investigations where a single
age with an uncertainty is preferable. In these cases, the
median of the probability density function together with
the ijuantiles is preferable instead of the corresponding

weighted average with its standard deviation. This can
be concluded from a comparison of the limits of the 2<r
confidence interval, the 2<r interquantile range and the
standard deviation. The interquantile range is a good
approximation for the corresponding 2<r confidence in-
terval.

In a second study, various age independent values for
the experimental \a error of radiocarbon ages have been
used in the calibration procedure to study its influence
on the accuracy in radiocarbon dating. The calibra-
tion over the radiocarbon age range from 0 y BP to
10,000 y BP was made with \<r errors for the radiocar-
bon ages of Wloo, 57OO, 2.5700and l°loo. Again, the
actual error of the calibration curve was used. Figure 1
shows the frequency distribution of the 2<r confidence
interval width. The frequency distribution moves down
by the same amount as the accuracy decreases. There is
a linear relationship between the mean width of the 2<r
confidence intervals and the 1<T error of the radiocarbon
age (see fig. 3). However, it should be noted that even
for radiocarbon ages with a 1<T error of l"/Oo{S years)
one has to expect some extreme 2<r confidence intervals
with widths of up to 400 years.
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Figure 1: Frequency distribution of the 2a confidence
interval width for different errors of the radiocarbon age.

Figure 2 shows the distributions for the width of the
la confidence interval resulting from the calibration of
the radiocarbon age with four different lcr errors in the
age range from 1,700 y BP to 3,200 y BP. Around a
radiocarbon age of 2,350 y BP, the width of the la con-
fidence interval decreases from ~600 years to ~15 years
when improving the accuracy from 107oot° 17oo- On
the other hand, around a radiocarbon age of 2,450 y BP,
practical no improvement is obtained.

The lower four curves in figure 3 show the relation-
ship between the mean width of the 2<r confidence in-
tervals and the lc error of the radiocarbon age (0-
10,000 y BP). The relationship is given for an error of
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1 0 Error of Radiocarbon Age <T [yeara]

Figure '1: I'ht distributions for the width of the t'a ron-
tidinct intrrrals resulting from thi calibration of radio-
(nrfian aqt .s with various la t rrors.

confidence intervals can be reduced by 20 years when
improving the precision of the upper part (>6.000 BC)
of the calibration curve to about 1.5°/oo-
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0"/,,,,iiii(l 17,,,,HIKI for the actual precision of the cali-
bration rurvr. In ;ul<li(ion. the '2a confidence interval
resulting from a hypothetical calibration curve with a
slope of our (radiocarbon age = calendar age) is shown.
The upper three curves represent, the dependence of the
maximum width of tin- 'l<r confidence interval from the
la error of (lie radiocarbon age. The mean width of '2a
confidence intervals decreases linearly with the \a error
of the radiocarbon age. In general, the uncertainty in
radiocarbon dating can be reduced by the same amount
as the radiocarbon age measurements can l>e improved.
The offset in this relationship is about 40 calendar years
and is equal to (he lower limit, for the mean width of the
'la confidence intervals, which can be considered as the
lower limit for radiocarbon dating accuracy. Neverthe-
less, when neglecting all errors one has to expect 2a
conlider.ee intervals a.s large as 292 years in the worst.
cam'.

•000 »0M

Radiocarbon Afe [years BP]

Figure li: Relationship between the mean width of 2a
confidence interval and the error of the radiocarbon age.

From the calibration using different errors for the cal-
ibration curve, only minor differences can be seen in the
mean width of the 'la confidence intervals. Thus, the
actual precision of the calibration curve up to 6,000 BC
(If ~12 years) is sufficient. The mean width of the la

Figure 4: Distribution of the width of the 2tr confidence,
interval assuming various standard deviations for the
1 4C age and precisions for the calibration curve. The
two distributions were interpolated by polynoms of 6th

degree.

Under favourable conditions it is possible to reach a
measurement precision of 1.5°/ooto 37oO. This requires
counting statistics of 1.0°/ooto 2.0o/ot,and an instrumen-
tal reproducibility of the same order. A reduction of
the errors in the calibration curve above 6,000 BC to
1.5°/ouis also desirable. The expected mean width of
the '2a confidence intervals is then reduced from 335 to
about. 140 years. Figure 4 shows how the accuracy im-
proves, if the measurement error is reduced from 5"/ot,-
10%oto 2.5%O. This effort, however, will not solve the
difficulties in the calibration procedure at radiocarbon
age ranges around 300 y BP, 2,400 y BP, 4,000 y BP-
1,700 y BP, 7,700 y BP - 8,200 y BP and 9,300 y BP -
9,900 y BP. Only additional information about the ob-
ject to be dated can help, at least partially, to overcome
this problem. In these ranges one has to expect 2cr con-
fidence intervals of up to 292 years, nearly independent
of the improvement in the precision of radiocarbon mea-
surements. In general, large 2<r confidence intervals are
not the consequence of the uncertainties in radiocarbon
measurements but. a consequence of the fluctuations of
the I4C concentration in the atmosphere.
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Integral excitation functions for the production of cos-
mogonie nuclides are of fundamental importance for the
interpretation of interactions between cosmic ray par-
ticles and extraterrestrial and terrestrial matter. To-
gether with the knowledge of primary and secondary
particle fields inside an irradiated body, model calcula-
tions can be performed to describe abundances of cosmo-
gonie nncTides in dependencies of the irradiation history
of tho body and of variations of the cosmic ray particles
with time (see refs. [1, 2, 3, 4] and references therein
for reviews). The quality of these calculations depends
strongly on the availability of reliable excitation func-
tions of all contributing particles from the main target
elements of the investigated matter.

In order to provide the necessary cross sections dur-
ing the last, years, the production of 10Be and 26A1 was
investigated by our group [5, 6, 7]. Here, we extend our
earlier studies to the radionuclide 36C1.

We analyzed targets from irradiations with protons
of energies between 45 MeV and 2600 MeV at sev.-
eral accelerators ( PSI Villigen/CH, TSL Uppsala/S,
LANL Los Alamos/USA and LNS Saclay/F ). The ex-
periments were carried out using the "stacked-foil" tech-
nique. Evaluation procedures and flux determinations
were the same as reported earlier [7, 8, 9, 10, 11]. For
the sample preparation we used the following technique,
that is described here exemplarily for titanium:
The pure metall foils (m«250 mg) of titanium together
with 10 mg Cl-carrier, 20 mg Ca-carrier, 3 mg Al-carrier
and 2 mg Be carrier were dissolved in a closed reaction
cylinder by adding a mixture of 3:1 by volume HF (48%)
and HNO3 (65%) through a separator funnel. After half
an hour the chlorine was stripped as HC1 with an air
stream by heating to 250° for three hours. The chlo-
ride ions were transported with the air stream through
teflon tubes connected to collecting bottles containing
0.1 mol/1 AgNO3 solution, where the chloride ions were
precipitated as AgCl. Since the AgCl in the capture
tubes was, in general, free of impurities, especially sul-
phur, it was only washed several times with bi distilled
water and dried at 80°C for the AMS-measurement.
The remaining solutions in the reaction cylinder were
stored for determinations of l0Be, 26A1 and 41Ca with
AMS.
Preliminary results for the targetelements Ca, Ti and
Fe are shown in figure 1. They still have to be cor-
rected for minor contributions from secondary particles
according to [10]. Our results are almost consistent with

earlier measurements using decay counting techniques
[12, 13, 14, 15, 16, 17].

100 T I 1 I • ' " I

:_ ar> [This] '

0.1 n-

36 C

100 1000

Proton energy [MeV]

Figure 1: Experimental cross sections and calculated
excitation functions (Alice, HETC) for the reaction
Ca(p,4pm?6Cl, Ti(p,6pzn^Cl and Fe(p,10pxnf6Cl.
Deviations caused by contributions of secondary parti-
cles are considered in the error bars.

The experimental values are also compared with the-
oretical excitation functions that were calculated with
two different physical models, the Hybrid model of
Blann [18, 19] that is incorporated in the Alice Code and
the High Energy Transport Code (HETC) [20] based
on an intranuclear cascade model, to see whether it
is possible to predict unkown excitation functions by
pure physical models. It was found that neither of both
models is generally able to describe the experimental
cross sections adequatly, although for some reactions,
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i.<• Ca(p.4pxn):";Cl calculated with the ALICE code. [19] M. Blann. priv. comm. (1990)

good agreement can !»• observed.
further *,.plira1ion» of our measurements aro in the [20] R Cloth D.FilgesG. Sterzenbach, T.W. Armstrong

, ,, r , r -ifi,., . and B.L. Colborn, Jul-2203 (1988
modelling ol production rates for ( I in extraterres-

trial matter. Therefore, additional measurements are

planned for elemental production rates of 3l5('l from

main target elements inside an artifical tneteoroid (see

[.r>] for details) as well a,s in real meteorites.
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The capability of efficient and precise measurements of
•'"'('1 samples with isotopic ratios between 10~14 and
1(1"l0 at our laboratory has made possible a large num-
ber of applications. 36C1 investigations such as mete-
orite studies, ground water research, radioactive waste
management, 36C1 production studies (in-situ produced
; iTl and cross section measurements), investigations of
atr jspheric 36C1 transport mechanisms, as well as stud-
ies of arctic and alpine ice cores have been conducted
in collaboration with other research groups. Therefore,
and due to the fact that many of these projects are not
yet completed, this contribution will not go into a de-
tailed discussion. However, some general information on
status and scientific goals of the most important ice core
projects is given.
More than 75% of all 3fiCI measurements have been
made with samples from arctic ice cores. The Arctic
and Antarctica are unique locations where the precip-
itation of the last several hundred thousand years is
archived. Together with the precipitation, trace ele-
ments are stored. Investigating polar ice has the great
advantage that many different parameters can be mea-
sured. The Jong-lived cosmogenic radionuclides I0Be
and 36C1 play a special role. Their concentrations do not
only depend on the transport mechanism, which is influ-
enced by climatic effects, but also on the variation of the
cosmic ray flux. By analysing the information obtained
from trace elements and from isotope ratios of stable
and radioactive isotopes it may be possible to separate
the transport and the production component of the 10Be
and J6CI concentrations. The attempt to eliminate pro-
duction variation by utilising the 10Be/36CI ratio has
not been very successful in the pastfl, 2], although pro-
duction mechanisms of both radioisotopes are supposed
to be similar. However, 36Cl and 10Be concentrations
in polar ice are influenced by variations in the cosmic
ray fiux. So information on solar activity of the past,
the dominant source for cosmic ray variations, should
be obtainable. This is of importance, because the direct
record of solar activity observations covers only the last
300 years. A more extended data base would be desir-
able to investigate open questions of the mechanism of
solar activity, its time dependence and, of course, the
question to what extent solar activity may influence cli-
matic changes on earth. The difficult task to separate
transport and production mechanisms can be advanced
by analysing polar ice cores from different locations over
a long time scale with suitable time resolution. This re-
quires a large number of 10Be and 36C1 measurements.
So far, 10Be has been successfully used to recover valu-
able information from polar archives [7, 8], but there

have not been systematic investigations with 36CI. One
reason for has been the limited capacity of 36C1 measure-
ments. At Zurich the capacity for 36C1 measurements
has continuously increased and a program for system-
atic analysis of Greenland ice cores has been started
with ice available from three different locations.

Milcent
The first ice core which has been investigated with 36C1
was drilled at the Milcent station (70°18'N,44°35'W) in
1973. About 100 samples were analysed covering the
time between 1120 AD and 1820 AD. The measured
36CI concentrations show pronounced fluctuations be-
tween 1.2x 103 and 2.8x 103 [atom/g] with a mean value
of 2.0xl03 [atom/g]. The standard deviation of the av-
eraged data serie is 0.4xl03 [atom/g]. With the known
accumulation rate at Milcent an average 36C1 flux of
2.4±0.7xl0"3 [atom/cm2 s] can be calculated. From
most of the data points also 10Be concentrations are
known [3]. The calculated 10Be/36Cl ratios show fluc-
tuations similar to the variations found in the 36CI and
in the 10Be concentrations. The average 10Be/36CI ra-
tio is 6.6 with a standard deviation of 1.9. Because of
this large deviation, dating by using the 10Be/36Cl ratio
is not possible. The low time resolution of the Milcent
core precludes spectral analysis for the detection of pe-
riodicities shorter than 20 years.

Dye-3

In 1986, an ice core was drilled at Dye-3 station
(65°11'N,43°49'W) to obtain a record with an annual
time resolution. From this core samples are available
covering the time from 1400 AD to 1985 AD with an-
nual resolution. The top of this core has been used
to detect 36C1, which has been released into the atmo-
sphere during the atmospheric tests of nuclear weapons
[4]. Meanwhile, more than 350 samples from this ice
core have been analysed. The measured 36C1 concentra-
tions show similar fluctuations as have been observed
in the Milcent core. For the 36C1 concentration a mean
value of 1.4±0.4xl03 [atom/g] has been calculated for
the time period from 1570 AD to 1920 AD. The corre-
sponding 36CI flux is 2.0±0.6 xlO3 [atom/cm2 s] and
a mean I0Be/36CI ratio of 7.6±2.3 has been measured.
With this data set, which will be extended to the bottom
of this core, and in combination with the corresponding
10 Be data [6] it is now possible to obtain more reliable
data on production variations caused by solar activity.
Especially the 11 year sun spot cycle is well resolved. A
detailed discussion of the data is given elsewhere.
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Milcvnt

" > • • - - : *

Summit

drpth
[in]

1110-•100
60-230

100-401)
750-770

1850-1885
22.56-2342
2785-2857

age of ice
[years]

1180-1820 AD
1560-1920 AD

1400-1650 AD
3800-3900 BP

18'000 BP
40'000 BP

120'000BP

age resolution
[years]

5.4
1.0

5.2
6.6
36
75
130

3 b Cl/g
10J [atom/g]

2.0±0.4
1.4±0.4

2.7±0.4
3.4±0.8
6.2±I.O
5.8±1.9
2.3±0.6

a 6Cl flux
10" 3 [atom/cm2 s]

2.4±0.7
2.0±0.6

1.7±0.2
1.6±0.3

' u B e / 3 5 C l

6.6±1.9
7.6±2.3

Table 1: Compilation of •'"' C'l data. Mean values far concentration, flux and 10BeZ36Cl an computed for the different
in tore* ur fur Ihr different core sections. The quoted deviations are calculated as I a standard deviation of the
averaged data s< rir.s.

Summit

From Hi.- ire ron- drilled at Summit (72"34'N,37°38'W)
from the European (ireenland Ire Core Project GRIP [5]
about l.V/f of tire ice i.s available for (he measurement of
the rosmogenic radioisotopes '"Be, -"Al and 36C1. For
the •"'('! analysis, SIT! ions of 1.1 m length will be pro-
ressed rovi-rinR the precipitation of about 5 years in the
upper part of the rore and of about 150 years at the
bottom. Overall, about 3000 'tr'('l samples are planned
to be measured at 1 he Zurich AMS facility. The mea-
surement of Summit samples has started in 1992 and
about 210 samples have been measured so far. Five dif-
ferent sections of the ire rore have been investigated,
two sections from the Holocene at about. 120 m and 760
m depth, two sections from the Wisconsin (1860 m and
2300 m) and one section from the Eemian at 2800 m
depth. The measured data of each section have been
averaged. They are compiled in table 1. The quoted
deviations are calculated as 1 IT standard deviation of
the analysed data series. The presently available time
scale of the ice core can be used to calculate the accu-
mulation rates for ice younger than 10 ka. With this
information the mean "'('I flux is computed for the dif-
ferent sections. "'('I results from the top of the core can
be compared to data measured from the other ice cores.

The lowest "'('I concentrations are found at Dye-3.
At Si 'limit, the two different core sections from the
Holocene as well as the sections from the Wisconsin have
consistent "'('I concentrations. The increased 36C1 con-
centration of the Wisronsin sertions may result from
the reduced accumulation rate at that time. During the
Kemian, concentrations have been observed which are
similar to the concentrations found during the Holocene.
Tlie resulting :l"('l fluxes from Milcent, Dye-3 and Sum-
mit show a consistent picture. It is remarkable that the
fluctuations of the Summit data are significantly smaller
than the fluctuations observed at the other locations.

Conclusion

A program of systematic studies of 36CI concentrations
in polar ice cores is in progress at the Zurich AMS fa-
cility. From the Milcent ice core a continous data set
covering the time intervall from 1180-1820 AD is avail-

able with an average time resolution of about 5.4 years.
The ice core drilled at Dye-3 station has been analysed
between 60 and 230 m depth of the ice. This core has an
annual time resolution. The data set shows pronounced
concentration variations which can be correlated with
solar activity variations. First measurements from the
Summit core have been made and promising results have
been obtained. The large number of samples which are
planned to be measured from this core will dominate
our 36Cl program for the next few years. In the near
future not only 10Be but also 36C1 data will be available
from the Summit core. The additional 36C1 information
will help to extract more reliable information on pro-
duction variation and transport processes of cosmogenic
radioisotopes.
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A small fraction of the secondary cosmic ray particles
produced in the atmosphere can reach the solid surface
of the earth. Depending on type and energy of these par-
ticles (hey can penetrate the lithosphère tens of meters.
Especially high energetic muons can have penetration
depths exceeding more than 100 m rock. In this passage
the particles interact with the nuclei of the lithospheric
matter producing such long-lived radionuclides as 36C1
(T]/2= 301ky) in minute quantities. The buildup of ra-
dionuclides can be used to study various physical and
geological phenomena such as production mechanisms,
cosmic ray intensity variations, erosion, and the length
of time a surface has been exposed to cosmic rays. In
this project the primary objective for measuring 36C1 in
the deep samples was to determine magnitude and shape
of the 36C1 production from 40Ca by negative muon cap-
ture. Already at about 1 m below the surface this mech-
anism is expected to be the dominant source of 36C1
[1]. With known 36C1 production rates for the various
mechanisms it was expected to obtain information on
the exposure history of the area of the selected sample
profile. For example, if the location had been covered
by glaciers during the last ice age, the accumulated 36C1
would be less than, if the glacial shielding was absent.

Sampling

20 samples (0.5-2.2 kg) of limestone were obtained
fro7ii a IOC m inng core (no: 306) that was
drilled at Vue des Alpes (Switzerland, 1256.86 m,
55°41')4"N/2!<'27'13"E) in connection with geological
studies during the planning of a tunnel through the
Jurassic Mountains. The calcium carbonate fraction of
the samples varies between 80 and 94 % in the upper
part of the core. Only at depths below 60 m, the CaCC>3
fraction decreases and reaches a minimum of 45% at
103 m. The core has an average Cl~ concentration of
65 ppm with a maximum of 210 ppm at 36 m. Sev-
eral samples show water bearing fissures. To exclude
contamination from meteoric 36C1, these fissures have
been removed. The samples were milled to a grain size
of less than 0.5 mm. This material was subsequently
dissolved in cone. HNO3. After adding AgNC>3 to the
solution, AgCI was precipitated and removed from the
acid solution by filtering. The AgCI precipitate was re-
dissolved in NH4. Ba(NÛ3)2 was added to precipitate
sulphur which interferes in the AMS measurements. The
BaS04 precipitate and other undissolved particles (i.e.

SiOj) were removed from the solution with a Millipore
filter (< 0.45/xm). The solution was then acidified with
HNO3 to pH 3 to re-precipitate the AgCI. The AgCI
was then washed with de-ionised water and the sample
was dried in a oven. With this procedure samples of 15-
20 mg AgCI were prepared. For the AMS measurement
these samples were pressed into tantalum holders and
were analysed at the PSI/ETH AMS system [2, 3].

Model calculation

Figure 1 shows the 36CI concentration per gram calcium
normalised to a Cl concentration of 50 ppm. This is to
facilitate a comparison with theoretical values based on
models proposed by Lai [1] which for the case of lime-
stone formations have been elaborated on by Fabrika-
Martin[4]. Three major production mechanisms of 36C1
have to be considered: direct spallation of 39K and 4aCa,
neutron activation of 35C1, and the capture of stopped,
negative muons in 40Ca resulting to a certain extent in
a nuclear reaction with 36C1 in the final state.

The 39K content of the samples is more than a fac-
tor 10 lower than the Ca concentration. Therefore
the 39K spallation channel can be neglected. With
known parametres such as the measured 36C1 production
rate for spallation (P»p)[5] and the attenuation length
(A3p)[l] the 36C1 spallation yield Ys

c
p" [atom/g(Ca)] can

be calculated directly as a function of exposure time (t),
depth below the surface (x) and erosion rate (e).

(1)

For the calculation, surface spallation production rate
of Pjp=76 [atoms/g(Ca)y] [5] has been taken. A is the
decay constant of 36CI and p is the density of the rock.

Three different processes are responsible for the 36C1
production from thermal neutrons. Spallation and evap-
oration neutrons which are released in high energy re-
actions (HE) have to be considered. A certain fraction
of these are slowed down to thermal energies. The 3*CI
production can be calculated similar to the spallation
yield since the thermal surface neutron flux • # £ has
been measured [5] and the branching ratio o-3i/<rT for
35C1 neutron capture can be calculated.

y HE _ "3i 1

or c(Ca) A + ') (2)
A . ,
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Figure 1: Measured 36CI concentration [ai/g(Ca)J of a
calcium carbonate core from Vue des Alpes. The data
arc normalized to a ('I concentration of 50ppm.

A thermal surface neutron flux of 4>HE— 307 [n/g rocky]
[5] is taken for the calculation. c(Ca) is the concentra-
tion of calcium in the rock.

A second source of neutrons comes from (/x,n) and
(-),n) reactions. The resulting neutron fluxes #,, and 4»7

in units of [n/g rocky] have been calculated as a function
of depth [4], With this information and the attenuation
coefficient of unions (A,,) [6] the 36CI production rate is
given by:

In addition, neutrons are generated directly in the spon-
taneous fission of U and Th, and in (a, n) reactions of
light elements with the o particles released in U and
Th decay. At depths greater than 10 m the radioiso-
tope production is dominated by this mechanism. The
neutron fluxes <!•(„„), *(..;.«) in units of [n/g rocky]
from these reactions can be calculated from the V and
Tli content and the concentration of the elements which
contribute to the neutron propagation reactions. For
this rase the '"'PI production is given by:

<rT Xc(Ca)

Based on union fluxi>s. no^ativo union slopping and
capture rates, the liuionir •"lCl prnductimi r.'ilo (!' , ,-)
can he calculated as function of depth [1] The •""'('I
yield as a function of t. < and x is:

Equations 1,2,3 and 5 are valid only at sea level and
for high latitude. To obtain the 36C1 production rate for
the actual location of the sample site the results have to
be corrected with scaling factor as described ih [1].

Discussion
The interpretation of the measured data has to be con-
sidered as preliminary. For an infinite exposure time and
an erosion rate of 5 cm/ky the values calculated with the
outlined model can explain the measured results very
well. The shape of the curve is in good agreement with
the data, especially in the region, where the muonic pro-
duction channel is dominant. At depths below 20 m the
3GC1 concentration results mainly from the U und Th
production channel as described in equation 4. For these
samples a detailed geochemical analysis is not available
at the moment. Therefore, an element composition of
a typical calcium carbonate rock [4] is assumed, and in
this region deviations may result from a different, actual
composition of the rock. Only the data point at the top
of the core cannot be reproduced by this simple exposure
scenario. The lower measured 36C1/Ca ratio might be
due to Cl leaching from the rock. Other, more complex
scenarios, which include the coverage of the area with
ice during the last ice ages, can also be constructed in
agreement with the measured data. Unfortunately, due
to the ambiguity of the exposure history, the current
softness of the geologic data, and the use of only one
radionuclide, it is not yet possible to deduce the abso-
lute strength of the muon channel. Additional, geologic
information will be necessary to narrow down the num-
ber of possibilities. Work in this direction and more
detailed investigations of the geochemical composition
and U and Th concentrations are under way.
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Introduction

In connection with the efforts to establish a research
program in nanotechnology at PSI a focussed ion beam
system has been purchased end of 1993 as a joint ven-
ture of PSf departements F3A and F3B (a correspond-
ing contribution can be found in the F3B annual report
1993). An essential part of this system is a liquid metal
ion source (LMIS) which allows to obtain high ion cur-
rent densities (on the order of 1 A/cm2) in a beam spot
of 30 nm diameter. We started a project to study pro-
cesses that allow maskless and defect-free structuring of
crystalline surfaces with the focused ion beam. Possible
mechanisms that allow direct deposition or removal of
material with an ion beam are physical sputtering, gas
assisted ion beam etching and ion beam assisted depo-
sition [1]. The crystal damage induced by the keV ion
beam, though, can pose severe restrictions on the appli-
cability of all these processes. One of the most promising
ways to solve this problem is to use very slow ions that
have enough energy to induce surface chemical reactions
but do not displace substrate atoms. In order to be able
to investigate low energy processes systematically, beam
energies low enough have to be reached at a beam di-
ameter in the sub-/jm range, and it should be possible
to vary the ion species in the beam. Therefore, a LMIS
emitter preparation and test bench has been set up at
ETH-H6nggerberg. The goal is to prepare LMIS alloy
emitters that can produce a large variety of ion beams
(including cluster ion beams at very low velocity) and
to minimize the energy spread of the emitted ions in or-
der to reduce the chromatic aberrations in the focusing
column which is essential to obtain a small beam spot
size at low energies.

Liquid Metal Ion Sources

The liquid metal ion source consists of a needle, a liquid
metal reservoir that supports a droplet of liquid metal,
and wires (hairpin) that support the source, control its
operating voltage, and supply current to heat it to op-
erating temperature (Fig.l). Different other geometries
are also used. Application of a positive potential Vexir

of several kilovolts to the needle with respect to an ex-
tractor electrode in a vacuum of < 10~5 Pa distorts the
liquid metal at the needle apex to form a microscopic
cone. If the applied voltage exceeds a critical value of
typically 4-6 kV an intense emission of positive ions cre-
ated by field evaporation and field ionization appears
with a current of several microamperes. In Fig.2 a pho-
tograph of an AuSi alloy LMIS emitter above a sili-
con wafer operated at an emission current of 200/iA is

heal

extr

hairpin

liquid metal
(reservoir)

needle emitter

extractor

\

ion beam

Figure 1: Principle of operation of a liquid metal ion

shown. The heated reservoir and needle and the emis-
sion region in front of the needle can be seen clearly.

Test Bench Description

The tungsten needles are prepared by electrolytic etch-
ing in NaOH with ac and/or dc current by a method de-
scribed by Wagner and Hall [2]. Needle and hairpin are
spotwelded together. The source wetting facility con-
sists of a vacuum vessel with six KF-150 flanges. It con-
tains a small crucible for source feed materials having a
low melting point as gallium and indium. The sources
are prepared by dipping needle and reservoir into the
resistively heated crucible. Wetting of alloy sources is
carried out by placing a small lump of alloy between nee-
dle and hairpin. Alloy melting is realised by passing a
current of tO to 12 A trough the filament. The required
high vacuum of < 10~5 Pa is achieved by an oil diffu-
sion pump. An adjustable stereo microscope is placed
in front of a viewport to monitor the liquid metal wet-
ting to the tip. The source wetting facility can also be
used to test run the prepared LMIS before transferring
it into the test bench facility. In this facility ultrahigh-
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Figure 2: Photograph of a working A11S1 alloy LMIS
<iiutli r (I.argr lop shape: rrsrri'oir; middle section:
tutdlt: bright tip: inn t mission region: the length of the
uhit( liar ;Y]>r<stn/s I turn).

vacuum conditions ran be achieved by the roinbination
<il a tiirhoniolerular and an ion pump. The setup is de-
signed for testing ' ' " ' main characteristics of LMISs like
current stability, current-voltage characteristics, and an-
gular and mass distributions. I'or the registration of the
angular distribution I lie emitted ion current is measured
by a motor-driven Faraday cup in the plane perpendic-
ular to the needle axis. In a first version the mass and
energy distribution will lie measured by a combination
of two electrostatic lenses, a W'ien filter and a retarding
lens system.

Results

Tungsten needles have been electrolytically etched and
wetted by gallium and an eutectir AuSi alloy. These
prepared emitters have been tested in the source wet-
ting facility. In l''ig..'{ a typical current-voltage charac-
teristics of a C!a LMIS registrated in the wetting facility
is shown. The ion emission starts at the onset voltage
V,,. The source current increases with increasing extrac-
tor voltage (arrow). A stable low emission current of a
few microamperes necessary for a small beam diameter
and a high current density of a focussed ion beam [3] can
I hen be realised by lowering the extractor voltage down
to X, where the ion emission finally vanishes.

4 5 4.6 4.7 4.8 4.9 5.0 5.1
Extractor Voltage / kV

Figure 3: Current-voltage characteristics of a Ga LMIS.
I',,: onset voltage, Ve: extinction volta:jr
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Conclusions
An experimental facility at V. TH-Honggerberg has been
developed for preparing and testing liquid metal ion
sources for the forussed ion beam system. This is the
base for a broad applicability of this system.
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A TIME-OF-FLIGHT SPECTROMETER FOR THIN LAYER
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In Kutherford Barksrattering Spectrometry (RBS) an
elemental depth profile of a material surface is obtained
by clastic srattering of an MeV ion beam from the tar-
get atoms. The information on the target atom mass is
gained by virtue of the kinematic factor of the scattering
process while the depth scale is given by the energy loss
of the backseattered ions in the target material [1]. The
projectile mass for optimum mass resolution is approxi-
mately 1/1 of the target mass. For the depth resolution
the energy resolution of the spectrometer divided by the
stopping power of the projectile in the sample mate-
rial is relevant. In addition, other constraints like total
accessible depth, straggling, and non-Rutherford cross
sections have to be considered as well. The PSI/ETH
landein accelerator at ETTH-Hdnggerberg offers a large
variety of projectiles in a wide energy range. For ion
beams heavier than Li, though, the use of silicon detec-
tors is problematic because of the limited resolution and
the short lifetime due to radiation damage. Therefore, a
tinie-of-flight (TOF) spectrometer has been constructed
in order to allow for a nearly unrestricted selection of
beam parameters.

Apparatus Description
The TOK spectrometer is mounted in a 130 cm long vac-
uum chamber to which a drift tube can be added. The
scattering angle is 175" at a solid angle ot 0.5msr. The

Figure 1: Start detector: secondary electrons produced in
a 3ng/em~ carbon foil are accelerated onto a microchan-
nel plate (MCPj via an electrostatic mirror. The path
length of the secondary electrons does not depend of the
impact position of the ions on the foil.

start detector (fig. 1), placed 25 cm away from the target,

is a secondary electron device (SED) of the electrostatic
mirror type [2]. It is surrounded by a cage made from
a high transmission Ni grid at a bias voltage of +800 V
in order to avoid pulses from low energy ions. The stop
detector is mounted at the end of the drift tube. It
consists of a 0.7/im aluminized plastic foil located 2mm
in front of a 40 mm diameter microchannel plate . The
foil is biased -2kV against the MCP. The detector sig-
nals are directly fed into constant fraction discrimina-
tors which start and stop a time to amplitude converter.
In fig. 2 the energy resolution for various projectiles is

4 6 8
Energy / MeV

12

Figure 2: Relative energy resolution of the TOF spec-
trometer versus energy for 35 Cl (diamonds), isSi (aster-
isks), 16O (circles), 13C (crosses), and4He (triangle).

displayed. The time resolution of the system and the
width of the Sight path length distribution can be esti-
mated from this data [3]. The time resolution is slightly
above 200 ps (FWHM) and the flight path variation is
smaller than 0.3%. With these values and assuming
simple Bohr straggling in the start foil the spectrometer
resolution for any particle and energy can be calculated.

Optimization of Beam Parameters

From the detector resolution the achievable depth res-
olution for profiling a given element in a given matrix
can now be calculated for any projectile (fig. 3 gives an
example). The best depth resolution can be obtained
with ''He at low energies (low straggling in the start
foil). The low mass resolution, though, is prohibitive
in many cases. I6O and 28Si are often a good com-
promise between depth resolution and mass separation.
The depth resolution for these two projectiles is about
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Results

In lig.-i we compare a 20 MeV -wSi RBS spectrum of
a calibration target (approximately 1 //g/cm" Mn. Ag
and Iti on a pure aluminum backing) with a 2 MeV 4H<>
DBS spectrum (detector resolution 15 keV). The energy
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Figure .r>: 10MeV " 5 0 RBS spectrum of a Ni/Ti multi-
layer structure with 5nm thick layers. The sample kas
been tilted by 70°. The spectrum represents the Ni signal
from ihe first five periods m the target. The solid line is
a simulation.

layers. The large number of isotopes of Ni and probably
some beam induced interdiffusion complicate the spec-
trum. The spectrometer has also been used to analyse
InP/InGaAs quantum well structures produced at, PS1
Zurich and extremely thin CoSi and FeSi layers made at
the lnstitut fiir Festkorperphysik of ETH-H6nggerberg.

Conclusions
RBS with a TOF spectrometer offers a much better mass
resolution than standard 4He RBS. The depth resolution
is in most cases at least a factor of two better than
with standard RBS. The choice from a large variety of
projectiles and energies allows for a flexible adaptation
of the beam parameters to the sample composition and
analytical requirements.
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scale has been translated into a mass scale in order to
demonstrate the difference in mass resolution of the two
methods. Fig. .r> shows Ihe surface part of the Ni sig-
nal of a 10 period Ni(,r>nm)/Ti(,r>nm) multilayer on a Si
substrate (test sample for X-ray mirror. Dr. P. Boni,
PSI-Ost) analysed by a 10 MeV ""'O beam. The Ni iso-
topes as well as the individual layers are resolved. The
depth resolution at the surface is 1.8nm (1.6/Jg/cm2)
and the mass resolution is 0.-Jamil. The increasing in-
fluence of energy straggling is well visible for the burried
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SORPTION OF COBALT

A. Griillcr, H.R. von Guntcn, E. Rosslcr, R. Keil

Paul Schcrrer Instilul, CH-5232 Villigen PSI

These investigations bring to an end our research pro-
gram dealing with the sorplion behaviour of radionuclides
and heavy metal ions in Swiss aquifers consisting of gla-
ciofluvial deposits. The experiments were performed with
a <32-|im grain size fraction isolated from a glaciofluvial
deposit near Glallfelden, 15 km north of Zurich. These
glaciofluvial deposits arc very heterogeneous with respect
to grain size and mineralogical composition. The main
constituents arc quartz, calcitc, dolomite, feldspars and
clay minerals (illite and chlorite). We performed also ex-
periments with <32-\lm material, from which the follow-
ing constituents had been chemically removed: (i) the car-
bonates, (ii) the carbonates and the free iron and manga-
nese oxides and (iii) the carbonates, the oxides and the or-
ganic substances. The sorption behaviour of the clay min-
erals montmorillonilc, illite and chlorite was also investi-
gated.

The experiments were performed using the batch tech-
nique with Co-57 as tracer. 200 mg of the solids were agi-
tated for 56 days with 30 ml of synthetic groundwatcr. The
synthetic groundwatcr added at the start of the sorplion
experiments contained Co-57 as tracer and various
amounts of cobalt chloride. Before temporary removal of 5
ml aliquoLs for counting the Co-57 activity at intermediate
time intervals (investigation of the kinetics), and at the end
of the sorption and the desorption step, the phases were
separated by centrifugalion al about 20 000 g. At the end
of the .sorplion step the liquid phase was withdrawn and
the desorption experiments were started by adding 30 ml
of synthetic groundwatcr to the solid material. The con-
centration of Co-57 in the solution was determined by
counting aliquots of 5 ml on a Gc-gamma-spcctromctcr.

Earlier work dealing with the sorption of strontium,
barium and nickel showed that the sorplion of nickel dif-
fered markedly from that of strontium and barium
(compare Annual Reports 1991 and 1992). The .sorplion
behaviour of cobalt, a neighbouring clement to nickel in
the periodic table, was therefore investigated.

The results of the sorption experiments arc presented in
the form of distribution ratios RD (concentration of Co-57
in ihc solid divided by the concentration of Co-57 in the
solution) as a function of time for various initial cobalt
concentrations. The enclosed figure demonstrates that the
.sorption behaviour of cobalt varied considerably from
solid material to solid material. It is also immediately
evident that equilibrium was not reached within 56 days.
This is similar to the behaviour of nickel, but contrasts
with that of strontium and barium where equilibrium was
reached within 14 days. The experiments with cobalt did

not yield abnormally high distribution ratios for the sam-
ples with an ini.ial concentration of 100 JJ.mol/1 as was
observed in the case of nickel. Because equilibrium was
not reached, the position and the shape of the sorption
curves, i.e., distribution ratios as a function of cobalt con-
centration, did depend on the lime chosen. The distribution
ratios generally decreased with increasing cobalt concen-
tration. For montmorillonilc and the <32-(im material a
drastic drop in distribution ratio occurred when increasing
the initial cobalt concentration from 1 to 10 (i.mol/1. The
behaviour on montmorillonitc was exceptional, since the
distribution ratios for all other ions investigated (cesium,
strontium, barium and nickel) varied only slightly with
concentration. The sorption curves for the <32-Jlm male-
rial free of carbonates and oxides and for the material free
of carbonates, oxides and organics resembled each other
for the full range of concentrations investigated. This is
also the case for the carbonate free material at high con-
centrations. However, at low concentrations the distribu-
tion ratios were intermediate between those of the NaCl-
trcatcd material and those of the materials free of carbon-
ates, oxides (and organics). Evidently, a large proportion
of the sites causing the extremely high distribution ratios
observed for the NaCl-treatcd <32-|J.m material at low
concentrations disappeared during the removal of the car-
bonates, the remainder during the removal of the oxides. It
is unlikely that carbonates did contribute significantly to
the sorption of cobalt on the NaCl-trcated material: very
low distribution ratios were obtained in experiments per-
formed on artifical calcium carbonate (<50 ml/g after 56
days of sorption lime).

The results of the desorption experiments can be sum-
marized as follows: the curves for the clay minerals and
the <32-jlm materials continued to increase wilh lime,
eventually after an initial decrease. A decrease in the dis-
tribution ratios over the full duration of the desorption ex-
periment was only observed for montmorillonitc at the
lowest cobalt concentration. A shift towards higher distri-
bution ratios occurred when going from the sorption to the
desorption step, indicating that a large proportion of the
Co-57 was "irreversibly" sorbed.

More lhan 95 % of the Co-57 still sorbed was dis-
solved, when the solid material was treated with 1 M hy-
drochloric acid after completion of the desorption experi-
ments.
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URANIUM INFILTRATION FROM A RIVER TO SHALLOW GROUND-
WATER

Christoph Lienert1, and Hans R. von Gunien'-2

'Laboratorium fiir Radiochemie, University Bern, CH-3000 Bern (Switzerland)
2Paul Scherrer Institut, CH-5232 Villigen PSI (Switzerland)

The infiltration of uranium from the polluted River
Glatt (Switzerland) into a hydraulically connected satu-
rated aquifer was investigated during a period of almost
5 years. The uranium concentrations and the 23*U / 238U
activity ratios (AR's) were analysed monthly in the water
of the river and of 4 groundwater sampling wells. The
speciation of uranium and its relation to other aqueous
and solid components were investigated experimentally
and in model calculations.

The uranium concentration and the AR's in the river
varied seasonally with a maximum and a minimum, re-
spectively, in summer. Processes, like photo reductive
dissolution of iron-oxy-hydroxides in the upstream Lake
Greifcn may have caused these variations. Laboratory
experiments confirmed a possible release of urapium by
photochemical reactions. The uranium maximum was
also detected in the shallow groundwater (well G2, 5 m
distance from the river bank) , but with a delay of about
six months to the maximum in the river. Under the as-
sumption that the maxima in the river and in the
groundwatcr of well G2 were related, an in situ distribu-
tion coefficient (KD) for uranium of =7 mL g"' can be
calculated for this quaternary gravel aquifer. Uranium
was present predominantly as 1)0^-carbonate complexes,
whereas the formation of organic complexes (e.g., UOj-
humatcs / EDTA / NTA) was negligible. Particles and
colloids played a minor role for the transport of uranium
in this aquifer.

1 9 8 9 ,990 ,990 1 11992 1

Fig. I: Monthly uranium concentrations in the River
Glatt and in the sampling wells GI, G2 and G5; in pa-
rentheses, distances of the wells from the river bank.

In Fig. 1 we present the data of dissolved uranium in
the River Glatt and in three sampling wells at 2.5, 5 and
26 m distance from the river bank. The uranium peaks in
the river and in well Gl (2.5 m) appeared almost simul-
taneously, probably due to direct connections (cracks) to
the river. The delay in the peaks of about six months
between river and well G2 (5 m) is evident from Fig. 1.
Finally, in well G5 (26 m) the peaks were no longer sig-
nificant; this was the result of dispersion and of admix-
ture of deeper groundwatcr. During the period of obser-
vation, the uranium concentrations in the river and in
the wells decreased significantly and the summer peaks
have disappeared almost completely after 1990. We at-
tribute this effect io a more rigorous control of the nutri-
ent phosphate in surface waters. A drastic decrease in the
concentrations of other trace elements (e.g., manganese,
cadmium) was also observed (1).

1989 1990 1991

Fig. 2: Seasonal variations of the 234U1238U activity
ratios in the River Glatt.

In Fig. 2 the 234U/238U activity ratios are shown. The
seasonal structure in the AR's must be related to the
higher release of uranium in Lake Greifen or in its
catchment area in summer, but the mechanism is not
clear.

The results of this case study can be applied to esti-
mate the migration behavior of other aclinide oxy-ions
(e.g., PuO2

2+ / NpO2
+) in shallow heterogeneous aqui-

fers of the Glattfelden type which abound in alpine and
pre-alpine locations.
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The present report is a continuation of the ongoing
research on chemical processes occurring in the River
Glatt and in the hydrologically connected shallow
groundwater aquifer at Glattfelden, north of Zurich,
Switzerland [1-4]. Redox and other chemical processes
were investigated in situ in the riverbed sediments and
were qualitatively reproduced in laboratory column
experiments. As in the groundwater investigated before,
a seasonal cycle was observed in the riverbed sediments,
with concentration minima in summer of oxygen and
nitrate, and concentration maxima of manganese, iron,
dissolved organic carbon (DOC) and phosphorus. The
seasonal changes in the concentrations of these elements
and compounds were due to an oxidation of organic
matter in the riverbed sediments. This reaction released
DOC and phosphorus and lowered the redo* potential
within the sediments of the riverbed. The lower redo*
potential, then, enabled a bacteria-mediated dissolution
of manganese and iron (hydr)oxidcs. Based on the
observed reactions a redox potential of < -100 mV was
estimated in the interstitial water of the sediments during
summer conditions. Significant quantities of manganese
and iron were also released in spring during a period of
enhanced calcite dissolution due to CO2 production by
higher biological activity.

In the Figures we present concentration profiles,
resulting from selected sampling campaigns, of
phosphorus, manganese and iron along an assumed
groundwater flow line between the River Glatt and
several groundwater sampling wells. For all three
elements the concentrations are low in winter, increase
in spring and summer and decrease again in fall/winter.
From these data it is evident that the main chemical and
redox processes occurred in the sediments of the riverbed
(concentration maxima at about 0.3 m flow distance
from the river bank). The following decrease of the
concentrations along the water flow line was partly due
to dilution and dispersion, but for manganese and iron
mostly due to oxidation by Oj which diffuses from the
unsaturated part of the aquifer into the infiltrating water.
This leads to precipitations of manganese and iron
(hydr)oxides.

The field results were reproduced by column
experiments. These experiments allowed a more detailed
interpretation of the data and a modelling of the
processes, kinetics, and of the source and product
minerals involved [3).

0 1 2 3 4 5

Distance [m]

Fig. I. Concentrations of phosphorus in the River Glatt
(0 m distance), in the sediments of the river-bed (03 m),
and in wells Gl (25 m) and G2 (5 m)., MJuly, O August,
k September, V October, ^November.

1 2 3 4 5

Distance (m)

Fig. 2. Concentrations of manganese in the River Glatt
(0 m distance), in the sediments of the riverbed (03 m),
and in wells G) (25 m) and G2 (5 m). 0 January, •
April, V May, • July, O September, • November.
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Distance [m]

Fig. 3. Concentrations of iron in the River Glatt (0 m
distance), in the sediments of the riverbed (03 m), and
in welts Gl (25 m) and G2 (5 m). D January, • July, A
August, T September. 0 October.
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Introduction
The mineral composition of plants is of interest in

plant physiology, nutrition and fertilization, in ecology
and environmental protection as well as for food or forage
quality of plant products. From these different points of
view, the question often arises of interactions between
minerals. The common experimental approach consists in
manipulating the nutrition one clement at a time and
observing the changes in other ones. By multiplying such
experiments, il becomes possible to draw up more or less
complete tables of interactions [e.g. 1).

Another way to study interactions between elements is
to use multivariatc statistics to describe data obtained, for
example, from different species. This approach has been
used to classify elements in relation to their biochemical
functions [2], but this interesting method has, as far as we
know, never been extended to a large number of elements,
where il may prove the most useful.

Our analyses of spruce needles [3] also raised the
question of interactions between minerals. We report here
from a multivariatc statistical analysis allowing the
classification of 24 different elements measured in 5 age
classes of spruce needles from 8 sites. Most of the
essential macro- (K, Mg, Ca, N, P) and micro-elements
(Mn, Fc, Cu, Zn, Cl) as well as non-essential elements
(Na, Rb, Cs, Sr, Ba, Sc, La, Cr, Co, Al, Si, As, Sb, Br) are
considered.

Univariate statistics
The data presented here were first analyzed with uni-

variatc statistical methods, i.e. separately for each element
[4]. The following conclusions have to be remembered:
1) The distribution of the concentrations can be con-

sidered as log-normal for all elements.
2) These distributions are wider for non-essential ele-

ments (and for Mn) than for essential ones.
3) The main factors affecting the results arc the sampled

sites, the individual trees and the age classes of the
needles; these factors explain between 85 and 99.7%
of the variances.

Data sets
According to the conclusions of the univariate statis-

tics, we made all further calculations on the logarithms of
the concentrations. They include, with some missing
values, 24 variables (chemical elements) and 238 observa-
tions (needle samples).

When there is a known factor affecting the results, it is
usually interesting to remove its effect from the original
data set before applying multivariale analyses. We there-
fore estimated the effects of the different sites, individual
trees (within sites) and needle age classes in a general
linear model. Removing the effects of the sites and trees

from the original data gives us a second, "tree-corrected"
data set. Removing the effects of the age classes from the
original data yields a third, "age-corrected" data set.

Correlations
Correlation matrices were calculated from all three

data sets. There are almost 800 different coefficients and it
is therefore not possible to present and interpret all of
them.

Principal components analyses
The information given by the correlation matrices can

be "concentrated" into principal components. We made the
analyses based on the correlations rather than on the co-
variances in order to give all variables an equal
importance. In the other case, variables with large
variances (i.e. non-essential elements) would be given too
much weight compared to the narrower distributed
(essential) elements. The first two principal components
arc plotted in the fig. 1-3 for the original, tree-corrected
and age-corrected data respectively. These two com-
ponents accounts Tor 56% of the variance of both the
original and age-corrected data. When the effects of the
sites and trees are removed, this proportion goes up to
72%.

0.00 •

-0.13 -0.08 -0.M -0.03 0.00 0.03
PC1 (3O.a%wlime«)

0.M 0.0* 0.12

Fig. 1: First two principal components and clusters of
variables based on logarithms of concentrations.

Clustering of the variables
With the aim of grouping related chemical elements,

we first defined a measure of the distance d between two
of them as a function of their correlation coefficient r
d=((l-r)/2)u. The method of average linkages was chosen
to make groups of variables. The groups built with an
average distance smaller than 0.6 are circled on the plots
of principal components (fig. 1-3). Links between these
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circled groups indicate distances between 0.6 and 0.67.

Discussion
If we consider the principal components and clusters

based on the original data (fig. 1), we sec that the five
cations typical of alkaline soils (Ca, Sr, Ba, Mg, Zn) are
grouped on one side. Just opposite to them arc Fc and Al,
typical of acid soils. The First component can thus be con-
sidered as an expression of the soil pH and related factors
(such as base saturation). The second component is clearly
linked to the dynamics of the elements in the needles:
minerals accumulating from year to year arc in the upper
groups, while elements decreasing in concentration build
the lower groups. These biodynamics have been shown to
relate to the mobility of corresponding ions or compounds
in the phloem vessels of the plants [4].

-0.16 -0.12 -0.08 0.16•0.04 0.00 0.04 0.0S

PC1(C2.3%v«tl«nci)

Fig. 2: First two principal components and clusters of
variables based on the tree-corrected data.

Removing the effects of the sites and trees (fig. 2)
strains the remaining effect of the needle age classes. The
structure of the correlations is much simplified since more
than 60% of the variance is explained by only one linear
combination of the variables. Like component 2 in fig. 1,
it gives the dynamics of the accumulated or rcmobilizcd
elements. The second component is here much weaker. It
may be assigned to irregularities in the biodynamics of
Zn, Co, Mn, Ca, Sr and Ba.

•0.12 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 O.t2
PC1(36.2%v»Hn»)

Fig. 3: First two principal components and clusters of
variables based on the age-corrected data.

On the other side, the effects of the sites become
clearer when the data are age-corrected (fig. 3). The soil

pH obviously appear to play a major role in the first
component, like in fig. 1. On the right side are again the
five base cations originating mainly from carbonated
bedrocks. They are involved in the buffering of alkaline or
neutral soils, i.e. in the carbonate and in the cation-
exchange buffers [5]. The anions Cl and Br have few cor- '>
relations with other elements and appear therefore near the
origin of the first two components. These are elements
which have an important input as seaborne depositions,
even in sites remote from coasts (similar to Na and, to a
lesser extent Mg). All cations originating mainly from
silicate bedrock appear on the left side. It is interesting to
note that K, Rb, Cs (and Na) are, as monovalcnt and easier
soluble cations, close to each other. Si, Al and Fe are also
linked. They are major constituents of buffers acting at
lower pH's: silicates and hydroxides of Al and Fe [5].
There is also a sub-group Mn, Co, Sc and La, with Cr not
far from it: these arc elements contained in hydroxides of -
Mn. It is more difficult to find an explanation for the
position of nitrogen, since this element is incorporated into
the ecosystem mainly from the atmosphere and not from
the bedrock. Its highest correlations arc with Cr and Cu. In
plants, Cu is to a large extent linked to proteins; it is
therefore probably absorbed in amounts matching the
availability of N. We do not see any such link between N
and Cr, but a correlation is obviously never a proof of a
direct causal relationship.

Conclusions
There appear to be two main factors affecting the

mineral composition of spruce needles:
1) The biodynamical factor: mobile elements are re-

mobilized out of the aging needles, while immobile
ones arc accumulated with time.

2) The biogeochemical factor: the different bedrock of
the sites chosen for this study appear to play a key role
in the availability of minerals to the trees. Geologi-
cally associated elements arc indeed related to foliar
concentrations.

Removing the effects of already known factors prior to
multivariale analyses proved to give an insight into further
structures of the data. Considering the complexity of the
processes involved in the ecological cycles of the 24 ele-
ments considered, it is certainly a great advantage of the
multivariate methods shown here to allow such synthetic
conclusions out of so many data.
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THE COMPOSITION OF THE AEROSOLS ON THE SURFACE OF
SPRUCE NEEDLES

L.Tobler, V.Furrer, A.Wyllenbach
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Air pollution is considered to be a major potential
contribution to the decline of forests. Many elements
occur in the atmosphere primarily in paniculate form.
Spruce irecs with their needles provide a large surface
area with a high collection efficiency for the interception
of these aerosol particles. The deposited particles will
partially be washed off by rainfall or removed by
mechanical erosion, but a certain amount of the deposited
aerosol panicles are trapped in the needles' wax layer.

One intention of this work was to determine the
elemental composition of ihcsc insoluble dust panicles on
ihe needles. Needle samples were collected from 6 to 8
spruce trees at 6 different sites in Switzerland and
Southern Germany. After the separation of the twigs
according to their needle age cbss (1 - 5 year old
needles), all twigs of the same needle age and from the
same site were thoroughly washed in a toluene /
tctrahydrofuran solution. After washing, the solution
contains the cpicuticular wax and black panicles, which
arc filtered through a paper filter. The insoluble dust
fraction was weighted and analysed for 25 elements by
instrumental neutron activation analysis [11. A total of 28
aerosol samples were investigated.

The composition of the insoluble dust fraction at all
sites and of all age classes is shown in Table 1. The most
abundant elements arc Al and Fe with concentrations
greater than 10 mg/g, followed by the alkali and
eanhalkali elements Ca, K, Mg, Na as well as Ti. All
other elements have concentrations below 1 mg/g. These
concentration values are very similiar to values that have
been reported for other sites [2,3].

Many elements (Al, Ce, Eu, Fe, K, La, Mg, Sc, Sm,
Th and Ti) show a small concentration range (max/min =
2.1) among all needle age classes and all sites. If the
concentrations of these elements (Cx) arc referred to that
of Al (CA!), then these elemental ratios show a further
reduction in variation. They are very similar to Ihe
corresponding ratios for the earth's crusl [4]. This is
shown in Figure 1 by the enrichment factors EFX> defined
as EFX = (Cx/CAi)Aero.oi / <Cx/CA,)Cnm. In general these
elements can be attributed to a geogenic origin, having
enrichment factors around unity with a very uniform
elemental composition. It seems reasonable to relate this
behaviour to a "geogenic background aerosol", that is
independent of the local soil characteristics [5]. However,
it can be seen from Figure 1 that the elements Fe, V, K
and Ce show larger variations of the enrichment factors
than the other geogenic elements. With Fe and V this is
probably due to varying small anthropogenic contribu-
tions at the different sites, whereas insoluble plant dSbris

could cause the larger variation for K.
On the other hand, there are elements such as Cr, W, Zn,
As, Cl, Br and Sb with larger concentration ranges and
enrichment factors much higher than unity (Figure 2).
These elements have high first ionizing potentials
(typically > 8 eV) and are thus likely to form volatile
compounds [6]. In atmospheric aerosols they are present
mostly in the smaller particle fraction and are largely due
to anthropogenic emissions, originating from high
temperature and combustion processes. Therefore the
large scatter of the EFX found for these elements can be
explained by the varying remoteness of the investigated
sites from anthropogenic emission sources.

Ele-
ment

Al
Fc
K
Ca
Mg
Na
Ti
Mn
Zn
Ba
Cr
V
Rb
Br
Sb
Ce
As
La
Co
W
Cs
Sc
Th
Sm
Eu

Concentration
range [ng/gj

14200 - 27500
10000 - 21200
6500 - 12000
3800 - 20500
4400 - 9300
1000 - 2300
1100 - 2300
175 - 1560
133 - 460
113 - 318
78 - 247
32 - 64
24 - 71
7 - 53
6 - 51
14 - 33
5 - 32
9.3- 18
3.2- 10.7
1.2- 10.2
1.7- 7.6
2.5- 5.0
2.0- 4.4
1.0- 2.1
0.2- 0.5

Mean

20300
14900
9150
7800
6300
1600
1600
550
302
206
149
46
42
26
23.8
22.4
13.3
12.6
5.3
4.4
3.6
3.6
3.1
1.5
0.32

Table 1 : Elemental concentration ranges and mean
values of the aerosols on spruce needles of different age
and from different sites.
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II is also interesting to note lhal only the elements As, Br,
Cl, Zn and Na contribute substantially to the soluble

t fraction of the aerosols on the needle surface. Wilh the
exception of Na, these elements are heavily enriched in
the insoluble aerosol.
The comparison of these enrichment factors wilh values
calculated for aerosols on Spruce needles in Sweden and
on Balsam fir in Canada are very similar.

Figure 1 : Enrichment factors (linear scale) of gcogenic
elements in the aerosols on spruce needles from different
age classes and of different sites (Range of EFs with
average values including all sites and age classes).
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If we consider a given element in needles of a Norway
spruce tree, we will generally find ihat its concentration
varies with die needle age. These changes are connected to
plant physiological processes such as the uptake, trans-
portation, storage and retranslocation of the elements, and
these processes in their turn depend on the chemical
properties of the ions. Surprisingly little is known about
these changes in concentrations with the needle age even
for major elements, and practically nothing for trace ele-
ments which are difficult to measure. In a project of the
Swiss National Science Foundation and in collaboration
with the WSL, we are making an effort to clarify the sys-
tcmatics of these changes and to define the "normal1' be-
haviour.

The experimental material consists of needles
(separated according to their age class, usually from 1 to
S) from 56 individual trees (P. abies). The trees were sam-
ples on 8 different sites in Switzerland and Germany. The
respective sites have been selected according to their dif-
ferent bedrocks in an attempt to get as great a variation
between sites as possible. The resulting 243 samples have
been washed free of aerosols in order to restrict the results
to the endogenous concentrations, which alone are of im-
portance in the present context [1]. Taking advantage of
the multielement capabilities of neutron activation analy-
sis and adding a few major elements determined by non
nuclear methods, 25 elements can be quantitatively deter-
mined in each sample [2]. The lowest concentrations are in
the sub-ng/g range. With the exception of a few Al, Si and
Sr values, all analyses are completed.

The resulting data set (56 trees x 5 age classes x 25
elements) is rather complex, but a preliminary statistical
analysis [3] has shown that the goal of the investigation
can ultimately be reached. This will be shown in more
details by the following examples. It must be stressed that
examples 1 and 2 depend entirely and example 3 at least
partially on the high analytical sensitivity obtained with
neutron activation analysis.

Fig. 1 shows the biodynamics of the rare earth ele-
ments in a single tree [4]. It is evident a) that the accumu-
lation is strictly proportional to the needle age class (i.e. to
the accumulation time), and b) that this specific biody-
namical behaviour is followed by each of the rare earth
elements. These statements can be enlarged a) to all inves-
tigated trees, and b) to some other elements such as Sc and
Si.

tm Y

A

Tb jt

Eu /

Yb A

Fig. 1: The accumulation ofSm, Eu. Tb, and Yb in succes-
sive needle age classes of an individual tree. Error bars
indicate the analytical error. Missing points are due to
values below the detection limit (Tb). The yearly incre-
ments A are: Sm 2.99, Eu 0.88, Tb 0J8, Yb 159 ng/g.
Similar results were obtained for La, Ce andLu.

Fig. 2 shows the biodynamics of Cs at 3* different
sites[5]. The behaviour of Cs is entirely different from the
preceding case insofar as its concentration diminishes with
the needle age. However, as is suggested by the proposed
biodynamic equation, the diminution occurs in a very

'.regular way. The Cs concentrations at the sites shown are
extremely different, reaching from about 15 to 15 000
ng/g, but they can all be approximated by the same equa-
tion. Again this statement can be enlarged a) to all indi-
vidual trees on all sites, and b) to some other elements
such as Rb, K, Mg and P.

Unfortunately, such simple rules do not apply to all
elements. As an example. Fig. 3 shows that the behaviour
of Mn strongly depends on its concentration. Below about
50 Jlg/g, Mn decreases with the needle age similarly to
the elements mentioned in the preceding example, whereas
al higher concentrations Mn increases with the needle age.
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Fig. 2: The comparison of the biodynamic behaviour of
Cs on sites with high, intermediate and low concentra-
tions. Points are experimental site means and (reduced)
standard errors. The line is the fit of the indicated equa-
tion. This equation is only defined for integer values of t.
but is drawn here as a curve in order to make clear the
shape of the function. All values for VIL have been multi-
plied by 40 and those for REG by 300 for an easier pre-
sentation. The shape of the curves for Rb is very similar to
that for Cs.

Furthermore, the elements Ca, Sr, Ba and Mn in some
trees show an erratic (but interrelated) behaviour. Some
other difficulties arc found with Co, Fe and Zn. The inter-
pretation of these systems still needs a great effort. How-
ever, this effort is justified by the fact that Ca, Mn, Fe and
Zn are essential elements and that their concentration is
used to judge the nutritional status of the planl, something
that obviously only can be done correctly if their biody-
namic behaviour is known and understood.
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Fig. 3: The biodynamic behaviour ofMn as a function of
its concentration. Trees that show a decrease ofMn with
the needle age (negative values of the ordinate) are only
found with Mn concentrations smaller than 50 \±g/g-
Higher values ofMn are within the experimental error
always connected with an increasing behaviour (positive
values of the ordinate). Contrary to Mn, Ca shows an
increwe in all trees shown in this figure.
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Aerosol gas-jet systems arc widely used in nuclear
chemistry to rapidly transport short-lived nuclidcs from the
site of the production (fission target, heavy ion recoil target)
lo the chemistry laboratory. The recoiling products are
Lbcrmalizcd in a carrier gas containing aerosol panicles and
attached to the surfaces of theses particles. If the aerosol
particles have an optimum size distribution with a mean dia-
meter of about 100 nm, then they can be transported by the
carrier gas through capillaries over long distances of more
than 100 m without significant losses due to cither sedimen-
tation or diffusion to the walls of the capillaries. Specially
tailored aerosol particles can be generated either by evapora-
tion of a salt (NaCl, KC1, MoO3) or by spark discharge (Ag,
C). For many of our gas-jet applications at the SAPHIR reac-
tor and at the PHILIPS cyclotron carbon aerosols are highly
desirable. Carbon aerosol generators, such as the commer-
cially available PALAS GfGlOOO which operate with Ax as
carrier gas, are known as very reliable, long-term stable
sources of carbon aerosol particles of defined size and con-
centration. First tests with the PALAS generator at our gas-
jet transportation system at the SAPHIR reactor were very
encouraging.

For applications at the PHILIPS cyclotron a carbon aero-
sol generator with He as carrier gas is desirable, since other
carrier gases form large amounts of unwanted activities as a
result of nuclear reactions with (he cyclotron beam.

A spark discharge generator consisting of a capacitor and
two cylindrical carbon electrodes of 3 mm diameter was used
which is similar lo a set-up described in [1]. The gap be-
tween the electrodes was also about 3 mm. Due to the high
ionization potential of He a number of problems arise that
arc not encountered by using either N2 or Ar as carrier gas.
In He a self confining plasma channel docs not form and
thus the place and the energy of the impact of the spark dis-
charge on the electrode is highly irregular. This way no
constant and sufficient evaporation of the electrode material
can be achieved.

This problem was solved using an approach by
Stober (2]. The bottom electrode was surrounded by a brass
cone (Fig. 1) and negatively charged by a high voltage power
supply. The breakdown voltage in our set-up reached about
1 kV. This way the electric field geometrically confines the
plasma channel and a constant evaporation of the electrode
material was achieved. Only the lower electrode needs to be
replaced periodically. Howevu, due to the relatively tow
flow rales of 1 - 2 l/min at pressures up to 3 alms, the pri-
mary panicles produced by the spark discharge agglomer-
ated quickly to form rather large flakes with mobility
equivalent diameters > 1 \im. By directing the He-flow at the
lower electrode through a slightly bent glass tube, the mean

mobility equivalent diameter of the particles could be re-
duced lo 200-300 nm (Fig. 2). The generated aerosols are
electrically charged and must be neutralized with a 85Kr
source. A 2 I vessel was placed at the exit of the aerosol
generator to allow large particles 10 sediment and smaller
panicles 10 agglomerate. The size distributions of the carbon
particles were measured with a differential mobility analyzer
(DMA) (TSI 3071). Number concentrations of the selected
size intervals were determined by a condensation particle
counter (CPC. TSI 3022). In order to measure size
distributions in He the DMA was turned upside down to
reverse the flow direction against gravity.

The new generator was tested at- the reactor and the
cyclotron and performed to our full satisfaction over ex-
tended time periods.

I 1

lo Kf source and
agglomeration!
sedimentation
vessel Brass con*

Figure 1: Schematic of the C-aerosol spark discharge
generator for He as carrier gas.
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Figure 2: Number concentrations ofC aerosol particles as a
function of the equivalent mobility diameter (without charge
correction) at a He carrier gas flow rate of 2 llmin.
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AEROSOL PARTICLES
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The heterogeneous interaction between single molecules
ami aerosol particles plays a key role in many atmospheric
processes. However, the very low suspended aerosol mass
or surface, and the vanishingly small amounts of adsorbatcs
make it rather impossible to study adsorbatc-substrate in-
teractions with classical analytical methods. Radiochcmical
techniques offer a unique possibility to investigate such in-
teractions in-silu.

In the present work, adsorption and desorption of HI,
HBr and NO2 molecules on graphite and silver aerosol par-"
tides were investigated. For this purpose, 1361 and 86Br
(half-lives 46 s and 54 s) were produced at the SAPHIR re-
actor, and 13N (half-life 9.% min) was produced at the
Philips cyclotron. The gas-jet technique was used to trans-
port ihc nuclidcs from the production site to the chemistry
laboratory. There well defined molecules (i.e. H8hBr, H136I,
and I3N{>2) were synthesized. Detailed descriptions of
these procedures are given elsewhere (1,2,3).

For the adsorption experiments, these molecules were
fed inio an adsorption column where cither graphite or sil-
ver aerosols were admixed turbulcnlly. In the case of the
silver aerosol, an optional prclrcaimcnt with H2 resulted in
a reduced surface of Ihe aerosol panicles. The column was
positioned inside a commercial gas chromalography oven,
which allowed to study the temperature dependence of the
adsorption process up to 500'C. Behind the adsorption unit
the aerosol was transported through a capillary to a filter
station, where the adsorbed molecules were detected via the
characteristic y- radiation of the involved radionuclidcs.

From the aerosol size distribution and the residence
time in the attachment reactor, an attachment parameter
was calculated, which describes the diffusional flux of la-
belled molecules to the particle surface during the experi-
ment [2). In all cases, the adsorption rale was much slower
than calculated for a sticking coefficient of I. This fact can
be explained by a two-step adsorption model. Physisorplion
after an encounter at the panicle surface is followed by ci-
ther desorption or chcmisorpiion, both processes being
thermally activated. The macroscopic slicking coefficient is
governed by the chemisorption rate, i.e. the rate at which
the molecules finally attach to the particles. Thus, a reduced
sticking coefficient is found for cases, where desorption is
faster than chcmisorption.

The desorption of adsorbed molecules was studied in a
similar column, which could be heated up to 700*C. Figure
1 summarizes the results of the desorption experiments.
The curves give the fraction of attached labeled molecules
leaving the desorption oven compared to room temperature.

For 136I desorption from untreated Ag panicles, the
curve showed the steep decrease as expected from the
Polany-Wigner equation |2| , which allows the calculation
of an adsorption enthalpy (= desorption enthalpy, about
160 kJ moH). Unfortunately, at temperatures above
650 'C, the diffusion losses within the desorption tube in-

creased considerably, so that not the whole desorption
curve from the prclrcatcd Ag particles could be measured.
Nevertheless, an adsorption enthalpy of about 220 kJ mol"'
was derived from the available uppermost pan of the
desorption curve. This value is in good agreement with si-
milar experiments of desorption of chemisorbed iodine
from clean Ag surfaces in ultra high vacuum. We suggest
that in the case of the untreated Ag particles, the 136I is
chemisorbed on a still partly oxidized Ag surface, so that
the lower adsorption enthalpy is caused by surface chemical
effects. The desorption curves of 136I but also of ^Br and
13NO2 from graphite panicles showed a much weaker slope
(Fig. 1), which can probably be explained by a broad distri-
bution of chemically different adsorption sites.

100 200 300 400 500 600 700

Temperature (°C)

Figure 1. Desorption of various species from aerosol par-
ticles as a function of temperature. • ; desorption of I36I
from untreated silver particles; • : desorption of I36I from
silver particles sintered by heating to 1000 K in I %
ll2 I Ar; • : desorption of U6l from graphite panicles; O:
desorption of86Brfrom graphite particles; A: desorption of
I3NO2 from graphite particles. The activity of adsorbed
species measured at room temperature was set to I.
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ADSORPTION OF VOLATILE FISSION PRODUCTS ON KCL AEROSOLS
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Rcclusttring is the technique used in the OLGA (On-
line fias Chemistry Apparatus) system to transfer volatile
molecules exiting the gaschromatograph to the surface of
aerosols [I]. Thus, the molecules can be rapidly
transported to the detection apparatus. This technique also
allows the use of organic materials as sample carriers (thin
polypropylene foils, computer tape), since the gas out of
the rccluslcr unit is cool, and to prepare thin samples, a
prerequisite for a-spectroscopy and fission fragment total
energy measurements. A schematic drawing of a rcclustcr
unit is given in Fig. 1.

The yield of rcciustcring is a major factor in the total
efficiency of the OLGA technique.

The temperature of the mixture of the carrier gas from
the gaschromalograph (2 1/min Ar) and the rccluslcr gas
(1 1/min Ar) has a significant influence on the partition of
the volatile chlorides between the gas phase, the aerosol
surface and the wall. High rcclustcr efficiencies arc
achieved if the chlorides arc fast and strongly adsorbed on
the aerosol. Adsorption on the wall and the presence of free
chloride molecules at the exit ot the rccluslcr unit diminish
the yield. These processes arc especially critical in the case
of less volatile or strongly absorbablc chlorides.

The fission products were produced at the PS1 SAPHIR
reactor and transported widi the gas-jet system to the
OLGA set-up. At the entrance of the gaschromatograph
200 ml/min HCl were added as chlorinating agent. At the
exit of the isothermal gaschromatographic section the
volatile compounds were fed directly into the rcclustcr unit
from where the mixture of carrier, reactive and rcclustcr
gas was transported through a capilluiy tf> a filler on top of
a HPGe-dctcctor, where the yield was determined via f-
spectromctry.

recluster gas-jet

The adsorption of the gaseous chlorides on the KC1-
acrosol surface is determined by the volatility
(characterised by the boiling point Tb and the enthalpy of
evaporation Hvsp, see Tab. 1) and the enthalpy of formation
of the complex chloride at the KC1 surface. NbOCb for
example shows in Fig. 2a) a steeply decreasing curve indi-
cating strong adsorption. Chlorides of Sb and Sn form only
at low temperatures (< 150 °C) stable surface compounds
of the type KSbCl,, or K2SnCl6. At higher temperatures the
chlorides are probably adsorbed on the wall.

Very low yields were obtained for Se and Te. Besides
low stabilities of the surface compounds, also unfavourable
ratios of residence time and attachment speed can leed to
low yields. The chlorides were either adsorbed on the walls
or were, as free molecules, transported to the filler and
therefore not retained.

The results of these experiments show that in order to
achieve high rcclustcr yields, the parameters (reactive gas,
rcclustcr aerosol, ratio of gas flows, rcclustcr geometry and
temperature regime) have to be optimised for every
clement.

The steep increase in the Sn yields at low temperatures
indicates the possibility of selective or fractionating
rcclustcr processes

Table 1: Thcrmodynamic data of volatile chlorides of
fission products. [2]

Fig. I: Longitudinal cross section of the recluster unit

Compound

NbCl5

NbOCl3

SnCl2

SnCI4

SbCl3

SbCI5

TeCl :

TeCI4

SeCl

SeCU

Tb

(°C)

246.6

335 (subl)

623

11.9

219

140 (dec)

312

388

130

161 (subl)

Hvap
(kJ/moIc)

52.3

102.6

71.0

37.0

46.0

48.4

59.8

71.1

38.1

87.8

Type of
complex
chloride

M(NbCl6)

M2(Nb0Cl5)

M2(SnCl4)

M(SnCl3)

M2(SnClfi)

M(SbCU)

M2(SbCl6)

M2(TeCl6)
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Fig. 2: Recluster efficiency versus column temperature for
volalile chlorides of fission products:
a)Nb,Sn,Te,
b) Sb. Se
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Nitrogen oxides are a major pollutant emitted during
combustion processes. Selective catalytic reduction (SCR)
by ammonia is often used to remove nitrogen oxides from
effluents of stationary combustion sources, based on the
following stoichiome&y:

4 NO + 4 NH3 + O2 = 4 N2 + 6 H2O 0)

In order to study this reaction positron-emitting '3N was
used to form labeled NO molecules [1]. This approach of-
fers the advantage of working at much lower reactant
concentrations than used in conventional techniques (e.g.
5-10 •''ppm instead of 1000 ppm). i:N (half-life: 10 min)
was produced by irradiating a gas target (85 % helium,
15 % oxygen) with 14-McV protons from the PSI Philips
cyclotron via the reaction l6O(p,a)13N. The formed 13NOy

molecules were reduced to 13NO using a molybdenum
converter at 500*C. The concentrations of the various !3N
compounds were determined by a scries of selective traps
placed on lop of y-dctectors. The measurement was
performed via the 511-keV annihilation radiation of the ß+

panicles emitted by 13N. A careful decay analysis revealed
that no other ß-emiuers contributed to the 511-keV activity.

V2O5/TiO2 as well as pure TiO2 were used for the 13NO
conversion experiments [1]. The low 13NO concentrations
involved resulted in very low conversion rates and therefore
in long lasting stable activity of the catalyst materials. This
allowed to investigate the SCR reaction described in eq. (1)
after pretreatment of the catalyst materials with reactive
gases such as NHj, without adding these gases during the
conversion experiment. The following pretreatments were
applied: oxidation with air, reduction with H2 and exposure
lo NH3 at 200'C.

Only vanadiaAitania pretreaied with NH3 showed a
conversion of 13N to I3N I4N. Figure 1 shows the tempera-
ture dependence using a total flow rate of 680
ml(STP)min-', a gas hourly space velocity of 72000 h •'
and a feed composition of 5-10 -'ppm 1:NO and 15 % O 2

in He. Note that at this low NO concentration complete
conversion was already observed at 150*C, and 50%
conversion (T^ is achieved al 80*C. The reaction rale at
92'C was 1.9-10 18mol NO g V which corresponds to
72% of the maximum conversion. It is interesting to com-
pare the reaction rate 10 previous kinetic data [2], which
have been measured on similarly prepared vanadia/tilania at
about 10" limes higher NO concentrations (900 ppm). For
this purpose we estimated the NO consumption rate at 92'C
expected when 10~9 ppm NO are used instead of 900 ppm.
Assuming that the reaction rate is first order in NO and zero
order in NH3, we estimate a rate of 9-10 • |8mol NO g -s "'
for 92'C. Considering that the vanadia loading of the cata-

lyst used in the present work was not exactly the same as
the one used in the previous study, our result is in good
agreement with this value, despite the huge concentration
differences.

2000

1000 -

500 -

50 100 150 200

Temperature (°C)

Figure I. NO conversion measured as positron-emitting
activities of 13NO (o) and I3NI4N (•) over the vana-
dia/tilania catalyst as a function of temperature.

The activation energy was calculated from an Arrhenius
plot. A value of 37 kJ mol'1 was found, which is slightly
lower than the activation energy measured for a similar ca-
lalyst, using a 10" times higher NO concentration
(43 kJ moi1) [2]. Even without addition of NH3, the cata-
lyst remained fully active at 200'C after a 5-h exposure to
I3NO in 02/He confirming that no reaction between oxygen
and adsorbed ammonia took place. The turnover capacity of
the vanadiaAitania material was determined by adding
macroscopic amounts of NO to (he ^ N O / O ^ e mixture.
The resulting capacity was 1-10 ^mol/g. With a BET sur-
face of 55.3 m 2 g - I it can be concluded that about 1-10 I 4

era 2 NH3 molecules were adsorbed on the vanadiaAitania.

In contrast, vanadia/titania reduced with H2 showed no
conversion to 13N14N in the temperature range from 25 to
200'C indicating that the presence of NH3 is indeed neces-
sary for NO conversion and that one nitrogen atom of the
N2 formed originates from NH3. Titania pretreated with
NH3 did not show any NO conversion, neither at room
temperature nor at 200'C, which is in accordance with lite-
rature data.
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LOW TEMPERATURE THERMOCHROMATOGRAPHY WITH
LABELED NITROGEN OXIDES AND FISSION RARE GASES
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Thermochromatography is a special variant of the gas
adsorption chromalography. So far, this method has been
used for the investigation of the adsorption behaviour of
radionuclidcs in the high temperature range down to room
temperature.

In these experiments a temperature gradient within a
column yields the formation of an internal chromalogram.

Al very low temperatures the diffusion coefficients and
sticking coefficients arc strongly decreasing. Therefore it
is not clear if an internal chromalogram is formed.

In the present work the suitability of thermochroma-
lography at low temperatures and high carrier gas velocity
(ll/min He) was investigated. For this purpose experi-
ments with 13N-labeled nitric oxide, nitrogen dioxide,
gaseous nitric acid and fission gases were performed ( 11.

13N was produced by the 16O (p; a ) 13N reaction at the
Philips cyclotron, and the fission rare gases at the
SAPHlR-reactor, both at Paul Scherrer Institute.

Quart/., molecular sieve 5A, graphite, PTFE, TiO2- and
V-,O5/TÏO2-calalyst filled into quartz tubes were used as
stationary phases.

Table 1: Differential molar adsorption enthalpies at zero
coverage estimated from low temperature thermochroma-
tography

2 4 6 8 10 12 14

Column Segment (Width 3 cm)

Fig. 1: Distribution of temperature and radionuclidcs
in the gradient tube. A: Temperature profile along the col-
umn. B: Distribution of l3N-labeled compounds (column
filled with V2O5ITiO2-catalyst). C: Distribution of fission
xenon in the temperature gradient (column filled with
V2O5mO2-caialyst).

From the deposition temperature (Fig. 1) and the ex-
perimental parameters as well as calculated values of the
adsorption entropy |2] the adsorption enthalpies of carrier
free radionuclidcs or their compounds were estimated. The
results arc compiled in Tab. I.

species

-AHads (kJ/mole)

NO

stationary phase

Quartz-
tube

Quartz-
powder

Mol.
sieve 5A

Graphite

PTFE

TiO2-
cal.

V2O5/
TiO2-
cal.

<28

<28

18.6±2.7

20.3+1.0

-

23.2±2.2

19.3±2.2

NO2

27.4+2.7

28.7+2.5

31.6+1.0

35.2+2.5

27.5+2.5

34.6±1.5

35.6+3.1

HNO3

-

53.7+3.0

-

-

-

-

139X e

-

-

-

-

-

-

19.8+1.0

The results show that ihcrmochromatography of car-
rier-free radionuclidcs can successfully be performed at
low temperature (> 88 K). The method can be applied for
analytical, preparative or physico-chemical purposes. It is
also suited to the investigation of the adsorption behaviour
of gaseous compounds on solid state surfaces in heteroge-
neous catalytic processes.
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Automotive traffic and domestic heating arc major
sources of combustion aerosols in the atmosphere. These
particles consist of a soot nucleus on which volatile organic
material is adsorbed. Combustion aerosols arc usually
considered to be hydrophobia Recent investigations have
indeed shown that subjecting an ambient aerosol to a rela-
tive humidity of 85% often results in two modes, i.e. a
more hygroscopic and a less hygroscopic mode [1]. Howe-
ver, these data show that even the less hygroscopic fraction
exhibits a certain growth at a relative humidity below 90%.
The question arises, to what extent fresh soot particles al-
ready are hygroscopic and to what extent aging processes
(e.g. chemical modification o( the particle surface, coagu-
lation leading to internal mixture) arc responsible for a hig-
her hygroscopic ity of aged soot particles.

In a first step, original soot particles were investigated.
Combustion aerosols were generated by a four-stroke spark
ignition engine using cither leaded or unlcaJcd fuel and
analyzed by the Tandem Differential Mobility Analyzer
(TDMA) method |2). The aerosol particles were charged by
a bipolar charger and fed into a Differential Mobility Ana-
lyzer (DMA) where a narrow size fraction was selected.
This dry highly monodispcrsc aerosol was mixed with hu-
midified air of well known relative humidity. In the combi-
ned stream relative humidity was controlled by adjusting
the temperature. After a residence time of 1.2 s the new size
distribution was determined with a second DMA combined
with a CNC. From the two DMA readings, growth factors
were determined.

Figure 1 shows an example for measured growth factors
as a function of the relative carrier gas humidity for par-
ticles with original diameters of 29 nm produced by a 4-
slroke spark ignition engine using leaded and unleaded fuel.
The solid lines arc calculated growth factors from the
Kohler model which describes the uptake of water from the
gas phase to the surface of a spherical particle containing
water soluble and water insoluble substances. This model
includes the Kelvin effect (increase of saturation vapor
pressure on the particle surface due to its curvature) and the
Raoult's law (decrease of the saturation water pressure due
to dissociated ions in the water layer). One of the assump-
tions in this model is that the water insoluble part of the
panicle is a sphere with a diameter given by the DMA.

Particles start to grow at about 95% relative humidity.
In contrast, pure graphite particles, produced by spark
discharges, show a hydrophobic behavior . Therefore, com-
bustion aerosols must be at least partly covered with mate-
rial able to reduce the water vapor pressure above the par-
ticle surface. This is not the case for graphite particles.

With the Kohler model and the assumption that the par-
ticles are spheres it is possible to estimate the ion density
on the particle surface which leads to the observed hygros-
copicity. For small particles (29 < d < 80 nm) this surface

ion density is between 0.1 and 0.7 nnv2 for unleaded fuel
and between 0.5 and 2.2 nnr2 for leaded fuel. Larger par-
ticles (100 < d < 140 nm) have ion densities between 0.3
and 2 nm-2, regardless of the fuel used.

1.05

50 tOO

rel. humidity %

Fig. I: Growth factors vs relative humidity for monodi-
sperse aerosols emitted from a 4-stroke-engine using lea-
ded (U) and unleaded fuel (O) with original diameters d0 =
29 nm as well as pure graphite aerosols (%) with do = 130
nm. The solid lines are model results according to the
Kohler model (parameter: amount of dissociated ions).

Condensing *ater in small angle cavities of aggregates
can lead to capillary forces on any asymmetric part of the
aggregates causing a collapse of them. That means that du-
ring the uptake of water the aggregates first shrink together
and then grow as the Kohler model predicts. Therefore care
has to be taken when applying the Kohler model to aggre-
gated particles.

To avoid electrical discharges in the second DMA it
was necessary to reduce the relative humidity in this in-
strument This means that the measured growth factors are
somewhat underestimated. A new apparatus is being con-
structed, which will allow to measure the growth factors,
with a higher accuracy. Further experiments are planned to
find out which aging processes lead lo the higher growth
factor observed for ambient combustion aerosols at a rela-
tive humidity of 85%.
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Ice samples from cold glaciers cores arc often used to
.study climatological variations. Concentrations of trace
constituents in snow and ice of high alpine glaciers are go-
verned by scavenging processes as well as transport pro-
cesses. In order to study these transport processes, conti-
nuous aerosol measurements with the cpiphaniomctcr
(with a time resolution of 30 min) were started at Jung-
fraujoch, Switzerland (3450 m a.s.l.) in January, 1988.
Today, a continuous 6-ycar data set is available. Figure 1
shows the monthly means of the cpiphaniomctcr signal
from Jungfraujoch, the summer values being one order of
magnitude higher than the winter values. This pattern can
be explained by the corresponding diurnal variations of the
aerosol signal. During the warmer months (i.e. March
through September) the diurnal variations show a distinct
pattern, with a peak in the afternoon [1,2]. This pattern is
absent during the winter months. The data arc consistent
with the interpretation presented earlier |1], based on the
first part of the data set. Thus, during winter air masses at
Jungfraujoch are decoupled from the polluted air masses
below, whereas during the warmer seasons polluted air
masses arc transported to this site by thermal convection.
This conclusion is corroborated by the fact that both radon
daughter and black carbon concentrations often show si-
milar diurnal variations as the aerosol concentrations.

o
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Figure 1. Monthly means of the epiphaniometer signal
from Jungfraujoch, Switzerland (3450 m a.s.l). 1000
counts correspond roughly to 05 |l£/m3.

A similar annual pattern is found for the monthly
means of the total suspended paniculate matter [3]. Using
the correlation between the monthly means of these in-
struments (r = 0.69, n = 67), 1000 counts correspond
roughly lo 0.5 jlg/m3.

Additional cpiphaniomctcrs were operated at Sonn-
blick, Austria, (3106 m a.s.l.) and Colic Gnifetti, Monte
Rosa, Switzerland (4450 m a.s.l.), however, due to logisti-

cal constraints these data sets show more interruptions than
the Jungfraujoch data. The diurnal patterns at Colic Gni-
fetii arc surprisingly equal to the ones at Jungfraujoch, rte-
spite the altitude difference of 1000 m [4]. In contrast, the
Sonnblick data show different diurnal patterns, however,
the reason for this fact is not yet clear.

The typical diumal variation of the aerosol concentrati-
ons was also found in many cases where the atmosphere
between Jungfraujoch and the surrounding low-altitude
stations was statically stable, even considering the destabi-
lizing effect of condensation when Jungfraujoch was in
clouds. There is good reason to assume that this can be ex-
plained to a large extent considering the diabatic transport
in the slope wind layer of the whole catchment area. For
this purpose, a new model called ALPTHERM was ap-
plied, which was developed for soaring forecasts. This
model calculates vertical mass fluxes based on topography
and surface characteristics using temperature and humidity
profiles as meteorological input parameters [5]. First ap-
plications of this model yielded promising results, with a
very good agreement of the model calculations and the ob-
served aerosol signal.

Acknowledgments
The support of Mr. and Mrs. Kustcr and Mr. and Mrs.

Bartschi from the Jungfraujoch research station is greatly
appreciated. This work was supported by the Swiss Natio-
nal Science Foundation and the Swiss Bundesamt für Bil-
dung und Wissenschaft.

References
[1] U. Baltensperger, H.W. Gäggeler, D.T. Jost, M. Em-

menegger and W. Nägeli (1991) Atmos. Environ.
25A. 629-634.

[2] U. Ballensperger, H.W. Gäggclcr, D.T. Jost, M.
Schwikowski, in Proc. EUROTRAC Symposium '92,
P.M. Borrell, P. Borrell, T. Cvitas, W. Seiler (eds.)
SPB Academic Publishing bv, The Hague, 1993, pp.
550-554.

[3] Bundesamt für Umwelt, Wald und Landschaft
(BUWAL), NABEL. Luftbelastung 1992, Schriften-
reihe Umwelt Nr. 207, Bern, 1993.

[4] U. Baltensperger, H.W. Gäggeler, D.T. Jost, M.
Schwikowski (1993) Proc. First Ev-K2-CNR Scienti-
fic Conference, Milano, 10-11 April, 1992, CNR,
Milano, pp. 169-177.

[5J O. Liechti and B. Neininger, Proc. 24th OSTIV Con-
gress, Borlänge, Sweden, 14-20 June, 1993, Techni-
cal Soaring, in press (1994).



81

RADON, THORON AND 2iopb MEASUREMENTS AT JUNGFRAUJOCH,
SWITZERLAND

H.W. Gaggclcr1, D.T. Jost1, U. Baltensperger1, M. Schwikowski1, P. Seibert2

'Paul Schcrrcr Institut, CH-5232 Villigen, Switzerland
2Insiitui fur Mclcorologie und Geophysik, Universitat Wien, A-l 190 Wien, Austria

"Radon" (i.e. the isotope 222Rn of radon) and "ihoron"
(the isotope 220Rn of radon) enter the atmosphere from the
earth's surface where they arc produced via radioactive
decay of their precursors 238U and 232Th, respectively. In
the atmosphere these nuclidcs decay to non-gaseous pro-
genies. For 222Efl (half-life, Tt/2 = 3.8 d) these products
arc *18EQ (3.05 inin), 2'«Pb (26.8 min), 2i-»Bi (19.9 min),
zupjj (164 us), 2i«Pb (22.3 y), 2>0Bi (5.0 d), 2'°Ea (138.4
d) and 2O6T1 (4.2 min), and for 2 2 0 ^ (55.6 s) they are
216P0. (0.15 s), 2'2Pb (10.64 h), 2i2jgi (60.6 min), 212£2
(0.3 us) and 2O8T1 (3.1 min) (the underlined nuclides are
decaying by a-cmission with > 10 % probability, all others
arc 13" - emitters).

Environmental radon can be measured via 2I4Pb. This
nuclide is attached 10 aerosol particles and can therefore
be collected on a particle filter. Basis of such a procedure
is a quantitative attachment of 2I<)Pb to aerosol particles. It
was shown that for outdoor conditions this requirement is
fulfilled for aerosol particle number concentrations > 103

cm-3 [1]. In case of u-measurcments the 2i4pb activity is
preferentially determined via its short-lived grand daugh-
ter nudidc 2i4p0 (Ea = 7.69 McV). Due to the short half-
life of 2i4pb relative to that of radon, the measured 214Pb
activity is representative for the local radon concentrations
at the sampling site. On the other hand, because of the
average radon life-time 1 of 5.5 days (= Ti/2/ln 2), the
measured 214Pb activity resembles an average value of the
radon activity accumulated in the air mass during several
days.

Due to the very short half-life of ihoron of about one
minute this nuclidc is measurable only in the lowest atmo-
spheric layers above ground. Nevertheless, a signal of its
source strength can be found at larger distances via its re-
latively long-lived decay product 2i2pb. Therefore, the
measured 2'2Pb activity at a given site does not represent
the local ihoron concentrations but rather the average
activity concentration of 2i2pb j n the lowest atmospheric
layers above ground during the last day. The activity of
2i2pb can be obtained via a measurement of its daughter
and grand-daughter nuclides 2'2Bi (Ea = 6.05 MeV; 36
%) ana 2'2Po (8.78 MeV; 64 %), respectively.

Both radon and thoron are injected into the atmosphe-
re mainly from the soil, i.e. over the continents. Due to the
low concentrations of 238U and 232Th in ocean water,
marine air masses are strongly depleted in these nuclides.
Average exhalation rates of 222Rn are 1.5 • 10-2 Bq m - V
over continents [2] and about 2x10-* Bq m - V over ocean
water [3]. Exhalation rates of 220Rn over continents are on
the order of 0.4 Bq nv2s-> [4]. Typical radon activity con-
centrations in air above the continents (except over frozen
land) are about 4 Bq nv3 whereas over the oceans the acti-
vity concentrations are only about 0.1 Bq m-3 [5]. In addi-

tion, there is a strong vertical gradient of the radon activi-
ty concentration with values of about (4 - 8) - 10-4 Bq nr3

at the tropopause [6].
In recent years, radon has been used successfully for

atmospheric modelling because it is a chemically inert
tracer with a rather well-denned source term and life-ti-
me. Examples are modelling of tropospheric advective
transport processes, troposphere - stratosphere exchange,
and long-range transport to antarctic areas [7].

It was one of the purposes of this work to use conti-
nuous radon and thoron decay product monitoring at the
high-alpine site Jungfraujoch (3450 m a.s.l.) as an aid for
interpreting measurements of aerosol borne chemical spe-
cies. Aerosol particles are transported to that place by
long-range transport in the free troposphere as well as by
convective vertical mixing with polluted air from regional
sources at lower altitudes. Continuous measurement was
made with a modified version of the epiphaniometer. At
Jungfraujoch, the measurements could be made with a
time resolution of one to four hours, depending on the
actual concentrations.

In addition, 2 l0Pb was measured with a time resolution
of one month by the grand-daughter nuclide 2 | 0Po which
decays via a-emission (Ea = 5.30 MeV). 2iopb is the only
long-lived (T1/2 = 22.3 y) decay product of radon. Its
average near-surface activity in air is about 4-l(H Bq nr3

[8-10]. Little is known about the atmospheric concen-
trations of 210Pb at higher altitudes. Only few data are
available on vertical concentration profiles.

During the year 1991 at Jungfraujoch (3450 m a.s.l.)
continuous measurements were performed of all these
nuclides (see Fig. 1). Strong seasonal variations of their
activity concentrations were found with maxima in sum-
mer and minima in winter. In addition, during summer
lime ihe activity concentrations of 214Pb and 2i2pb sho-
wed pronounced diurnal variations, similar to observati-
ons made with the total aerosol surface, but not in winter.
During the winter time the activity concentrations of the
above mentioned species were close to free tropospheric
background values. From the ratio between the activity
concentrations of the radon decay product1; 2 | 4Pb and
210Pb a mean residence time of aerosol panicles in the
atmosphere of about four days was estimated. The average
activity concentrations of 214Pb and 2 l2Pb at Jungfraujoch
were found to be related to the regional soil temperatures
at a near-by low altitude Swiss Midland site and by the
static stability of the air mass between this Midland site
and the Jungfraujoch. Furthermore, a significant correla-
tion was found between the radon and thoron decay pro-
duct activity concentrations and synoptic situations with
higher than average activity concentrations for air flows
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from NE to SW and lower than average concentrations for
air (lows from W to N.
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Fig. 1: Monthly averaged values of the total aerosol sur-
face concentrations from the epiphaniometer, the global
radiation at Jungfraujoch, the radon and thoron decay
product activity concentrations from 2l<Pb (measured via
2l4Po) and 2l2Pb (measured via 2l2Po). respectively, and
from the long lived radon decay product 2l0Pb. Also
shown is the ratio between the two radon decay product
activity concentrations 2l4Pbft10Pb, which is a measure
for the aerosol residence time in the atmosphere (see
text).
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The aerosol surface concentration at Jungfraujoch
(3450 m a.s.I., Swiss Alps) is continuously measured by
an cpiphaniomctcr with 30 min time resolution [1,2].
The concentration of air pollutants in the high Alps has
strong variations at different time scales, caused by dif-
ferent atmospheric mechanisms. The investigation of
these mechanisms is part of the EUROTRAC subproject
ALPTRAC. At Jungfraujoch, a seasonal cycle is obser-
ved with summer concentrations more than one order of
magnitude higher than winter concentrations; this cycle
is mainly due to the variation of the stability of the lo-
wer troposphere. Irregular variations at the lime scale of
days can be attributed to synoptic-scale transports,
which have been investigated with the aid of trajectories
131-

As a part of the ALPTRAC programme, 72 h back
trajectories were calculated twice a day for several lo-
cations in the Alps including Jungfraujoch. The trajecto-
ries arc horizontal (technical reasons did not permit 3D
trajectories) and were based on the wind analyses of the
European Centre for Medium Range Weather Forecasts
(ECMWF). A statistical analysis of the regions of origin
in connection with the aerosol surface concentration
measured at Jungfraujoch was done for the period 10
July 1990 until 17 August 1993, plus March 1990, using
the 700 hPa level (about 3000 m a.s.I.).

This analysis required a pre-processing of the con-
centration data. Since these were distributed approxi-
mately log-normally, they were first logarithmiz-ed. The
mean annual cycle was then subtracted. The resulting
values were deviations from the logarithmic mean ex-
pected for that day of the year. The domain of the tra-
jectory computations was divided into regular grid cells
with about ISO km side length. For each of these cells,
the arithmetic mean of the concentration deviations ob-
served on arrival at Jungfraujoch of the trajectories pas-
sing through the cell was calculated, using the residence
time in the cell as a weight. The resulting field was
smoothed within the confidence limits and is shown in
Figure 1. Low (high) values indicate that air from these
regions arrives at Jungfraujoch with - on the average -
low (high) aerosol concentrations.

As a result, we see low concentrations associated
with trajectories from the Atlantic ocean and the Sahara,
and higher ones over Europe. Within the European con-
tinent, concentrations increase from west to east and
from north to south. Surprisingly air coming over Bri-
tain, NW France, Belgium and W Germany is less pol-
luted than air from the Mediterranean countries. This
might be probably due to the higher probability of pre-

cipitations scavenging in the northwesterly flows and
the enhanced photochemistry at southern latitudes.

in in in in

Fig. 1: Deviation from the mean logarithmic aerosol
surface concentrations at Jungfraujoch (black triangle)
associated with trajectories passing through the grid
elements. The threshold values between the patterns can
be translated into percentiles; the corresponding values
are 20.27,34,41.50,58,66, 73,80.
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For the reconstruction of past atmospheric contaminant
levels by the interpretation of ice core data from alpine
glaciers it is important to understand the processes which
determine the concentrations of chemical trace components
in the ice. Beside the atmospheric concentration, the
prevailing scavenging mechanism is an important factor.
This can be pure nuclealion scavenging, impaction
scavenging of aerosol particles, diffusion scavenging of
gases, and/or the accretion of supercooled cloud droplets
(riming).

Within the EUROTRAC subprojeel ALPTRAC we
performed in-cloud scavenging experiments at the high-
alpine site Jungfraujoch, Switzerland (3450 m asl) from 22
April until 30 May 1992 (sec also [IJ) and from 18 October
until 17 November 1993. Emphasis was laid on the
investigation of the interactions between aerosol particles,
cloud droplets and ice crystals.

In 1992, four snowfall events were studied by
simultaneous collection of cloud water, snow and aerosol
particles for chemical analysis. In addition, the aerosol phase
was characterized by number concentration and size
distribution, and the cloud phase by liquid water content
(LWC). The mean LWC of the clouds was 146 mg nr3,
which is in the range expected for orographically enhanced
clouds. Concentrations of chemical species in cloudwatcr
were 5 to 14 times higher than those in snow (Table 1). In
addition, a chemical fractionation between cloud droplets
and ice crystals was observed. Components like NH4

+ and
SO4

2 , which can easily act as cloud condensation nuclei
(CCN) as (NH^SO,) particles were most enriched in the
cloudwatcr. Figure 1 shows as an example, the SC>42'
concentrations in cloudwatcr and snow as a function of time
for the snowfall on 28 April 1992. For the soil tracers Ca2+,
Mg2*, K+, and Na^ the cloudwatcr to snow concentration
ratios were lower since soil particles serve as ice nuclei and
can therefore directly be incorporated into ice crystals.
Atmospheric C\ and NO3 were found in considerable
amounts in the gas phase at Jungfraujoch |2, 3]. Such gases
can be scavenged by cloud droplets as well as by snow
crystals with comparable efficiency. Therefore - the
cloudwatcr to snow concentration ratios for these
components were rather low. In summary, pronounced
differences between cloudwatcr and snow concentrations
were observed, indicating that riming was of minoi
importance during these four snowfall events. In 1993, ten
snowfall events were studied, with about 200 individual
aerosol, cloudwatcr and snow samples. The analysis of the
samples is in progress.
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Table 1: Average concentrations in cloudwatcr (12 samples)
and snow (11 samples) collected during four snowfall
events. Concentrations are given in eq I"1. In addition, the
cloudwatcr to snow concentration ratios are shown.

ci-
NO3

SO42-

H+

NH4
+

Na+

K+

Ca2+

Mg2+

Cloud

15.3

25.9

125

22.4

76.2

20.5

11.5

50.7

12.6

Snow

2.1

4.1

11.8

1.6

6.0

4.0

1.3

7.7

1.8

Ratio

7.3

6.3
10.6

14.2

12.5

5.1

8.8

6.6

7.0
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Figure 1. Concentrations ofSOf' in cloudwater (solid line)
and snow (dashed line) as a function of time during one of
the snowfall events (28 April 1992).
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Within the EUROTRAC project ALPTRAC, we study
transport processes to high-alpine sites as well as scaveng-
ing processes by snow. In addition to the water soluble
major aerosol constituents, trace metals are determined. So
far, there arc only few trace metal measurements from
high-alpine sites available |1], with a lime resolution of
one month. During a field campaign at the High-Alpine
Research Station Jungfraujoch in January and February
1991, aerosol samples were collected on PTFE filters (100
mm diameter, pore size 0.45 Jim) with 24 h sampling in-
tervals. PTFE filters were used due to their low material
blanks.

Because PTFE is hydrophobic, a high pressure micro-
wave digestion of the aerosol particles was chosen [2]. The
digestions were carried out with a microwave system
(MLS 1200 MEGA 240 T) using PTFE vessels with 2.3 ml
HNO3 and 0.2 ml HF suprapur. The digestion program
was tested by consecutive digestion of some of the filter
samples from the field campaign. Between the runs the
vessels were cleaned and the fillers stored in petri dishes.
In the sample solutions, Cu, Mn and Pb were determined
byGF-AAS.

Concentrations in solutions ranged from 4-140 (ig/l.
The first digestion was nearly complete, with the concen-
trations of the second runs amounting to 3 to IS % of the
first runs, which was not significantly above the blank val-
ues in most cases.

Fig. 1 shows the temporal trends of the investigated
trace elements. Average concentrations were 4.2, 4.1 and
6.1 ng/m3 for Cu, Mn, and Pb respectively. These concen-
trations arc higher than the ones observed by Dams and Dc
Jonge (0.4, 0.3 and 1 ng/m3 for Cu, Mn, and Pb respec-
tively, considering only January and February values [1]).
There arc two possible reasons for these discrepancies.
First, during our field campaign, construction work was
done in the railway station about 100 m below the sam-
pling site, which could cause a local contamination. Se-
cond, Dams and De Jonge [1] used Whatman 41 cellulose
filters, which are said to have low filtration efficiencies
[3], so that their values might be loo low.

Trace metals were also determined in samples of fresh
snow using GF-AAS, after preconcentration of the sam-
ples. Average concentrations were 3.8 \igfl Cu, R.2 |ig/l
Mn and 1.8 jig/I Pb. Wyttenbach et al. [4] observed 3.7
jig/1 Cu and 2.0 (ig/1 Mn in an ice core from Jungfraujoch.
The averages of Cu agree very well, whereas the differ-
e n t in the Mn concentrations may be due to the construc-
tion activities mentioned above.
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Fig. 1: Temporal trends of atmospheric Cu. Mn, and Pb
concentrations at Jungfraujoch.

Mn correlates well with Al (r = 0.90 excluding 1 out-
lier). Pb shows a relatively good correlation with NH^ (r
= 0.88), whereas the correlation with SOj~ is worse (r =
0.71). Precipitation weighted scavenging ratios are 1170
(Cu), 2720 (Mn), and 220 (Pb). For comparison, the scav-
enging ratios are 250 (NH< ) and 1150 (SOj~). The latter
value is very high due to two events with extremely high
scavenging ratios. The reason for this fact is not known;
usually SO\~ shows about the same scavenging ratio as
NHj 15].
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In the framework of the Swiss National Research
Program NFP-31 "Climate Changes and Natural Disasters",
a new project was started in order lo study the climate
history of the Alpine region for the last several hundred
years from high-alpinc ice cores. To find a site for such an
ice core drilling project, two shallow firn cores were
sampled in 1992 at two sites on the Grcnzglclschcr near
Scscrjoch. These two sites fulfilled the requirements that the
glacier should be cold and the topography should be flat.
Unfortunately, it was discovered that the accumulation rate
at both sites was approximately 30 cm water per year, which
is quite low (see [Ij where also further details about the
programme NFP-31 arc described). Consequently, the winter
snow is considered to be removed by wind erosion, and no
information about winter snow contamination can be
obtained. Therefore, a third shallow firn core was drilled in
June 1993, on Grcnzglctschcr below the saddle region of
Scscrjoch (coord.: 633304/85878; 4224 m asl). This site is
lower than the two other sites, and the wind speeds arc
supposed to be less high.

Winter snow from such high-elevation sites is usually
characterized by very low concentrations of trace
components. For example, volume weighted mean
concentrations of NH4* in winter snow collected at
Jungfraujoch (3450 m asl, Swiss Alps) were about 1 cq I '
[2]. In order lo analyse samples with such extremely low
cation concentrations, our Sykam ion chromatograph was
equipped with a new self regenerating suppressor system
(CSRS-I, Dioncx) and the corresponding cation separator
column (CSI2, Dioncx). The improvement is based on a
suppression of the clucnt conductivity from 680 S lo 2 S,
which leads to a much higher signal to noise ratio. An
additional advantage of the new column is the possibility lo
analyse monovalcnl and divalent cations (i.e. Na*, NH4\ K\
MgJ* and CaJ<) in one run. A detection limit of 0.05 cq I1 (1
ppb) could be achieved with an injection volume of 100 I.
Prcconccnlration with a guard column allowed lo decrease
the detection limit further (about 5 ncq I1, depending on the
sample volume used for prcconccnlration). In this lower
ppb-rangc, contamination is a serious problem, especially for
NH4*. The NH/ concentration in a tube filled with dcioni/.cd
(18 MOhm cm) water and left open in the laboratory
increased linearly with time. After 4 h a NH4« concentration
of 0.2 cq I' was measured. Therefore, all snow samples
were first analysed for NH4» within 2 h after melting.

The NH»« concentrations measured in the new core
(Grcnzglctschcr) arc presented in Figure 1. For comparison,
the NHi' concentration profile from the highest drilling site
(Scserjoch) is also shown. Even though the peak values arc
quite comparable at the two sites, completely different
patterns were found. In the Grcnzglctscher core a dcpih of
about I m of water accumulation shows very low NH4*

concentrations (< 5 cq I1)- This indicates that winter snow is
preserved at this site. The annual accumulation is estimated
to be at least 1.5 m of water. No corresponding
concentration minimum was found in the Scscrjoch core,
and it seems that the accumulated snow at this site is mostly
summer snow. In conclusion, the Grenzgletscher site seems
quite suitable for a deep drilling project, where the core
should cover at least hundred years of winter and summer
accumulation.

0 1 2 3 4

Depth in m Waterequivalent

Figure 1. Concentrations ofNH4+ in the Grenzgletscher and
Seserjoch firn core as a function of depth in m water
equivalent.
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Most of the natural bromide is present in Uie oceans,
which inject 2X106! y ! bromide aerosol as scaspray into the
aimosphcrc [1]. The annual industrial production of bromide
compounds reached 350.000 - 400.000 t in the early 1980s
11]. Up to 70 % of the production was clhylenc dibromide,
which was added to leaded petrol.

For the first time, bromide was analysed in a fim core
from a high-alpine glacier to get more information about the
distribution of bromide in the remote atmosphere. Fim
samples were taken from a core drilled at Seserjoch [2], and
were analysed for Br as well as for Cl", NO3-, SO4

2-, Ca2+,
K \ M g 2 \ Na+, and NH4

+. Br- was determined using ion
diromalography with electrochemical detection [1].

The following simplified receptor model was used to
identify the sources of the measured trace components.
Trace components arc transported-by different air masses
from different sources to the receptor, sec Figure 1. It is
assumed that during transport no chemical transformation
occurrs, thus the ratio between trace components (e.g.
Ca2*/Mg2+) remains constant and reflects the composition of
the source. Scasall, mineral dust and anthropogenic activities
arc considered as sources.

Figure I. Simplified receptor model to identify sources of
trace components in alpine glaciers.

Measured Ca2+ and Mg2+ concentrations showed a
constant ratio of 4.5 for all samples (r= 0.984, Figure 2).
This ratio is typical for carbonate minerals <3], whereas the
Ca2VMg2+ ratio in scasalt is 0.J9 [3J.

To identify the sources of bromide, its concentrations
were plotted against the NO3" concentrations (Figure 3).
NC>3' is assumed to be of anthropogenic origin. Obviously,
the samples can be divrded into two groups - one with a
constant, rather low Br/NOy ratio and the other wilh a
higher Br/NC>3" ratio. The latter samples were characterized
by high amounts of mineral dust. Therefore samples were
classified according to the Ca2+ concentration C Q , (see
Figure 3: open squares: CQ^ < 30 eq I ' ; filled squares'. 30 <
C C J < 3(X) eq I"1). A correlation was found between Br and
NO3 for samples with low Ca2+ concentrations (r= 0.71),
indicating that Br" is of anthropogenic origin. The Ca-rich

samples showed often also a high Na+ concentration. The
increased Br concentration in these samples might therefore
be the result of the contributions from both natural sources
(mineral dust and scasalt). For the future it is planned to
determine also the lead concentrations to confirm the
hypothesis of the anthropogenic origin.

0 f to too 1000 10000 100000

Calcium utqn

Figure 2: Correlation of Co2* and Mg2* concentrations
measured infirn core samples (r=0.984).

20 25 30 35 40 45 50
Nllratc uecyl

Figure 3: Correlation of Br and NOf concentrations
measured in firn core samples. Open squares represent
samples wilh Cca <. 30 eq i1. filled squares with 30 < CCa

< 300 eq tJ. The correlation coefficient calculated for
samples with low Co2* concentrations was r=0.7J.
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(n the framework of the alpine wide investigation of the
high elevation snow pack chemistry (SNOSP), snow
concentrations and deposition fluxes of ionic species have
been determined from glaciers above 3000 m asl in (he
French, Swiss. Italian and Austrian Alps. This programme
has been active since 1990 with two snow pit sampling
campaigns per year at diffcrcnfsitcs (in early March for the
winter situation and in May for the spring situation).
Meanwhile a comprehensive set of data cxisLs, which
allows to investigate the seasonal and geographical
distribution of the snow impurity content | 1 | . The
programme is part of ALPTRAC which itself is a
subproject of the European environmental programme
F.UROTRAC.

To ensure the comparability of the data, a snow pit
sampling intcrcomparison was conducted in March, 1993,
ai Wcissfluhjoch, Davos (2540 m a.s.l.) in the eastern pan
of the Swiss Alps. The snow investigation field of the
Swiss Institute for Snow and Avalanche Research could be
used for that purpose. Earlier studies at this site revealed
(hat the spatial snow deposition is quite uniform and that
very little perturbations of the snow stratigraphy by high
wind speeds occur |1]. Snow samples were collected
individually by the six participating groups from a joint
snow pit. Two additional snow samples were melted at the
site and distributed between the participating groups to
serve as analytical control samples. All snow samples were
analysed for Cl\ NGy, SO,,2", K+, N a \ N H 4 \ Ca2+, M g 2 \
und pH, and the snow density was determined.

To compare the results from the different groups, ionic
loads and volume weighted means were calculated over the

Table 1: Ionic loads (mcq n> 2) calculated for all measured components as well as total water accumulation (mm water
equivalents).

sampled depth of 1.4 m. The calculated ionic loads for all
investigated components from each participating group are
presented in Table 1, along with averages and standard
deviations (STD). Measurements of snow density agreed
very well, with a STD of 6 % for the calculated water
equivalents. For the ions CI", NO3 ', SO4

2" and NH4
+ a very

good agreement was found for the ionic loads as well as for
the weighted means (STD 16 %). The variance of the data
was caused by the variance of the chemical analysis and not
by the sampling procedures or inhomogencitics of the snow
field. For the ions H \ K+, N a \ Ca2+, and Mg2+ the
agreement was less satisfying (STD between 38 % and 67
%). The reasons were a higher variance in the chemical
analysis for H+, K+, and Mg2+, contamination in the case of
Na+, and a Saharan dust layer for Ca2+ (variance without
the Saharan dust sample: 19 %). In conclusion, the snow
field investigated during the intcrcomparison was quite
suitable for this purpose, since it showed all the
characteristics that arc usually found at SNOSP sites, i.e.
winter and spring snow and a Saharan dust layer.
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Group

1
->
y
4
5
6 "
AVG
STD (%)

Walcrcq.
mm
4X2
545
455
473
472
485
485
6

CI

0.67
0.95
0.91
0.88
0.73
1.02
0.86
16

NO3

3.49
4.32
2.69
3.47
3.2S»
3.49
3.46
15

SOd
2

2.421

3.00
2.28
2.73
2.86
2.63
2.65
10

K*

0.06 '
0.03
0.121

0.03
0.04 '
0.05 '
0.06
62

Na»

0.33
1.08
0.53
0.43
0.48
0.50
0.56
47

NH4*

.37'

.60

.36

.45

.76

.67

.54
1

Ca2*

1.58
2.07
2.31
3 J 2
1.93
1.70
2.25
38

0.38
0.50
0.81
1.14
0.60
0.50
0.66
42

H*

3.96
6.81
2.29
1.63
3.80

3.70
54

I concentrations partly below detection limits, detection limits were used for calculations
,,first 10 cm of surface snow not analyzed

2 samples not analyzed for cations, 1 sample not analyzed for anions
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It is known, that organic pollutants are transported with
the air over long distances. For organochlorines like HCHs
or PCBs [ 12\ this is known for a long time. It is still point
of discussion whether or not organonitrogen pollutants like
the herbicide atrazine or organophosphorus plasticisers are
transported over long distances.
In order to gain information about this question, precipita-
tion samples were collected at two remote areas.
1) Research platform "Nordsee" in the central North Sea.

Total deposition was collected, integrated over some
days.

2) Jungfaujoch, Switzerland.
Snow samples were collected after snowfall events.

Table la : Concentrations of various nitrogen- and phos-
phorus-containing pollutants in total deposition (rain)
samples from the German research platform "North Sea"
(position : 54"52' N, 07*00' E, samples FPN 1 - FPN 3).
For comparison, the respective corcer (rations measured in
a deposition sample collected in Hamburg, Germany (sam-
ple HH) are shown. Concentrations are given in ng/I = pp'.

Sample FPN1
Sampling 22.11.92
Intervall 28.11.92
Volume (ml)

simazine
atrazine
propazine
tcrbulhylazine
pirimicarb
methylparathion
prometryn
terbutryn
linuron
malathion
cthylparathion
anilazine
cyanazine

Sum of identified
pesticides

Plasticisers
TiBP
Tris (2-chlorethyl-
phospate)
TPP

209

0.6
0.4

.0.3')

.0.3')
7

0.2
1

.0.3»
I

0.01
0.2

«0.3 D
10

21

2
1

10

FPN2
28.11.92
4.12.92

241

94
20
39
40
22
0.3
8

0.7
4

0.04
0.4
3
13

190

5
•0.1')

3

FPN3
4.12.92
6.12.92

319

1
0.3
1

«0.3')
6

0.06
4
1
2

0.05
0.15
40
37

93

2
0.3

1

HH
3.12.91
6.1.92
568

7
1

«0.3»
15
3
na
na
27
25
na
0.8
na
na

79

76
na

13

After transport to the laboratory, a solid-phase extrac-
tion (C18 - Cartriges ) was performed. The organic phase
was cleaned up with alumina. The extracts were con-
centrated to 100 uJ and pesticides as well as plasticisers
were analyzed by capillary gas chromatography with an

alkali flame ionization detector (GC-AFID). Results are
shown in Table la ( North Sea and for comparison city of
Hamburg ) and Table Ib ( Jungfraujoch ).

The concentrations found in the precipitation samples
from the North Sea were higher by two orders of magni-
tude than the concentrations found in sea water at the same
area [3]. Thus, pesticides can reach pristine marine areas
by atmospheric transport. The comparison with results
from Jungfraujoch show, that considerable amounts may
even reach high alpine regions. Note that the samples from
Jungfraujoch were collected during the season of intensive
agricultural application. Whether or not the relative high
concentrations at Jungfraujoch are due to such seasonal ef-
fects will be explored by future experiments that will
include core samples.

Table Ib : Concentrations of various nitrogen- and phos-
phorus-containing pollutants in total deposition (snow)
samples collected at the high-alpine site Jungfraujoch.
Concentrations are given in ng/1 = ppt.

Sample
Date
Volume (ml)

atrazine
propazine
terbuthylazine
pirimicarb
terbutryn
linuron
malathion
ethyl-
parathion

JF1
28.4.92

107

8
«ID
30

.ID
17
60
0.5

0.5

Sum of identified
pesticides

Plasticiser
TiBP
TPP

140

41
8

JF2
3.5.92

91

. 1 »
„ID
20
«ID
«ID
«ID

3

0.2

25

73
10

JF3
27.5.92

119

13
«ID
10
3

«ID
15
2

0.6

44

27
10

JF4
28.5.92

111

3
«ID
27
«ID
«ID
«ID
na

na

41

87
30

D « Limit of detection
n« : not analyzed in this sample
TiBP = Triisobutylphosphate. TPP = Triphcnylphosphaie
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About twenty years ago, long-lived cosmogenic
radioisotopes (in particular 10Be) were used for the first
time to study the cosmic rays intensity variation. The use
of accelerator mass spectrometry (AMS), which allows the
measurement of a nuclide in an isotopic ratio as low as
10 I4, has considerably enlarged the number of measurable
radionuclidcs. In order to study cosmic rays or date very
old material, a very informative nuclide is the 36C1, with a
half-life of 3.OI-1O5 years.

The most important formation channel of 36C1 is the
spallation reaction on atmospheric argon 40Ar(N,X)36CI,
where N is a nuclcon and X a combination of five
nucléons. Since the production rate of such cosmogenic
nuclidcs is modulated by the cosmic rays intensity
variation (due to the changes in the solar activity), the
ratio 10Bc/36Cl is often used, because it does not depend
on the variation of the cosmic particle flux. Measurements
in ice cores [1] and snow samples [2] give 10Be/36Cl ratios
4-5 times lower than the theoretical values (7.1 to 8.3
instead of 30 to 42) (3,4). Since the 10Be measured
concentrations arc in good agreement with the theory, it
appears that the theoretical production rates of 36C1 have
been undcrcstimalcd. The excitation functions used in
(3,4) were calculated with the semi-empirical equations,
which give no information on incident particles with an
energy lower than 100 MeV. A recent theoretical
excitation function based on the preequilibrium decay (PE)
model [5] shows that the cross sections in the 10-100 MeV
energy range are indeed important. A new calculation
resulted in a 10Be/36Cl ratio of about 10, which is in better
agreement with the snow and ice cores data [6], So far, no
irradiation of argon with neutrons was carried out, and
only data at 26.7 and 1000 MeV are available for the
reaction 4()Ar(p,X)36Cl. The present work gives a more
extensive excitation function for this reaction.

Cylindrical containers were filled with argon. The
inner surface of the cylinders was previously covered with
aluminum foils in order to adsorb the produced 36C1
atoms. The containers were then irradiated at the PSI's
Proton Irradiation Facility (PIF) with about 3-1012

monocncrgctic protons.
After addition of carrier, the aluminum foils were

dissolved in an alkaline solution and the chlorine atoms
were precipitated by formation of AgCI. 36C1
measurements were performed simultaneously at the AMS
Facilities of Zurich and Munich.

Data for eight different proton energies in the range of
45-300 MeV were obtained by the Zurich facility (Fig.l).
For four proton energies, duplicate irradiation were
performed. The agreement vas very good, with 3 points

within the experimental error (< 7.5%) and one slightly
higher value (14%).

100 O measured points
th.curve (presquilibrium decay)
th. curve (Si)berbero and Ttao)

100 200 300
Proton energy [MeV]

400

Figure 1: experimental cross sections of the
4"Ar(p,^X^Cl reaction (obtained in Zurich) compared
with two theoretical curves ([5] and [7])

Between 50 and 150 MeV, the measured excitation
function has the same behavior, with a smaller intensity,
as the theoretical curve based on the PE model (Fig.l).
Additional irradiations at a different facility (the PIF
cannot produce a monoenergetic proton beam for energies
lower than 45 MeV) are necessary in order to confirm the
existence of the second peak in the 15-40 MeV energy
range.

For irradiation energies greater than 200 MeV, the Sil-
berberg and Tsao formula (STF) agrees better with the
measured data. This is confirmed by the cross section of
22 mb measured at 1000 MeV [8] (PE model gives 0.2-mb
at 890 MeV, whereas STF gives 16 mb at 1000 MeV).

A comparison between the cross section values measu-
red in Zurich and in Munich is in progress.
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In Ihe framework of a project aiming at developing a
new 32Si dating technique using accelerator mass
spcctromclry (AMS), a snow sampling campaign was per-
formed on 26./27. April 1993 at the tunnel exit of Jung-
fraujoch. It was the purpose of this campaign to determine
with "conventional" techniques, i.e. via B-counting, the
32Si activity as well as the total concentration of silicon in
snow. Both numbers are needed in order to know whether
AMS can indeed be used for 32Si measurements since the
detection limit is about 10-15 (32Si/i<*Si).

From the literature it is known that typical 32Si activi-
ties in precipitation are between about 2 to 10 |iBq/lcg in
Freiberg [1], 13+2.5 pBq/kg inEasi Antarctica [2],
6 (iBq/lcg from surface ice samples of the Changmc-
Khangpu glacier, Sikkim [3], 5 nBq/kg from surface ice
samples from Dye 3 and Camp Century, both Greenland
[4], and 2.3 - 12.3 pBq/kg at the Austrian glaciers Hin-
tcrcisfcrncr and Kessclwandfcmcr [5]. Hence all these
numbers seem to be indcpcndanl of lattilude and altitude
yielding an average value of about 7 (iBq/kg. From the
data published in rcf. (I] it is unclear, whether the 32Si
activity concentrations exhibit any saisonal variation, as
observed for other spallation nuclidcs such as e.g. 7Be

On April 26 a fresh snow sample of 1.12 tons was
sampled and on April 27, 1993 one of 1.35 tons. It has to
mentioned that the sample from April 27 was clearly con-
taminated by Saharan dust, as was visually observed by
the yellow colour. Both samples were melted at Jungfrau-
joch, silicon was coprecipitatcd with Fe(OH)3 , the preci-
pitation being then transported to Freiberg where it was
proceeded as described in rcf. [6]. Both samples were also
measured for 7Be, 137Cs and T. Table 1 summarizes the
results. The two measured 32Si activity concentrations are
indeed in the range of expected values (see above). It is
interesting to note, that the snow sample which was
contaminated with Saharan dust showed significantly
increased activities for all radioactive nuclidcs listed in
Table 1, except for tritium.

From the sample collected on 27 of April a determina-
tion of the total Si concentration was performed. 10 g of
snow was evaporated to dryncss, digested in a microwave
oven in a NaOH solution and then analysed with a ICP-
OES apparatus. The total Si concentration was 70.6 ppm,
yielding a 32Si/">'Si ratio of 2.2x10-'7. This value is consi-
derably below the detection limit which means that future
work should concentrate on procedures which allow to
leach 32Si from the surface of the aerosol particles.

Table 1: Preliminary results from determinations of the
activity concentrations of 32Si, 'Be, I37Cs, and tritium
from two fresh snow samples collected at Jungfraujoch on
26. (sample I) and 27. (sample II) April 1993.

Nuclide

32Si

7Be

l "Cs

T

sample I
[uJSq/kg]

1.84.0.21

[0.57'0.031-K)6

[O.13'O.O3]1O3

[MtO.Ml-lO6

sample II
[u.Bq/kgl

5.4-0.32

[1.93-0.12]-IO6

[0.97'0.07]103

[1.33+O.13HO6
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CHEMISTRY EXPERIMENTS WITH HAHNIUM
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In recent years, a series of chemistry experiments have
been performed with ^ H a , produced in the 99 MeV 18O +
249Bk reaction [1 - 6]. This isotope has a half-life of 35 s
and decays with about equal probability via ot-emission and
spontaneous fission (sf). In an experiment performed at
93 MeV bombarding energy, the new isotope 263Ha was
discovered [7]. Its half-life was found to be 27 s. On the
basis of 9 detected a-events it was concluded, that ^ H a
decays with 43 % via a emission (8.4S MeV) to the mostly
a-decaying 5.4-s daughter nuclide ^'Lr. However, no a -
a correlations were found, but two a-sf correlations, which
were attributed to the 23 % fission branch of ^'Lr. In
order to confirm this assignment, several experiments were
performed using fast aqueous as well as continuos gas
chemical separations [8-11]. Surprisingly, all these studies
did not yield any ct-a correlations, which would have
confirmed the discovery of 263Ha, as described in [7]. Even
more strikingly, additional a-sf correlations were observed,
which have never been detected at 99 MeV bombarding
energy (except in one case, where the bombarding energy
was probably lower than assumed, see Table 1 and Ref. [3]
for explanation).

An additional experiment, using the mother-daughter
recoil separation technique, was performed in the fall of
1993 at the LBL 88-Inch cyclotron [12]. This technique
already proved successful in the confirmation of the isotope
263106, where 9 a-a correlations were observed [13]. No
cc-a correlations, but an additional 3 a-sf correlations
were observed.

Table 1 summarizes -the a-sf decay chains from all

experiments. On the basis of these data the mother nuclide

decays with an a energy of 8.41±0.01 MeV and a half-life

of 26.3±5<97s to a spontaneously fissioning daughter

nuclide with a half-life of 3.5^'g4s.

At present it is very difficult to assign this decay chain
to a well defined mother nuclide. On the basis of the che-
mistry separations one has to conclude that the mother
nuclide is an isotope of Hahnium, or a daughter nuclide
from a EC decaying isotope of Hahnium, i.e. an isotope of
Rutherfordium. This defines the a-daughter nuclide to be
an isotope of Lr or No. Based on the low bombarding
energy, which favours the 4n evaporation channel, the
most likely candidates for the mother nuclide are therefore
^ H a or M3Rf. However, in both cases the a-daughter
nuclides are mosiiy a decaying. One would therefore have
to conclude, that via ot-emission a yet unknown
spontaneously fissioning isomer of the daughter nuclide is
produced.

Table 1: a-sf correlations from chemistry- and mother-
daughter recoil experiments observed in the 93 MeV
l8O + 249Bk reaction.

E0(mother)
[MeV]

8.42
8.45
8.46
8.40
8.37
8.43*
8.42*
8.40*
8.43
8.34
8.45
8.39

Ta(mother)
[s]

24.78
30
25
39.15
16.85
11
14.4
20.3

218
15.35
36.00

5.00

At*
[s]

0.90
7
7
6.00
8.58

11
2
0.5
2.1
9.95
5.02
0.87

Reference

[81
f91
T91

m
m

flOl

noi
noi
nil
n2i
ri2i
ri2i

* These data are from an experiment at 99 MeV bombar-
ding energy. However, as cited in (3J, there is evidence
that the bombarding energy was lower than assumed.

References

[1] K.E. Gregorich et al., Radiochim. Acta 43,223 (1988)
[2] J. V. Kratz et al.. Radiochim. Acta 48,121 (1989)
[3] M X Gober et al., Radiochim. Acta 57,77 (1992), and

report GSI-93-08 (ISSN 0171-4546)
[4] M. Schadel et al., Radiochim. Acta 57,85 (1992)
[5] H.W. Gaggcler et al., Radiochim. Acta 57.93 (1992)
[6] P. Zimmermann et al.. Radiochim. Acta 60,11 (1993)
[7] J.V. Kratz et al., Phys. Rev. C45,1064 (1992)
[8] A. Tiirler et al.. unpublished results from 18O + M9Bk

gas chemistry experiments at GSI, May 1992
[9] KB. Gregorich et aL, GSI-Scienufic Report 1992
[10] unpublished results from experiments described in

H.W. Gaggeler et al.. Report PSI-49. November 1989.
[ i l ] M. Schadel, priv. comm., from "O + 249Bk aqueous

chemistry experiments at LBL, summer 1993
[12] K.E. Gregorich, priv. comm., 1SO + 249Bk mother-

daughter recoil experiments at LBL. summer 1993
[13] K.E. Gregorich et al., Proc. Int Conf. Actinides-93,

Santa Fe. 55 (1993)



93

ON THE VOLATILITY OF HAHNIUM PENTABROMIDE

B. Eichler

Paul Scherrer Insu'lut, CH-5232 Vifligen PSI

In this work, we first estimate a realistic range of the
standard enthalpy of gaseous hahnium atoms. Then, the
formation enthalpies of gaseous and solid bromides are
extrapolated on the basis of the standard enthalpies of ga-
seous group SB elements. Finally, from the formation
enthalpies the sublimation enthalpies of the bromides are
deduced which are then used to estimate the vapour pres-
sure of the corresponding compounds.

To obtain properties of tit*, elements, correlations were
used which connect atomic with thermodynamic proper-
ties. For metals the following equation holds [1]:

n», = 12.774810"3 N L r V ' A1/2exp(7.03 - ^ ^ ) 0 )

For group VB elements the following empirical relations
are valid [2]:

and

logAH°subl=0.0149 - S°(s) + 2.2907 (2)

AH°subl = 85.2 (V2 /3 n , , )-1037 [3] (3)

From eqs. (1) through (3) follows:

lOgAH°subl= 4.9 -0.856 log
14.9

V1'3

: —

Another approach is to insert nm from eq. (1) into eq.
(3) and to deduce S° subl. from the entropy-radius correla-
tion [3] (comparison with tantalum) and using the value
1.613 for Vl/3/r, which is typical for densely packed metal
lattices.
Both results for AH° subl. for Ha (g) are summarized in
table 1.

In general, for elements of one group of the periodic ta-
ble linear correlations exist between the formation enthal-
pies of gaseous and solid compounds of analoguous species
and the sublimation enthalpies of the corresponding ga-
seous elements.

On the basis of data from [4] for solid pentabromides of
group VB elements the following eq. holds:

AH°f MBr5(s) = 0.7022 AH°298 M(g)+49.3487 (5)

and for gaseous pentabromides:

AH°f MBr5(g) = 0.7664 AH°298 M(g)-113.974 (6)
From these formation enthalpies the sublimation en-

thalpies of HaBrs summarized in table 1 can be deduced.
Also the sublimation entropies (see Tab. 1) were esti-

mated from data for NbBrs and TaBrs, on the basis of the
general law:

From these data approximate vapour pressure curves
can be obtained according to:

log p (aun) = x/T + y (8)

700 - •

600 - •

500 -

400 - •

300 •

200 •

100 - •

X II III

450 500 S50 SOD 650 700 750 SCO

Figure 1: Vapour pressure curves for NbBr$t TaBr$ and
HaBr5, Curves I and II: HaBr$from (5} and from this
work (estimate A. see text), respectively; curve III: for
TaBrs; curve IV:forNbBr$t curve V;from this work
(estimate B, see text); curve VI: deduced from experimen-
tal retention temperature measurements of hahnium bro-
mide in quartz columns (see I6JJ).

Table 1: Volatility properties of hahnium and its pentabro-
midc.

AH°subl.

:AH°f

AH°f

AH°subl.

AS°subl.

X

y

Ha

Ha Br5 (s)

HaBrs(g)

HaBr5

HaBrs

A

83S VJ/mol

634.7 kJ/mol

526.0 kJ/mol

108.7 kJ/mol

196.6 kJ/mol

-5735

10.268

B

700kJ/mol

540.9 kJ/mo!

422.5 kJ/mol

118.4 kJ/mol

196.6 kJ/mol

-6184

10.269

S = a log A + b (7)
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Figure 1 depicts the two vapour pressure curves of
as deduced from the numbers listed in table 1

(curves II and V). Also shown in Fig. 1 is a prediction
made by a relativistic model (5] (curve I) as well as an
estimate based on an experimental result where the reten-
tion temperature of HaBrs •" quartz columns was measured
[6] and using empirical correlations between the deduced
adsorption enthalpy and the sublimation enthalpy resp. the
vapour pressure of the macroamounts [7] (curve VI). For
comparison, figure 1 also shows the vapour pressure curves
of the homologuous NbBrj and TaBrj compounds (curves
III and IV). Obviously, the "experimental'' vapour pressure
curve for HaBrs disagrees remarkably firom both estimates
made in this work ("non-relativislic") as well as the relati-
vistic calculation. Further work is needed to shed light onto
this discrepancy.
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PREDICTION OF CHEMICAL PROPERTIES OF ELEMENT 106

B. Eichler and H.W. GSggeler

Paul Scherrer Institul, CH-5232 Villigcn PSI

To design a successful experimental program for in-
vestigating the chemical properties of element 106 theo-
retical predictions are mandatory.

It is proposed to use isothermal gas chemical tech-
niques to study the volatilities of element 106 chlorides
and or oxide chlorides and of hydroxides.

In order to describe theoretically gas chemical experi-
ments, knowledge about thermodynamic properties of the
compounds to be studied is needed. Simple extrapolations
of thermodynamic functions within the groups of the peri-
odic table are not possible for transition metals for several
reasons.

In contrast, well suited are estimates of the standard
entropies as a function of the atomic masses (A). The
standard entropies of gaseous elements S (g) can be de-
scribed by:

S (g) = 108,738 + 12.457 In A
for those elements which have closed shell (or subshell)
ground state configurations. Because of the d4-closed sub-
shell for element 106 a highly reliable prediction of

S (g) = 178.3 J/K mole
is therefore possible (Fig. 1).

(9) [J/K Ml«]
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Fig. I: Standard entropies of gaseous closed shell-ele-
ments as function of atomic mass.

To determine additional data of interest correlations
between thermodynamic as well as atomic data can be
used. The soled stale entropy S (s) is of crucial importance
for it. A system of correlations with S (s) allows
"coherent" predictions of element 106 properties.

S (s) is correlated with atomic mass A, with the den-
sity, with the metallic radius, with the density of electrons
and with the enthalpy of sublimation.

Since also exists correlations between radius and den-
sity as well as between density of electrons and enthalpy

of sublimation we have a closed system of relations for the
prediction of element properties.

The formation enthalpies of the solid and gaseous
compounds were deduced as a function of the sublimation
enthalpy of the 6B-metals.

On the basis of am empirical correlation [1] from the
sublimation enthalpies the adsorption enthalpies of 106
compounds on quartz surfaces were deduced. (Tab. 1).

These values are the basis data for gaschromatograhic
experiments.

Because of their stability for experiment element 106
dioxide dichloride should be the most convenient.

Table 1: Enthalpies of sublimation and adsorption of chlo-
rides and oxide-chlorides of the 6B-e!emenis

A H » M i b i fld/mole)

M

Cr

Mo

W

106

MClj

267

286

245

249

MClj

260

242

-

216

MCI,

-

120

105

78

MCI,

-

80

101

121

MC1«

-

92

100

108

MOQ,

-

72

98

124

MOjO,

53

88

109

136

-AH^dd/mole )

106 181 160 69 97 89 99 106
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CONTRIBUTION TO THE EVALUATION OF THERMOCHROMATOGRAPHIC
EXPERIMENTS

II lunkcV S. Hubener". A. Ross". B. Itchier"

' Iiistitut fur Radiochemie. Iwschunaszenlrum Rossendorf e.V., 01314 Dresden, Germany
" Paul Scherrer Institut. CH-5232 Villigen PS1

The starting point of the evaluation of carrier-free ther-
mochromatographic experiments, i.e. the determination of
the adsorption enthalpy, is the transport-equation

dl
u(T)

(1)

derived under weak assumptions in [ IJ. The temperature^
dependend function u(T) = uo • T/T<> means the velocity
and q(T) the corrected partition coefficient [2] including the
more complex dissociative adsorption reactions [3]: '

7(7') = a • (2)

A solution of eqn. (1) needs the temperature-profile of the
tube T(z). The inverse function z = f(T) exists because it
is monotonous in the relevant region.
In the standard approach [2] the mean approximation for a
solution of eqn. (1) was the assumption of a linear tempera-
ture profile: T = Ts + g z with g = const. < 0. Those an
approximative evaluation of eqn. (I) was possible in order to
get the enthalpy A//° using a modified Ei" function with the
asymptotics exp(x)/x . In Refs. [3,4] the evaluation is also
performed within the standard approach.
The aim of this investigation is to avoid the assumption of a
linear temperature profile.
Equation (1) can be rewritten without any approximations to.

terp +

is

I I + g(T) dz(T)
u{T) dT (3)

and the enthalpy can be determined from the zero of this
equation. We realize from eqn. (3) that for each enthalpy the
adsorption temperature depends on the "Temperature His-
tory" during the transport through the tube.
The zero of eqn. (3) was calculated with the FORTRAN
program TECRAD. The function dz(T)/dT is assigned with
high accuracy in a direct way from the measured profile by
means of a spline-procedure.
Test calculations are performed to show the influence of the
temperature profile of the tube on the determination of the
enthalpy for various (hypothetical) adsorption temperatures.
The temperature gradient tube and the data from the exper-
iments described in (4] have been used. Fig. 1 shows the
temperature profiles in the relevant part of the tube, i.e. the

' The meaning of the symbols arc. z-length coordinate of the tube, t-
time. T-iemperalure, AS<J|JJ adj-dissociative adsorption-entropy. &H"da-
adsorption-enthalpy. .' , ip-time of the experiment, 7s-staning tempera-
ture. 7^ -adsorption temperature, a-surface area per unit of column length,
no-initial velocity, Tn-slandard temperature, g-temperature gradient, c,-
concentration of species i, c^-standard concentration of species i.

interval between the starting temperature (1410 K) and the
lowest resumable adsorption temperature. The four profiles
are: 1. the measured profile (bold straight line), 2. the equiv-
alent linear profile (dotted line), 3. a modelled tanh profile
(dashed line) and 4. a modelled 1/x profile (dash-dotted line).
The results are plotted in Fig. 2. The differences of the en-
thalpy depending on the choosen profiles are in the order of
10 kJ/tnol. From this follows that by consideration of real
temperature profiles the amendment of the evaluated data is
in the same order.
The next step is the application of the profile-depending pro-
cedure to the experiments presented in [4],

Fig.l: Real, linear and model-temperature profiles (s. Text)

500 600 700 800 900 1000 1100 1200 1300

Fig. 2: Dependence of the deposition temperature on A//ad>
for the temperature profiles from Fig. I.
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OLGA HI: A FURTHER STEP IN THE DEVELOPMENT OF THE
! ' ON LINE GAS CHEMISTRY APPARATUS

B. Eichler, A. Tilrler, D.T. Jost, H.W. GSggeler

Paul Scherrer Institut, Villigen, Switzerland

OLGA III is a further improved apparatus used in
experiments to investigate the chemical characteristics of
transaclinide elements. Due to the short half-lives and low
production rates experiments with these elements demand
high chemical selectivity, fast methods and high yields.
The basic design of the OLGA method (Qn-line gas -
chemistry apparatus) as described in Refs. [1,2] has been
improved in several important areas (Fig. 1):

1) An all quartz design was chosen to improve the
cleanliness and lo prevent corrosion. Some of the reactive
gases used react with air and humidity disturbing the
reactions with the investigated compounds. A quartz
apparatus can easily be cleaned and dried and is very
corrosion resistant.

2) An easy to replace quartz wool plug. The transactinide
elements are delivered with a gas jet to the OLGA
apparatus. At the entrance of the 900 °C section where the
volatile molecules of the elements are produced, a quartz
wool plug is used to hold back the aerosols. This plug has
ID be periodically replaced. The quartz wool plug is
inserted in the inlet tube and held in place by the fritt in
the column (see Fig. 1).

3) The column length has been increased to 1.9 m and
mechanical stability has been achieved be winding the
capillary (1 mm i.d.) around a quartz rod of 10 mm
diameter.

4) The recluster unit has been radically redesigned. Instead
of trying to put a jacket of cold reclusler aerosol/gas around
the hot gas exiting the column and transferring the volatile
compounds in this manner on to the aerosol, the two gas
streams meet head on in a small, only 15 cm*, volume. The
turbulent mixing guarantees a fast cooling and an efficient
and stable attachment of the volatile compounds on the
recluster aerosol. Assuming a typical gas flow of 2 lpm the
residence time in the reclusler unit has been reduced form
about 20 s [3] by one order of magnitude. Using a cooled
recluster chamber has two advantages: a) The heat brought
in to the chamber through the gas form the
chromatography can be very efficiently removed, b) The
gas layer' at the wall of the recluster vessel is cool, thus
reducing the diffusion coefficients enough to prevent the
gaseous transactinde molecules from reaching the wall and
being adsorbed there instead of on the recluster aerosol.

The success of these modifications is shown in Fig. 2
with the retention curve for " 'NbCIs. The quality of the
chromatographic separation is indicated by the steepness of
the curve. The separation factor from non volatile S1CI2 is
better than 600.

Gas Chromatograph

•ffater-
Cooling

1 1

Gas-Jet Furnace

Reclusteripg Unit

Fig. 1. Schematic drawing of the gas chromatographic
set-up OLGA III.

50 100 ISO 300 250 J00 1M 400 440 S00
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Fig. 2. Retention curve for
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ON-LINE GAS PHASE ISOTHERMAL CHROMATOGRAPHY OF Mo- AND
• • W OXICHLORIDES AS HOMOLOGS OF ELEMENT 106 WITH OLGA IH

A. Tiirler1, A.B. Yakushev2, B. Eichler1, H.W. Gaggeler1, D.T. Jost1, U.W. Scherer1

'Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
2Flcrov Laboratory of Nuclear Reactions, JINR, Dubna, Russia

The recent discovery of two new, ionger-iived nuclides of
element 106 [1] will enable nuclear chemists to study the yet
unknown chemical properties of this transactinide element
Before the discovery of these new nuclides, the longest-lived
isotope of element 106 was 0.9 s M 3106 [2]. The decay
properties of this isotope have recently been confirmed [3].
The new isotopes, M 5106 and 266106, discovered at the
Flcrov Laboratory of Nuclear Reactions in Dubna, are ex-
pected to have half-lives between 10 s and 30 s. They were
produced in heavy ion fusion reactions in the bombardment
of rotating 248Cm targets with an intense 22Ne beam. How-
ever, the production cross sections are extremely low, on the
order of 100 pb or less. Since the homologs of element 106,
Mo and W, form volatile oxichlorides our gas chemistry ap-
paratus OLGAIII [4] is very well suited to investigate the gas
phase chemistry of element 106.

In preparation for a possible series of experiments on the
volatility of 106 oxichlorides, the homolog elements Mo and
W were studied under various experimental conditions. Car-
rier-free, short-lived isotopes of Mo were produced with the
235 U Fission target at the SAPHIR reactor and transported to
the chemistry laboratory with an aerosol gas jet Carrier-free
W-isotopes were produced by irradiating a stack target of IS
Hf foils (15 ujn) at the PHILIPS cyclotron with 49 MeV <x-
particlcs. In these bombardments the isotopes '77-'79w were
predominately produced from a, 3n and a, 4n reactions.
Again, the reaction products were transported to the
chemistry laboratory with an aerosol gas-jet

The chromatographic behaviour of Mo- and W oxichlo-
rides was investigated for two different aerosol materials,
MOO3 and C. Chlorinating agents were SOCI2/CI2 and
O2/SOCI2/CI2 in experiments with W and Mo, respectively.
The results of these experiments are shown in Figs. 1 and 2
and summarized in Table 1.

The choice of the cluster material seems to have a critical
influence on the species that is formed. With carbon aerosols
MoOCU is probably formed, which in macroscopic amounts
is known to decompose to M00CI3 even at 25'C. With
MOO3 aerosols MOO2CI2 is probably formed. In experiments
with W-isotopes WO2CI2 is probably formed with both aero-
sol materials. The volatility of W chlorides and oxichlorides
is very similar, which makes it very hard to distinguish be-
tween different species. The coverage of active sorption sites
in the column by inactive MOO2CI2 from the cluster material
may also contribute to observed differences. With C aerosols
CO2 is formed which will not influence the sorption charac-
teristics of the column. The behaviour of W needs to be fur-
ther investigated also with O2/SOCI2/CI2 as reactive agent

Table I: Retention temperatures (T50*). calculated adsorp-
tion entropies AS^j, and deduced adsorption enthalpies
AH,H, for Mo and W isotopes for different aerosol materials.

Nuclide

103Mo

103Mo

175W

Assumed chem.
compound

MoO2Cl2

MoOCU

WO2C12

WO2CI2

Aerosol
material

M0O3

C

M0O3

c

T50*
[*CJ

250

150

180

210

-ASad,
[J/K mol]

166

168

168

168

-AJU
Pd/mol

107

86

101

110

Yield (%)

M 1M

Fig.].- Yields of Mo-oxichlorides with MOO3 and C aerosols.

YWdl%)

TamparabrvtC)

Fig.2: Yields ofW-oxichlorides with MOO3 and C aerosols.
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GAS CHROMATOGRAPHIC STUDIES OF TUNGSTEN IN HUMID
^ t OXYGEN
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Extending previous investigations of the lighter homo-
logues of clement 106 to tungsten its volatilization and ad-
sorption behaviour in the presence of humid oxygen was
studied b> thcrmochromatographv The carrier-free tung-
sten isotope I77W was produced in the nalHf (u, xn) reac-
tion Collection of the tungsten activity, experimental set-
up and measurement correspond to those described for
molybdenum | l |

As known from literature there arc only minor
differences in the chemical properties of molybdenum and
tungsten because their atom radii are very similar |2| .
Tungsten behaves similar to molybdenum in the Oj/H2O-
systcm. i.e. us deposition temperature depends on the hu-
midity of the carrier gas as depicted in Fig. 1. Therefore a
complex transport reaction can be assumed whereby in the
end WO, is adsorbed on the quart/ surface according to ( 1 ).

WO2(OH)2(gl -a (l)

However, the deposition temperatures arc higher than
those of molybdenum. \H ̂  was calculated with equation (2)
10 be (-6'.)X t (v'J) kJ/mol assuming that equilibrium (1)
has reached 131

with

f(E, )

f(E, )=

AHa<
R T r RTc

(2)

be lower (Fig. 3). Remarkable in Fig. 3 is the high volatili-
zation yield under the condition lhat the carrier-free iso-
topes of molybdenum and tungsten were collected on C
aerosol particles. The influence of the MoO, carrier on the
volatilization yield has to be studied further.

From kinetic volatilization studies with the short-lived
tungsten isotope 165W (I, 2 = 5.1 s) the overall transporta-
tion time was evaluated. With regard to the study of ele-
ment 106 the resulting 11 - 20 s arc promising. However,
isothermal gas Chromatographie experiments have to fol-
low.

1O0O

400 600

P(H,O) [Pa]

800

/ •«• I: Deposition temperature of carrier-free tungsten
as a function of the partial pressure of water,
v,/Ar) 1.01 min, v,/O2) 0.51 min

• ^H ads - 116.<> ± 8.2) + (0.690 + 0.042) \H 2, ; i tsubl (3)

A second way for confirming the complex transport
reaction is the comparison of f(Ei*) values determined from
theoretical and experimental values. The knowledge of a
compound's sublimation enthalpy allows an estimate of its
adsorption enthalpy by means of the empirical relation (3) |4|.
Inserting the \H a d s value in equation (2) one get f(Ej*). In
case of a direct adsorption of the transported compound the
experimental values for f(Ej*) should lie within the mar-
gins of error of the theoretical calculated f(Ej*) values. As
depicted in Fig. 2. the experimental values deviate consider-
ably from the theoretical curves. This is taken as a further
evidence for a dissociative adsorption according to ( 1 ).

WO, is not only stronger adsorbed on quartz than
MoO, but also its volatility in humid oxygen was found to

lE+18

1E+15

1E+12

1E+0»

1E+O6

1E*>3

1E+00

* - - - - _ J ^

< experimental

WCyOH)«, Ä

1 I ,

-(-172117) U/mol

W01(OH)1M,

X X

1

600 700 tOO 900

Deposition Temperatur [K]
1000

tig. 2: Comparison of theoretically calculated and expe-
rimentally determined f(Ei*) values for direct ad-
sorption ofHVj(OH):
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In previous experiments molybdenum as a homologue
of element 106 was volatilized completely at 1400 K if
argon with admixtures of humid oxygen was used as the
carrier gas 111 In a thcrmochromalographic quart/ column
the molybdenum was transported down to 400 K and de-
posited in a wide temperature range. Without admixtures
of H2O(g) (he molybdenum was deposited at 1400 K. The
volatility of molybdenum in humid oxygen may be inter-
preted with the formation of a rather volatile hydroxide.
Mo02(OH)2{g), which either is chemically stable and re-
mains unchanged during its transport in the temperature
gradient tube |2J or dissociates according to the chemical
transport reaction (I).

MoO2(OH)2 ( g ) « MoO3 (ads ) H2°(g, (1)

V

Further thcrmochromatographic studies have been car-
ried out to identify the elementary transport processes. In
off-line experiments the influence of water vapour on the
chromatographic behaviour of trace amounts of molybde-
num has been studied.

Isotopes of molybdc.ium were produced by thermal
neutron induced fission of 2:t5U (< "Mo) or in the bom-
bardment of natural zirconium with uc-particles {< 9:}nlMo).
respectively, and transported out of the target chamber by
means of a gas jet system. MoO-, or C were used as aerosol
particles. Ar or He as the carrier gas. The aerosol particles
were collected on a paper filter. It was positioned in the
quart/ column in front of a quart/ wool plug and burned
carefully. In some cases molybdenum was released from
thick zirconium foils (20 p.m) by heating up the zirconium
to 1470 K in humid air | 3 | . The experimental set-up was
almost the same as described earlier | 1 | . A mixture of
argon and humid oxygen in a ratio of 2:1 was used as the
carrier gas in the thcrmochromatographic experiments.
The distribution of molybdenum in the columns was
measured off-line in 2 cm sections by y-spectrometrv

As seen from Fig. 1 the position of the peak maximum
depends on the partial pressure of water. Therefore we
conclude that the transport in the temperature gradient
tube is governed by the complex transport reaction.

As depicted in Fig. 2. (he deposition temperature depends
on both the gas flow rate and the humidity of the carrier gas.
For calculating A H ^ a formalism was used which was pub-
lished recently for transport reactions like (1) |4J. As resulting
adsorption enthalpies we got i H ^ = (-65.7 ± 5.2) kl/mol at
v0 = 1.5 l/min and . J K ^ = (-55.9 ± 1.8) kJ/mol at the lower
flow rates. The given uncertainty is the standard deviation
The difference between the enthalpy values may be due to
the high uncertainty' of the deposition temperature (± 50 K)

Considering this value in the calculation of J j ' a d s the mar-
gins of error overlap. Further a constant temperature gra-
dient is assumed in the calculation but couldn't realized
experimentally. Non-equilibrium conditions at the phase
border at high flow rates and the modification of the quartz
surface by impurities or weighable molybdenum amounts
could be other reasons for these deviations.

The use of MoO3 instead of C as cluster material is an
addition of an inactive carrier to the molybdenum isotopes.
The molybdenum quantity varied from carrier-free to 0.7 jxg
as determined by neutron activation analysis at the SAPHIR
reactor. In this concentration range no essential difference
in the chromatographic transport behaviour was observed.
Systematic studies in a broader concentration range have to
be continued.
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•water at different gas throughputs
The temperature profiles were differently at va-
rious flow rates.
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3N-LINE GAS PHASE ISOTHERMAL CHROMATOGRAPHY OF NbCl5

\ND NbOCl3 WITH OLGA HI

A. Tiirler, B. Eichlcr, H.W. GSggcler, D.T. Josl

Paul Scherrcr InstituU CH - 5232 Villigcn PSI, Switzerland

The improvements on our on-line gas chemistry apparatus
3LGA III (I] on the one hand, and the development ot an
:arbon aerosol generator [2] on the other hand, initiated a
series of experiments to clear some of the ambiguities thai
vcrc left after a first experiment to determine the volatility
)f element 105 chlorides [3].

In preparation for a new scries of experiments on the
•obulity of 105 chlorides, the homolog element Nb was
itudicd under various experimental conditions. Carrier-free,
ihort-livcd isotopes of Nb were produced with the 235U fis-
;ion target at the SAPHIR reactor and transported to the
;hemisiry laboratory with an aerosol gas jet. When MoO3

jcrosol particles were used to transport the activities, the
:hromatographic behaviour of Nb chlorides fluctuated irre-
producibly. This behaviour was attributed to the formation of
jithcr volatile NbCI5 or less volatile NbOCl3 or even slightly
ar non-volatile NbO2CI or NbO2. Obviously, the conccntra-
.ion of O2 and oxygen containing compounds was critical in
Jiesc experiments and needed to be carefully controlled.

In a first step, the quality of the He carrier gas, the diffu-
sion of O2 through the walls of the 130 m long polyethylene
capillary and the leakage of the system was measured. The
Tree O2 partial pressure was measured using a solid electro-
lyte cell. The O2 content of the He carrier gas in the tank
was about 1 vpm. After the 130 m long capillary between the
SAPHIR reactor and our chemistry laboratory a much higher
O2 content of 80 vpm was measured for a flow rate of
I I/min. If the flow rate was increased lo 2 I/min the O2 con-
centration dropped to 20 vpm. Contributions "from other
sources of O2, that could not be measured, were impurities in
the reactive gases (Cl2v HCI), the MoO3 aerosol panicles,
and the quartz surface of the chromatography column.

In order to reduce O2 , a carbon aerosol generator was used
to transport the activities, instead of the MoO3 aerosols.
With HCI (99.8 %) as reactive gas only one species was
formed, which was probably NbOCI3. If the HCI was puri-
fied with activated charcoal at 1000 *C and stripes of graph-
ite paper, that were dipped into SOC12, were introduced into
the 900 *C reaction section of the chromatography column, a
more volatile species was observed. Under these conditions
NbCI5 was formed. By purifying the reactive gases, as well
as the carrier gas from traces of O2, a concentration of about
1 vpm or less was probably reached.

The chemical yields measured for 15-s "«Nb arc shown as
a function of the isothermal temperature and the O2 concen-
tration in Fig. 1. The carrier gas flow was 1 1/min and
200 ml/min HCI were added as reactive gas. The reclustcr
gas flow was 1.75 L'min N ; , loaded with CsCl aerosols. The
data was analyzed using a Monte Carlo code [4| (solid lines).
Experimental result are summarized in Table 1.

Table I: Measured retention temperatures (T5, % ) , calculated
adsorption entropies AS,^ and deduced adsorption
enthalpies AH^j, for different O 2 concentrations.

Nuclide Assumed chem. Q2cooc Tso% -
compound [vpm] [*C] [J/K mol] [kJ/mol]

This result has a number of implications for future ex-
periments with element 105. Since, as a general trend, the
metal to oxygen binding energies increase down the periodic
groups, it becomes exceedingly difficult to form the pure
chlorides when going from Nb to Ta to 105. It may even be,
that carefully cleaning all gases from traces of O2 and oxy-
gen containing impurities is not sufficient, since the quartz
column itself may supply enough oxygen to favour the for-
mation of oxichlorides.

In future experiments short-lived, carrier free Ta isotopes
will be studied under the same conditions as for Nb.

Yield 1%)

10- • pOtSI ppm
» pOi«100ppm

SO 100 ISO 200 250 * » 150 400

TwnpwMura (*C)
450

Figure 1: Yields measured for 15-s "*Nb-chlorides as a
function of the isothermal temperature and the O2 concen-
tration. The solid lines represent calculated yield curves
using a Monte Carlo simulation code.
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U-CHLORIDES WITH OLGA III
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In preparation for a possible series of experiments on the
volatility of element 106 chlorides and oxichlorides, the
homolog elements Mo and W were studied under various
experimental conditions [1]. In this experiment the
behaviour of U chlorides was studied, since U can be
regarded as a pseudo group 6 element. The behaviour of U-
chlorides in our chromatography apparatus might be very
complex. The compounds UCl^, UCI5 and UCI4 are known.
UC16 decomposes at higher temperatures to the lower
chlorides.

Carrier-free, short-lived isotopes of U were produced by
bombarding a stack target of 15 232Th targets with 95 MeV
a-particles at the PHILIPS cyclotron. The targets were
100 ng/cm2 232Th evaporated on 20 \un Al backings. The
energy was chosen to produce 1.1-m 2 2 7U and 9.1-m 2 2 8U
from a a,9n and a ot,8n reaction. However, only 58-m 2 2 9U
was observed with satisfactory yield. When the bombarding
energy was increased to 115 MeV the yield of 2 2 7U and 2 2 8U
was not increased and also the yield of 2 2 9U strongly
decreased. In contrast, the yield of the a.ocxn reactions
increased. We suspect that the yield of 2 2 7U and 22*U is
strongly depleted by prompt fission. The reaction products
were transported over a distance of 700 m to the chemistry
laboratory with an aerosol gas-jet

The chromatographic behaviour of U-chlorides was
investigated with carbon aerosol particles as carrier material
and SOCI2/CI2 as chlorinating agents using our on-line
chromatography apparatus OLGAin [2]. Samples were
collected on teflon filters and assayed for a-particle pulse
height analyses. The yield of 2 2 9U was determined by
measuring the 8.376 MeV a-particles from the decay of
213Po a member of the ^ ' U decay chain. The isotope 2 2 9U
(6.36 MeV) could 'not "be directly measured, since the a-
spectrum in the region between 6 and 7 MeV was extremely
complex. Preliminary results of these experiments are shown
in Figs. 1 and summarized in Table 1. Since the data was
stored in list mode further detailed analyses will reveal the
individual decay chains.

Table I: Retention temperature C^Q^), calculated adsorptior
entropy AS,d, and deduced adsorption enthalpy A H ^ foi
U-chloride with carbon as aerosol material.

Nuclide Assumed chem. Aerosol T509S, -A
compound material [*C] [J/K mol] [kJ/mol

2 2 9U 115 170 91

RelaflvtYWdttli

ISO 200 HO

TampcraturcK)

Fig.l: Yields ofl29V-chlorides. The carrier gas was I Ipm
He loaded with C aerosols. Chlorinating agents were
200ml/min Cl2 and 200 mllmin HelSOCl2. The solid line
represents the calculated yield curve from a Monte Carlo
model for an adsorption enthalpy of-91 kl/mol
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THERMOCHROMATOGRAPHY EXPERIMENTS WITH CARRIER FREE Zr
AND Nb CHLORIDES AND OXICHLORIDES
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1 Univcrsiiat Leipzig, Fachbereich Chemie, Leipzig, Gennany
2 Paul Scherrer Institut, CH - 5232 Villigen PSI, Switzerland

The formation, volatilization, and deposition of volatile,
carrier-free radionuclides and their compounds can be stud-
ied using thermochromatography. In connection with our on-
going studies of the transactinide elements 104, 105, and
106, the characterization and the transport of volatile chlo-
rides are of special interest. In order to establish optimum
experimental conditions for the investigation of the heaviest
elements, as well as to contribute to the understanding of the
experimental results, systematic experiments with carrier-
free nuclides of homolog elements are essential.

It is of fundamental importance to find conditions where
defined chemical states for the heaviest elements are quickly
reached. In gas chromatography experiments the composi-
tion of the gas- and the stationary phase can be varied and
the adsorption properties can be studied.

The formation of chlorides and oxichlorides was studied
for the fission products Zr and Nb. The transition from
chlorides to oxichlorides was accomplished by varying the
composition of the gas phase. If N2 saturated with SOC12

was used as carrier gas, the pure chlorides (ZrCl4 and
NbCls) were formed, whereas a mixture of N2, SOCI2 and
O2 lead to the formation of oxichlorides, probably ZrOCI2

andNbOC!3[l] .
Fission products from our 235U fission target at the neu-

tron beam of the PSI SAPHIR reactor were transported with
a He/C aerosol gas jet to the chemistry laboratory and col-
lected for about 8h on a quartz fibre filter. The quartz filter
and the chromatography column were pretreated for at least
lh at 950 *C by passing a stream of N2 saturated with SOC12

through the column. This pretreatment proved necessary in
order to arrive at reproducible results. After the collection,
the short-lived activities were allowed to decay for lh. The
thermochromatography experiment took place within 2.5 h
including an initial warm-up period of the oven. Later on,
this time was reduced to lh to allow the detection of 74-m
97Nb. Typical carrier gas flow rates were 20 ml/min.

' Table. 1: Experimental parameters and results.

In Table 1 the experimental results are summarized. The
evaluation of the adsorption enthalpies was accomplished
according to Eichler et al. [2]. Not much is known about the
thermal stability and the volatility of ZrOCl2 [3]. We arc
using an empirical correlation [4] to estimate the
sublimation enthalpy of ZrOCl2, that probably exists in a
carrier-free state.

Temperature (°C)

3900

2000

1300

WOO

900

Nb

1 . ,

Zr

—n
Temperature (°C)

Figure I: Distribution of Zr and Nb in the temperature
gradient tube with a) N2 saturated with SOCl2 and b) a
mixture ofN2. SOCl2 and O2 as carrier gas.
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Nuclide assumed
chemical
compound

^ • ^ N b NbCl5

NbOCb

97-95Zr Z1CI4

ZrOCI2

«exp

(h)
2.5
1.0
2.5
1.0
2.5
1.0
2.5
1.0

To

CK)
333
363
433
423
403
458
653
693

-AS,
calc.

(J/K mol)
169.9
169.9
167.9
168.0
166.8
168.0
165.4
165.1

-AH,
exp.

(kJ/mol)
82.1
85.8

105.9
99.3
97.9
98.4

157.7
160.7

AHjabl.
calc.

(kJ/mol)

187 ± 12
201 ± 12
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SEPARATION OF W FROM Mo USING ION EXCHANGE FROM HCl/HF
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Introduction
HCl/HF containing solutions have been shown to be

suitable for the isolation of tungsten and molybdenum in
chromatographic experiments and are recommended for
application in fast on-line separations of elements 106 [1].

As shown earlier, W exhibits somewhat weaker sorp-
tion on strongly acidic cation resins than Mo using 0.05 M
HCI/10"3 M HF solution [2]. This difference in the sorp-
lion behaviour can probably be exploited for the determi-
nation of chemical properties of element 106 in fast on-
line experiments with ARCA III [3]. This means 106
should behave either W-lilce or Mo-like in such an ex-
periment.

Experimental
Carrier free W isotopes were obtained by bombarding

natural Hf with 49 MeV a-particles on the Philips cyclo-
tron at PSI Villigen. One of the main products was 177W
(half life 2.2S h) from an a, 3n and an a, 4n-reaction. Due
to Zr impurities within the target material also small
amounts of 93mMo (half-live 6.89 h) were produced. For
the transport of the recoil atoms from the target chamber a
KC1 gas jet was used. The activity was collected on a
glassfiber filter for 1-2 h.

The radioactive samples were eluted from these fillers
with 0.05 M HC1/10"3 M HF solution. The chromatogra-

phy experiment was carried out using a 3.5 x 30 mm
column filled with 500 mg DOWEX 50X12 (100-200
mesh) and a flow rate of 0.3 ml/min. The ion exchange
resin was preequilibrated with the experimental solution
for 12-18 hours.

Results and Discussion
The elution chromatogram of W and Mo from

DOWEX 50X12 using 0.05 HCl/lfr3 HF as eluent is
shown in Fig. 1.

It turns out that W can be nearly completely separated
from Mo using a flow rate of 0.3 ml/min. Before an appli-
cation in fast on-line experiments with element 106 this
system must be checked with various flow rates and dif-
ferent concentrations of HF and HC1 in order to determine
best conditions for the separation of W and Mo.
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Fig. 1: Chromatographic separation of W from Mo (column DOWEX 50X12, flowrate 03 ml/min) with a 0.05 M HClllOr3 M
HF solution.
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Fast solvent extractions with SISAK 3 as a test for
chemical studies of element 106
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For studies on the chemical behaviour of the transac-
tinide elements fast and -if possible- continuous chem-
ical separation procedures are required. The develop-
ment of such procedures based on liquid-liquid extrac-
tions have been performed with the lighter homologues
of the transactinide elements using the fast centrifuge
system SISAK 3 [1].

Carrier-free isotopes of Zr, Nb, Mo and La have been
produced by thermal neutron-induced fission of Pu-239
at the TRIGA Mains Reactor and those of Hf and W
in bombardment of Hf- and W-foils with 49 MeV a-
particles at the PSI, Villigen. The reaction products
were transported to the SISAK centrifuges by means of
a gas-jet transport system. The extraction yields were
determined by simultaneously measuring the 7-ray ac-
tivity of the aqueous and the organic phase. Different
detector cells can be used to adjust the hold-up time in
front of the detector with respect to the half-life of the
nuclide to be studied.

For the investigation of the chemical behaviour of ele-
ment 106 several extraction systems have been studied
and three of them seem to be best suited:

• Aliquat 336/Toluene — HC1

• TOPO/Shellsol T — HC1

• TOA/Shellsol T (or Toluene) — a-HIB

In figure 1 the extraction yield of Mo, W, Nb, Zr, Hf
and La is plotted as a function of pH-value for TOA(2%
by volume in Shellsol T ) / l M a-HIB. At the pH-value
of the unbuffered acid (pHsal.8) the extraction yields
for Mo and W are 85 %. Nb (as a homologue for ele-
ment 105) is also extracted to approx. 70 % over a wide
range of pH-values. Within the error limits extraction
of La, Zr and Hf into the organic phase is negligible.
Lactic acid instead of a-HIB can be used as complex-
ing agent as well. In the TOPO/HCl-aystem extraction
yields of 80 % were obtained for Mo and W at HC1-
concentrations higher than 5 M. At such concentrations
Hf is extracted to more than 40 %. In the case of Aliquat
336/HC1 the extraction yields for Mo and W are better
than 90 % from 6 M HC1, but under these conditions Zr
is extracted to approx. 20 % and the extraction of Hf
also starts. This could cause problems with element 104
as a daughter product of element 106.

For on-line a- and spontaneous fission measurement!
of transactinide elements a liquid scintillation counter
(LSC) has been developed and tested [2] using dimethyl-
POPOP as a scintillator together with naphthalene in
toluene. In the TOPO/HCl-iyttem no phase separa-
tion can be achieved with toluene as the organic solvent
at the optimum extraction conditions for Mo and W.
With Aliquat 336/HC1 the scintillator precipitate when
the organic phase is contacted with HC1 »t higher acid
concentrations. Only the TOA/a-HIB (or lactic acid)-
system is suitable for studies of the chemical proper-
ties of element 106 in combination with SISAK 3 and
the LSC-detector. Here, the extraction yield it not af-
fected with toluene as a solvent and in the presence of
dimethyl-POPOP and naphtalene.
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A liquid scintillation detector for on-line a- and
spontaneous fission measurements
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In order to study the chemical properties of the trans-
actinide elements with the fast, continuous solvent ex-
traction system SISAK 3 [1], on-line spectroscopy of a-
particles and SF fragments in solution is necessary. To
meet this requirement a new detection system based on
liquid scintillation counting (LSC) [2] has been devel-
oped for measurements in a flowing liquid. For this an
extractive scintillator consisting of a scintillator, naph-
thalene and an extracting agent for the separation of the
desired element, all dissolved in toluene is used.

In off-line tests the performance of different scintilla-
tors, among them 2-(4'-biphenyl)-6-phenylbensoxa«ol
(PBBO) and dimethyl[212'-p-phenylbis(4-methyI-S-
phenyl)oxazol] (dimethyl-POPOP) dissolved in toluene
or p-xylene has been investigated with the a-emitters
U-233 and Am-241. Both isotopes were extracted with
di-(2ethylhexyl)-orthophosphoric acid (HDEHP) from
0.1 M HC1. Subsequently the organic phase was injected
into the detector cell. A saturated solution of dimethyl-
POPOP in toluene together with 160 g/1 naphthalene
gives the best results with respect to energy resolu-
tion, pulse-shape-discrimination against /?- and 7-rays
and adaption of the peak wavelenght to the used pho-
tomultiplier tube (Hamamatsu R2014). In experiments
with Cf-252 it was demonstrated that SF-events produce
signals beyond the high energy end of the a-spectrum.
Thus, ot-particie-SF time correlation measurements be-
come possible. For on-line measurements a detector cell
has been constructed which is shown in Fig. 1. It con-
sistB of a quartz cell, a teflon reflector and a photomul-
tiplier tube.

—teflon capillary ( black )

detector cell
(quartz)

reflector
(teflon)

photomulliplier tube

(Hamamatsu R2014)

extractive scintillator

Figure 1: Schematic drawing of the detector cell used for
liquid scintillation counting.

In test experiments, an aqueous solution of U-233 and
Am-241 (0.01 M HC1) was contacted with an extrac-
tive scintillator with HDEHP as the extracting agent in
SISAK 3. The isolated organic phase was pumped with
a flow rate of 0.5 ml/s through a 3 ml detector cell. A
resolution of 213 keV at 4.8 MeV has been achieved (see
Fig. 2)
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Figure 2: On-line a-Spectrvm of U-tSS and Am-til af-
ter extraction with HDEHP. A niolvtion of SIS keV at
4-8 MeV it achieved in a flowing liquid.

As a further test, o-particle emitting neutron-deficient
isotopes of uranium, protactinium and thorium have
been produced in the bombardement of thorium with
120 MeV a-partides at PSI, Villigen. The activities,
transported with a gas-jet and afterwards dissolved in
0.1 M HC1, were extracted with HDEHP into the scintil-
lator solution. The experiments show that in the pret-
ence of a large surplus of/3- and 7-rediation pulse-shape-
discrimination is irrevocable for cr-particle measurement
with good energy resolution. Furthermore an event by
event registration has been applied to establish mother-
daughter correlations.
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« CEMENTATION OF ACTINIDE WASTE SOLUTIONS
i
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One of the most important aims of the FIXBOX Pro-
ject [1] was to develop a method for cement-solidifica-
tion of both acidic aqueous actinide solutions and acti-
nidc solutions of a high salt content. The cemented waste
has to fulfil the quality criteria of government regula-
tions, for compressive strength, water and sulphate stabi-
lity and leaching resistance [2]. On the other hand it
should not produce more than the absolute minimum of
waste volume for the final storage.

Experiments with previous cementation techniques
gave poor results for compressive strengths, leacheabi-
lity, and water resistance, espescially the two step pro-
cess: neutralisation of waste solution followed by cemen-
tation. It was necessary to reduce the salt content of the
waste solutions by means of dilution which leads to a
large increase of the radwaste packages volume.

Using the neutralisation capacity of the cement, it is
possible to condition a significantly bigger volume of the
strong acidic waste solution. The excess of calcium hy-
droxide in the cement mixture was found to be sufficient
to neutralise the acid. This leads to a reduction of final
waste volume for storage by a factor of more than 3.

In addition we chose a highly sulphate resistent ce-
ment HTS (high content of silicates, low content of alu-
minates) to ensure a low leacheability of the solidified
waste and good water resistance.

As water content of the cementation product de-
clined, we used a mixture of gluconic and tartaric acid to
improve handling properties, e.g. to decrease the amount
of water needed to maintain adequate fluidity to guaran-
tee an good intermix. This gluconic and tartaric acid
plasticiser also retards the solidification and the deve-
lopement of the heat of hydration and allows enough
time to produce a homogeneous cement paste of the
acidic radwaste solution, the cement and additives.

An inorganic ion exchanger (more than 90% ceolite),
Clinoptilolith, was added to the cement mixture to hinder
the diffusion by sorption of the fission products Cs and
Sr from the cement brick by aqueous solutions if they
are present in the repository.

The results of the compressive strengths measure-
ments after 1,2 and 6 months curing time and after 1 and
5 months leaching time for three radwaste solution con-
centrations [3] are shown in Fig. 1. The compressive
strength in every case fulfils the quality criteria (>10
N/mm2 )[2J.

X 1C. 1LW 1C. 1LG 6C 1C.SIW 1C. SLG

Time (Montji) Cunng. Tiin«(mo<ih) Leachng (wathw'gypaum)

conc.=
conc.si.5

conc.= 1

Fig. 1: Comparison of the compressive strenght (CS)
after two and six month curing time (C) dry and after
leaching (L) in demineralised water (W) or gypsum satu-
rated water (G) for three concentrations of cemented
waste solutions.

This fact allows the use of the doubly concentrated
radwaste solution for the solidification (original salt con-
tent < 0.2 g/1). For the final recipe the following mixture
was chosen: 88 % HTS cement, 12 % Clinoptilolith and
0.8 g/1 Gluconic and tataric acid in the waste solution
(see Table).

For this mixture the values of compressive strengths
are shown in the table.

Table: Results of first quality tests of solidified doubly
concentrated radwaste solution.

curing time
[monthj

1

6

1 +
leaching time

[month]
5

compressive strenghts [
N/mm2]

32±5

66+10

44±6

Experiments were performed for investigating the
sorption behaviour of Cs, Eu and actinides in contact
with pure cement and cement mixture during the process
of the cement/waste solution mixing.

I
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Eu and actinides were not more detectable in the su-
pjmatend solution (decontamination factors are > 103 for
Eu and > 104 for actinides) (Fig. 2). For Cs the decon-
tamination factor 1.5 (pure cement) and 3.0 (final ce-
ment mixture) between the liquid and the cement phase.

References:

[ 1 ] H.Bmchertseifer, E.Sommer, M.Steine mann,
G.Bart, Villigen, PSI Annex IV, Annual Report
1993.

[2] "HSK-Richtlinie fflr Kernanlagen", R14", Wiiren-
lingen, HSK, 1980 and Schweingruber, M., HSK
21/35, Wiirenlingen, HSK, 1988.
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NEUTRON SCATTERING: INTRODUCTORY REMARKS

A. Furrer*

Laboratorium fur Neutronenstreuung, ETH Zurich & Paul Scherrer Institut Villigen, CH-5232 Villigen PSI

The Laboratory for Neutron Scattering (LNS) is a joint
venture between the Eidgenossiche Technische Hochschule
Zurich (ETHZ) and the Paul Scherrer Institut Wuren-
lingen/Villigen (PSI). According to the laboratory's desig-
nation neutron scattering constitutes the main research
area. Neutron scattering measurements provide informa-
tion at an atomic level on the chemical and physical
properties of matter. By virtue of the weakness of the
neutron-matter interaction, the information is undisturbed
by the neutron probe and, in some instances, the informa-
tion is obtainable in no other way. A corollary of the weak
neutron-matter interaction is that neutron scattering
experiments are intensity limited, thus they can only be
performed with use of efficient neutron sources.

The instrumentation for neutron scattering experiments is
installed at the reactor Saphir of PSI. This is a swimming-
pool type research reactor operating at a power of 5-9 MW.
Two triple-axis spectrometers, a double-axis diffractometer
(tillable single detector or area detector /4-circle geometry)
and a multicounter powder diffractometer are installed at
four radial beam tubes. In addition, a test spectrometer is
installed at the tangential beam tube which is mainly used
for testing newly developed instrumental components. Fig.
1 shows the general layout of all the instruments, which
allow highly efficient experiments in thermal neutron
diffraction and spectroscopy due to sophisticated beam
focussing techniques developed at the laboratory. A large
number of ancillary equipment (cryostats, furnaces, mag-
nets, pressure cells, etc.) may be used on each inslrument.

2-AX

i-flx IN 5

I0P5I

-AX IN 2

REAKTOR

Fig. I: Layout of neutron scattering instruments at the
reactor Saphir

The neutron scattering technique is applied to study the
structure, dynamics, magnetic and electronic properties of
condensed matter. The main topics of the current research
activities are:

High-temperature superconductivity (determination of
structural and electronic properties related to superconduc-
tivity), materials research (superionic conductors, shape-
memory alloys, zeolites, permanent magnet materials,
hydrogen storage systems, optical storage systems, nonde-
structive materials tests, etc.) and magnetism
(determination of magnetic structures and interactions). In
addition, there is also a large program with outside users
on a collaborative scientific basis, involving per year up to
150 scientists from more than 50 Swiss and foreign
research groups in the areas of biology, chemistry, crystal-
lography, solid state physics and materials research.

Besides the research activities at the reactor Saphir the
staff members of the LNS are also involved in planning
and realizing the instrumentation for the spallation neu-
tron source SINQ which is expected to be taken into
operation in 1995/96 at PSI. Due to the technical charac-
teristics of SINQ particular emphasis will be put on the
utilization of cold neutrons. Optimum transportation of
cold neutrons will be essential. For this purpose Ni/I'i
supermirror guides are being produced on an in-line DC
magnetron sputtering facility with great success: reflectivi-
ties of 90% are reproducibly achieved at twice the critical
angle of natural nickel.

The scientific and technical reports following this
introduction constitute only a minor part of the labora-
tory's activities in 1993. It is intended as an exemplary
description of some ongoing projects in order to reflect
qualitatively the standard of research perfoimed at the
LNS, but may not yet contain the final conclusions of the
analysis. In this context we mention with pleasure the con-
tinuing interest to use the LNS facilities as well as the
increasing scientific productivity that has now extended
through several years. We feel that it is not only the avail-
ability of neutrons but also the fruitful scientific environ-
ment and competence which makes the LNS an attractive
place for excellent work in neutron scattering.

A detailed Progress Report is available on request [1].

[1] Neutronen-Streuung, Progress-Report 1993 (LNS-170,
ETHZ & PSI, 1994)
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PERCOLATIVE SUPERCONDUCTIVITY: ESTIMATION OF THE CLUSTER

! '* SIZE AS A FUNCTION OF DOPING IN ErBa2Cu3Ox (6<x<7)

J. Mesol and A. Furrer
Labor fur Neutronenstreuung ETH & PSl. CH-5232 Villigen PSI, Switzerland

There is an increasing number of experimental evidence
showing that the superconductivity in (he perovskites is
strongly inhomogeneous. Phase separation in high-Tc

superconductors has been predicted theoretically [ 1) and
observed by different experimental techniques such as
magnetic susceptibility |2), nuclear [31 and electron
paramagnetic [4] resonance, Mossbauer [5), and inelastic
neutron scattering measurements [6]. In the latter work we
have shown |6] that the lowest-lying crystalline-electric-
field (CEF) transition A in ErBa2Cu3O, is indeed built up
of a sum of three components Aj. A2 and A3 whose
spectral weights distinctly depend on the oxygen content
x. We concluded that we observed a coexistence of three
electronically different cluster types. Interesting is the x-
dcpendence of the linewidth of each component. As
visualized in Fig. I the intrinsic linewidths of the
transitions A; are much smaller for oxygen contents where
these transitions individually reach their maximum
weight, namely for x=6.0,6.5 and 7.0.

6.0 7.06.2 6.4 6.6 6.8
Oxygen content x

Figure 1. Linewidth versus x of the CEF transitions /I,.

By assuming that the line broadening predominantly
occurs at the border between different cluster types, we
can estimate the cluster size in the following way: in a
cluster containing L2 unit cells there are (L-2)2 unit cells
inside the cluster and 4(L-1) unit cells at the border. In a
first approximation, the total linewidth is therefore given
by:

where r 0 is the intrinsic linewidth (for infinite cluster
size) and AE corresponds to the energetic separation of the
CEF transitions for two coexisting cluster types. In order
to arrive at numerical values of the cluster size versus x,
we have interpolated the observed linewidths by second-
order polynomials (Fig. 1). The mean cluster lengths L
calculated from eq. (I) are shown in Fig. 2. Of particular
interest are the sizes at percolation which turn out to be
L ^ 5 and L2=10 for X)=6.86 and x2=6.42, respectively.
These values are in good agreement with theoretical
predictions of the cluster sizes [1].

1? 10J

in

.ts

! ioj

CD

u 10'

:'
• '

\ \

\

F

i

\

\

1

_ .

\

V

r
, i

-A

y
/

/
N

. 1 .

1

/
/r \

\

\

* T . i

r
i

I
/

i

•

r

i

/ |
i •

]
•

-

6.0 7.0

r = - (1)

6.2 6 .4 6.6 6.8

Oxygen content x

Figure 2. Cluster length versus x.
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TEMPERATURE DEPENDENCE OF THE CRYSTALLINE-ELECTRIC-FIELD
TRANSITIONS IN ErBa2Cu3O6.78

j

J. Mesot and A. Furrer

Labor fur Neutronenstreuung ETH & PSI, CH-5232 Villigen PSI. Switzerland

i 1

A 1

The linewidth of the crystalline-electric-field (CEF)
transitions contains interesting information about the
elementary excitations in high-Tc superconductors [1].
Therefore, in order to better understand the interplay
between the 60 and 90 K phases in the 123 materials, a
temperature dependent linewidth analysis has been
performed on a sample (ErBa2Cu3O6.78) showing a
coexistence of these two phases [2]. Previous
measurements on the same sample [3], under excellent
resolution conditions, allowed us to identify 3 excited CEF
states at EA=8.9, EB=9.8 and Ec=10.7 meV, with the
relative intensities Ic/IA=0.9 and IB/IA=0.5.

2000

4 K
50 K

100 K
150 K
200 K

— 300 K

- 1 4 - 1 2 -10 - 8 -6 -4

Energy transfer [meV]

Figure 1. T-dependence of the neutrons scattered from
ErBa2Cuj06.78.

Fig. 1 shows the new data obtained at different
temperatures on the spectrometer IN2. The decrease of the
total magnetic intensity is in good agreement with the
depopulation of the ground state (GS) expected from
Boltzmann statistics (Fig. 2). More intriguing are the
changes of both the positions and relative intensities of the

3 transitions. Below 100 K the positions of the transitions
remain unchanged while the linewidths slightly increase.
This effect is expected since the CEF linewidth is directly
related to the electron density-of-states at the Fermi level
[1]. In particular, if the energy of the CEF transition is less
than 2A, where A is the superconducting energy gap, the
linewidths should fall exponentially below Tc, since only
thermally excited quasi-particles continue to contribute to
this relaxation mechanism. Above 100 K, the highest
transition Ep shifts toward lower energies and the overall
profile of the scattering changes. This latter effect can
have two possible origins. Firstly, a variation of the
relative intensities induced either by a charge
redistribution or structural changes. Secondly, a narrowing
of the transition EA which means that the sample becomes
more homogeneous. It should be noted that the strongest
changes occur above Tc. Similar results were obtained in
an earlier study by Osborn et al. [1], who observed a
reduction in the linewidths of CEF excitations in
Tmo.1Yo.9Ba2Cu306.9 , and in contrast to the BCS
predictions, this begins to take place above Tc.
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Figure 2. Comparison of the decrease of the total
magnetic intensity with the population factor n of the GS.
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Collective Magnetic Excitations of Er3+ Ions in Grain-Aligned
ErBa2Cu3O7

F. Fauth, M. Guillaume, J. Mesot and A. Furrer
Laboratory for Neutron Scattering, ETH Zurich & PSI, CH-5232 Villigen PSI
P. Dosanjh and H. Zhou
University of Britisch Columbia, Department of Physics, Vancouver B.C., Canada
P. Vorderwisch and U. Stuhr
Berlin Neutron Scattering Center, Hahn Meitner Institut, D-14109 Berlin, Germany

The magnetic behaviour of Er3"1" ions in the
compound ErBa2Cu3C>7 has already been
intensively investigated by neutron diffraction.
Three-dimensional anti-ferromagnetic ordering of
the Er moments below Neel temperature TN=620

mK has been observed in ErBa2Cu3<I>7 by elastic
neutron diffraction I'l whereas the crystalline-
electric-field (CEF) level scheme for
ErBa2Cu3Ox (6<x<7) has been completely
determined by inelastic neutron scattering
(INS).'2' From these results we can predict the
splitting of the CEF ground-state doublet at low
temperature to be about 0.2 meV. The
corresponding transition matrix element is very
large, leading to appreciable dispersion effects
which allow a very direct determination of the
relevant magnetic coupling parameters between
the Er3+ ions.
We have investigated by inelastic neutron
scattering these low-lying magnetic excitations
below the Neel temperature in a grain-aligned
sample of ErBa2Cu3C»7. The INS experiments
were performed at the Hahn-Meitner Institute in
Berlin on the high resolution triple-axis
spectrometer V2 using cold neutrons. The sample
was oriented with the [100] axis in the scattering
plane and mounted in a 3He-4He dilution
refrigerator to achieve temperature T~50 mK.
Constant Q-scans were performed throughout the
experiments.
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[1] H. Maletta, E. Porschke, T. Chattopadhyay,
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Fig 1. Energy spectra of neutrons scattered from
grain-aligned ErBa2Cu3C>7 for two propagation
vectors along the [100] direction. The expected
low-energy transition as well as dispersion effects
clearly show up in the observed energy spectra.
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ANTIFERROMAGNETIC ORDERING OF THE Ho3+ IONS IN HoBa2Cu4O8

B.Roessli+, P. Fischer*. U. Siaub*, M. Zollikcr+, A. Furrer+, E. Kaldis0 , B. Bucher0 , J. KarpinskP, and E. JilekP
t Laboratorium fur Neutronensireuung, EidgcnOssischc Technische Hochschulc Zurich and Paul Schemer Institut, CH-

5232 Villigen PSI, Switzerland
°Laboralorium fiir FestkOrpcrphysik, ETH Zurich, CH-8093 Ziirich, Switzerland

The antiferromagnetic structure of HoBa2Cu4Og with Tc

= Ti K is determined by means of neutron scattering at T =

9 mK Imperfect three-dimensional antifcrromagnctic

ordering of the Ho^+ ions corresponding to propagation

vector K = [ 0, 1/2,0 ] is found below T N = 100 mK with

magnetic moments of magnitude l.S \IQ at saturation and

oriented parallel to the a-axis. The anlifcrromagnclic

sublallicc is characterised by stacking faults corresponding

to a Finite correlation lentgh £ c = 18 A between the rare-

earth ions along the c-axis. Analogous to the

HoBa2Cu3O6+x system [ 1 ] aniiferromagnctic ordering in

HoBa2Cu4O8 is driven by the combined action of crystal-

Held, exchange and hypcrfine interactions [2].
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Fig. 1: a. Magnetic diffraction pattern (1(9 mK) -1(400 mK)) of HoBa2Cu4Os. The background is subtracted from the

data. The scattering angles corrcponding to the Cu reflections of the sample holder are excluded from the

diffraction pattern.

b. Calculated diffraction pattern of HoBa2Cu4Og, corresponding to propagation vector K = [ 0, 1/2,0 ] and finite

correlation length 4c = 18 A, as explained in the text.

c. Calculated diffraction pattern of HoBa2Cu4Os, corresponding to propagation vector K = [ 0,1/2,0 ] and

infinite correlation length, as explained in the text.
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COMBINED ELECTRONIC-NUCLEAR MAGNETIC ORDERING OF THE Ho3+
IONS AND MAGNETIC STACKING FAULTS IN THE HIGH-Tc SYSTEM
HoBa2Cu3Ox (X = 7.0,6.8, 63 )

B.Roessli+, P. Fischer1", U. Staub+, M. Zollikert, and A. Furrer+,
tLaboratorium fiir Neutronenstreuung, EidgenOssische Technische Hochschule Zurich and Paul Scherrer Inslitut, CH-
5232 Villigen PSI, Switzerland

Magnetic ordering of HoBa2Cu3Ox ( x = 7.0, 6.8, 6.3 )
was investigated by means of neutron diffraction. Long-
range amifcrromagnetism is found for x = 7.0 below T N =
190 mK and for x = 6.8 below T N = 100 mK
corresponding to propagation vector K = [ 0, 1/2, 1/2 ]
with magnetic moment directions parallel to the a-axis.
The observed temperature dependence of the magnetic
order parameter is in excellent agreement with mean-field
calculations taking into account crystal field, exchange and
hypcrfinc interactions

0)

where X is the molecular field parameter and a=39 mK
the hyperfine interaction constant of ' ^ H o . For both
x=7.0 and 6.8 we find A.=65 mK. No magnetic
superlattice reflections were detected for x = 6.3. A
highly unusual ordering behavior is observed in
HoBa2Cu30x ( x = 7.0, 6.8 ): the three-dimensional
magnetic ordering is imperfect, due to finite correlation
length ^c = 29 A and 129 A, respectively, along the c-
axis.

HoBa2Cu306.8, l(7 mK) -

z
UJ
I—

z
o

0.
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26 (DEGREES)

Fig. 1: Observed and calculated neutron-diffraction difference pattern I ( 7 mK ) -1 ( 300 mK ) of HoBa2Cu3O6.8

resulting from the Ho-*4" magnetic ordering. The calculated neutron diffraction pattern for HoBa2Cu3O7 was

published in [1].
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Collective Magnetic Excitations of Ho*+ Ions in Grain-Aligned
HoBa2Cu3Ox (x = 7,6.2)

F. Fauth, U. Staub, .vl Guillaume, J. Mesot and A. Furrer •
Laboratory for Neutron Scattering, ETH Ziirich & PSI, CH-5232 Villigen PSI
P. Dosanjh and H. Zhou
University of Britisch Columbia, Department of Physics, Vancouver B.C., Canada
P. Vorderwisch
Berlin Neutron Scattering Center, Hahn Meitner Institut, D-14109 Berlin, Germany

Inelastic neutron scattering (INS) has been
employed to study the magnetic excitations of
H()3+ ions in grain-aligned samples of
HoBa2Cu30x both in orthorhombic (x=7) and
tetragonal (x=6.2) phases. The lowest ground-
state crystalline-electric-field (CEF) excitation
was intensively studied in a large region of
reciprocal space in order to observe dispersions in
energy. We are able so to determine the magnetic
coupling parameters between the Ho-*+ ions in
these compounds.'11
The INS experiments were performed at the
Hahn-Meitner Institute in Berlin on the high
resolution triple-axis spectrometer V2 using cold
neutrons. The samples were oriented with the
|(K)11 axis in the scattering plane and mounted in
an "orange ILL-type" helium cryostat to achieve
temperature T=1.5 K. Constant Q-scans were
performed throughout the experiments but due to
the random orientation of the sample in the (a,b)-
plane, we could not distinguish between the
components of the scattering vector Q
perpendicular to the z-axis. The actual scattering
vector was Q=2jc(x'/a,z/c) with x'=(x2+y2)1/2

(assuming a=b).

| 1 | U. Staub, F. Fauth, M. Guillaume, J. Mesot,
A. Furrer, P. Dosanjh and H. Zhou, Europhys.
Lett. 21,845(1993)
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energy spectra of neutrons scattered from grain-
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Dispersion in energy clearly appears in the
orthorhombic sample whereas this effect is
considerably reduced in the tetragonal sample.
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MAGNETIC ORDER OF Pr IONS IN PrBa2Cu3O6.2

M. Guillaume, P. Fischer, B. Roessli, A. Podlesnyak, J. Schefer and A. Furrer

Laboratory for Neutron Scattering, ETH Ziirich & PSI, CH-5232 Villigen PSI, Switzerland

The magnetic order of Pr ions in polycrystalline,
tetragonal PrBa2Cu3C>6.2 has been studied by
neutron diffraction measurements. The basic
ordering consists of an antiferromagnetic
arrangement with the propagation vector [ 1/2, 1/2,
1/2|. The three-dimensional magnetic ordering [Fig.
1 ] is imperfect due to finite correlation length i;c =
10 A along the c-axis. The Neel temperature [Fig.
2] is determined to be TN = (12 ± 1) K, and the
magnetic saturation moment of Pr ions turns out to
be (1.9 ± 0.2) jig. A mean-field calculation based
on the crystal-field parameters [1] yields a saturated
magnetic moment of 2.1 HB. which reasonably
compares with the observed value.
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Figure 1:
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and difference spectrum
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CRYSTALLINE-ELECTRIC-FIELD IN Tm2BaCuOs
J. Mesnt" and J. L. Garcia-Muilo/'
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Rom the discovery of high temperature superconductivity
many experiments suggest thai magnetism plays an
essential role in the copper oxide superconductors.
Therefore, the magnetic properties of the slahle
compounds originating from the triangle BaO-CuO-Y^O-.
require a better understanding in order to evaluate the
magnetic interactions in related high-temperature
superconductors. This is one ol the reasons why Ihe
cuprites R:BaCu<X (R=rare earth) known as "green
phases" are being extensively studied now. Magnetic
susceptibility and heal capacity measurements give
evidence lor antilerromagnelic ordering below 30 K in the
copper sublallice. which induces an ordering in (he rare-
earth sublaltice at lower temperatures | l | . Magnetic
structures have already been reported lor R=Dv. Ho. Hi.
Tin and Yb |2 | . In order to fully understand the magnetic
properties of these materials, a detailed knowledge of the
crystal-field levels (CF) of Ihe R ions is crucial. Therefore,
we have initiated a series of inelastic neutron scattering
experiments on Tm:B;iCuOs Fig. I shows the data
collected on the spectrometer IN2 at 15 K. All the CF
transitions appear lo be concentrated below 15 meV. This
is in conliasi to ihe hi«h-Tt- superconductor RB;hCu«Oi
with an overall ('I' splitting of about KM) meV | 3 | . which
is due lo the very different neighbourhood of Ihe R ion in
Ixuh systems |4|.
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NEUTRON DIFFRACTION STUDY OF CuGeO3

B. Roessli+, P. Fischer*. J. Schefer+, A. Furrer+, G. PetrakovskiP, T. Vogt*
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^Siberian Branch of Academy of Sciences, 660036 Krasnoyarsk, Russia
•Brookhaven National Laboratory, Physics Dept., Upton, NY 11973, U.S.A.

i
The cuprate CuGeO3 has attracted attention recently due
to a possible spin-Peierls transition below T=14 K II, 2]. A
powder sample (0=8 mm) was investigated both on
diffractomeiers DMC at reactor Saphir (T=10 K, 1.5 K)
and HRPD at Brookhaven National Laboratory (T=293 K).

The profile analysis based on space group Pbmm yields
good agreement between calculation and experiment, as
can be seen in fig. 1. Search for a possible dimerization or
antiferromagnetic transition of the Cu ions at low
temperature was unsuccessful.

'i
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Fig. 1: Observed (HRPD), calculated and difference neutron diffraction pattern of CuGeC*} at T=293 K.

Table 1: Structural parameters of CuGeCh at 293 K.

atom

Ge
Cu
Ol
O2

X

-0.07365(74)

0.5
0.86890(64)

0.28161(48)

y
0.25

0
0.25

0.08226(15)

z
0.5
0
0
0.5

B[A]

0.413(41)

0.794(43)

0.585(46)

0.953(43)
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The charge-transfer oxides RN1O3 (R = rare earth)
exhibit a very sharp metal-insulator transition whose
critical temperature T\j.) is controlled by the size of the
rare earth 11 ]

Very recently | 2 | , |3), resilivity measurements
under high hydrostatic pressures (up to 15 kbar) have been
reported for some members of the series (R = Pr, Nd,
Lao 3Ndo.7). The most interesting result of these
experiments is the large effect ot the external pressure on
the metal-insulator temperature Tjvf.j, which decreases at a
constant rate of -4.2 K/kbar. Since this value is the same for
all the studied nickclates, the existence of a common
structural and/or electronic parameter controlling the
evolution of T^ . j under pressure has been suggested |2J. In
order to establish the nature of this parameter, we have
performed several neutron diffraction experiments at high
hydrostatic pressures (4.7 kbar) at the Saphir reactor in
Wiirenlingcn.

From our data, a small decrease of the Ni-O
distance dNi-O and a simultaneous increase of the Ni-O-Ni
supcrcxchangc angle 0 occur by applying pressure (see
figure I). This last result is in strong disagreement with the
pressure evolution of (he supcrexchange angle observed in
other isostructural perovskite systems. Several recent
investigations on (FeMg)SiO3 (4] and NaMnFs (5] clearly
indicate that in these compounds, 6 decrease with pressure.

The sign of d6/dP is a very important parameter in
the elucidation of the mechanism controlling the evolution
o f TM-1 w ' ' n pressure. To see that, we can write the gap
energy Eg as Eg = A -W, where A (independent of the
structure) and W (depending on dfjj .o and 6) are
respectively the charge-transfer energy and the bandwidth.
In fact, W can be expressed (at least in first approximation
121) as:

W = [cosOr-8)/2]/dj!;?-o

If, as we found in our neutron diffraction
experiments, 9 increases and dNi-O decreases with
pressure, the variation of both parameters will contribute to
the metallization. If, as in the case of the other
orthorhombic pcrovskites, 6 would become smaller, the

stabilisation of the metallic state would be due to the
decrease of the Ni-0 distance, which would override the
narrowing of W produced by the diminution of the
superexchange angle.

11) P. Lacorrc et at.. I. Solid Slate Chem. 91,225 (1991).
[2] X. Obradors et al., Phys. Rev. B 47,12353 (1993).
[3] P.C. Cantfield et al. Phys. Rev. B 47, 12357 (1993).

H.K. Mao et. al., i. Geophys. Res. 96,8069 (1991).
A. Kalrusiak at. al.. Solid Stale Comm. 84,435

14]
[5]

(1992).

Figure 1. Evolution of dNi-O and 6 with pressure. Full

dots: atmospheric pressure. Open dots: 4.7 kbar.
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HIGH PRESSURE NEUTRON DIFFRACTION STUDY OF THE MAGNETIC
ORDERING IN PrNiO3

M. Medarde ''>, J. Mesol W, S. RosenkranzO, P. Fischer M, P. Lacorre <2> and K.Gobrecht <3>

(1 ' Laboratory for Neutron Scattering ETHZ. 5232 Villigen PSI (Switzerland).
(2) Laboratoirc des Fluorures, University du Maine.72017 Le Mans (France).
<3> Institut Laue-Langevin, BP 156,38042 Grenoble (France).

The orthorhombic perovskite PrNiO3 (space
group Pbnm) shows a very sharp metal-insulator transition
(M-I) at Tjvi-1 = 130K, which is accompanied by the
appearance of localized magnetic moments at the Ni sites
[1]. Under external pressure, TM-I = TN decreases at a
constant rate of -4.3K/kbar [2]. Moreover, a re-entrant
metallic behavior has also been observed in the insulating
region below TCT = 65K [2).

In order to investigate the nature of this low
temperature metallic phase (T < Tcr), we have performed
several neutron diffraction experiments at high hydrostatic
pressures. Our results (see figure 1) indicate that, at
4.7kbar, the same AF 3D magnetic ordering observed at
ambient pressures [1] develops below Tjvi-[ and remains
unchanged down to 5K.

Since in the region between TM-I and Tcr the
resistivity is highly hysterelic [3], we think that the re-
entrant metallic behavior observed in the high pressure
resistivity measurements is just the signature of an
incomplete relaxation of the system. If the sample is
maintained for a sufficiently long time at low temperature,
the insulating behavior and the associated magnetic
ordering are progressively reached, as probed by our
neutron diffraction experiments.

[11 J. Garcfa-Mufloz el al. Europhys. Lett. 20,24 (1992).
[2] X. Obradors et al. Phys. Rev. B 47,12353 (1993).
[3] X. Granados et al. Phys. Rev. B 46,15683 (1992).
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The orlhorhombically distorted pcrovskile
compounds RNiO, (R=rarc earth) show a metal to
insulator transition (MI) whereby the transition
temperature T M increases with decreasing rare-earth size
( T ^ 130, 200 K for R=Pr,Nd) [1]. In order to gel
detailed information on the local charge distribution we
have investigated the crystalline-electric-ficld (CEF)
interaction at the rare-earth site for R=Pr,Nd as well as
for the solid solution Ndo7Lao.3Ni03 (TM1=104K) by
means of inelastic neutron scattering. The measurements
were performed on the triple axis spectrometer IN2 at the
reactor SAPHIR in Wiirenlingcn.

For R=Nd, Ndo.7Lao.3 we observed all CEF transitions
out of the ground-state and one excited-state transition.
The data arc analysed in terms of a simple model where
the CEF parameters consist of a geometrical part and a

part describing the charge distribution, which reduces the
number of independent CEF parameters. The parameters
obtained with this model are in excellent agreement with
the temperature dependence of the Nd moments in the
exchange field of the ordered Ni moments [2].

For R=Pr we observed 6 of the 8 ground-state
transitions and 2 excited-state transitions. The above
mentioned CEF model predicts the two remaining
ground-state transitions to be at 67 and 72 meV.

[1] PXacorre et al., J.Solid State Chem. 91,225(1991)
[2] S.Rosenkranz, Report LNS-165 (ETH Zurich, 1992)
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Figure 1: Normalized energy spectra observed for NdNiOj.
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f DIFFRACTION STUDY
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From powder measurements it is well known that
[1] LaGaO3 crystallizes in the orthorhombic space
group Pbnm (a=5.5269 A, b=5.4943 A,
c=7.7774 A) at room temperature and that above
424.5 K the structure changes to the rhombo-
hedral space group R3c (a=5.5366 A, c=13.3953
A). But the orientation of the domain from the
high temperature phase to low temperature phase
is not definitely determined. During cooling the tilt
over into the orthorhombic phase is realized simul-
taneous in two different spots as we can visually
observe two different domains separated by the
domain wall using polarized light. In LaGaO3 it is
possible to get mono domain crystal by applying
only a few bar of uniaxial pressure to prefer one
orientation. We investigated a single crystal
(9x5x0.7 mm3), polished on both sides, by
neutron diffraction on the 4-circle diffractometer
(X.=0.84 A), following peaks selected with large
intensities. In comparison of the two different
phases we observed a reduction of the integrated
intensities in all measured peaks. We illustrate the
results of the (2 -2 4) peak in the orthorhombic
phase in Fig. 1 with decreasing and in Fig. 2 with
increasing temperature.
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Figure 1: (2 -2 4) Peak of LaGaO3 single crystal
in the orthorhombic phase investigated with
decreasing temperature: 28= 35.25*. X=0.84 A.

7000-

6000-

5000-

4000-

3000-

2000-

1000J

0-

ii iin

uu

LaGtO,

444-

•

M

...id 
i i

4 « -

' * "

444!

421 422 423 424 425 426 427 428 429
T(KJ

Figure 2: (2 -2 4) Peak of LaGaO3 single crystal
in the orthorhombic phase investigated with
increasing temperature: 20= 35.25*, X=0.84 A.



126

CRYSTALLINE-ELECTRIC-FIELD TRANSITIONS IN ERBIUM IRON GARNET

J. Mcsol'and R. Hockb

"Labor fur Neutronensireuung ETH & PSI. CH-5232 Villigen PSI, Switzerland
blnstiiut f. Mineralogie und Kristallographie. Uni Wurzburg, Am Hubland, D-8700 Wurzburg

The compounds RjX5O12 (R=rare earth. X=A1, Fe) known
as garnets are very interesting systems since they are used
in many industrial applications. Solid state lasers, which
emit in the visible spectrum, can be built by upconversion
pumping of R crystals with .suitable laser diodes. Recently,
a room-temperature lasing of Er-doped Y 3 A I J 0 J 2 was
observed at a pulsed laser operation of 561 nm.
Microwave resonators have been realized using R3Fe50i2.

From a purely structural point of view, strong similarities
exist between the coordination of the R ions in garnets and
in the superconducting materials RBa2Cu3Oj(see fig. 1).

Figure 1. Crystal structure of RIG.

In both systems the R ions are surrounded by eight O2-

located in the corners of slightly distorted cubes. As a
consequence, the resulting crystalline-electric-field (CEF)
schemes of the R ions are closely related. In addition, the
R ions in iron garnets are subject to an exchange field,
originating from the iron sublattices, which lifts the
degeneracy of the CEF states. Fig. 2 shows the energy
spectra of neutrons scattered from Er Iron Garnet (ErIG)
collected on the spectrometer IN2 at 4 K. Two CEF
windows are clearly emerging: one below 15 meV and the
other between 30 and 70 meV. The solid line represents
the calculated CEF spectrum obtained from the best fit of
the nine orthorhombic CEF parameters and of an exchange
field parameter. The final set of tetragonal CEF parameters
does not deviate by more than 10% from the parameters
extrapolated from ErBa2Cu306 [1], using geometrical
considerations. The exchange field responsible for the
splitting of the Kramers doublets is of the order of 6 Testa,
which is slightly less than the value of 10 Tesla estimated
in ref. 2.
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The magnetic properties of the europium compounds
EuS and EuO have been studied in detail above Tc in
recent years. The reason being that these systems are
ideal model systems to study the influence of dipolar ef-
fects on the spin fluctuations near Tc because the dipo-
lar wavenumber qj is large (qj = 0.21 A"1), qj can be
inferred from the relation between the inverse correla-
tion length K and the homogeneous internal susceptibil-
ity, x(0,T) = ( W K ( T ) ] 2 . °r by equating iiMs = Dq2

d,
where D is the spinwave stiffness and Ms is the satura-
tion magnetisation. Using polarised neutron scattering
we succeeded recently to show that the magnetic scat-
tering is indeed anisotropic with respect to if above and
below Tc [1,2].

In order to prove that the spin wave dispersion in
a weak dipolar ferromagnet is isotropic with respect to
q we have investigated the spin wave scattering of the
Heusler alloy PdgMnSn at two temperatures below Tc-
PdgMnSn is particularly well suited for these measure-
ments because it can be considered as a good realisa-
tion of the Heisenberg model and because the dipolar
wavenumber q^ = 0.01 A"1 [3] is much smaller than
the momentum transfers that can be achieved in inelas-
tic neutron scattering experiments. Moreover the Curie
temperature Tc — 19.3 K is convenient.

80-Heu-40-Pd2MnSn-40-Heu-300

~c 360

- 1 0 1

ENERGY (meV)

Figure 1: Spin waves measured at q = 0.173 A~* with
the sptn flipper on: transverse polarisation SS X q. The
counting time was 48 mm per point.

The measurements have been performed on the po-
larised triple axis spectrometer El at Hahn-Meitner-
Institut. The single crystal used in the present experi-
ment was the same as that investigated by Graf et al. [3]
having a volume of about 3 cm3 and a mosaic spread of

about 0.8°. It was mounted inside a cryomagnet supply-
ing a vertical magnetic field H = 5 kOe. The resulting
flipping ratio of the neutron beam was between 6 and 7.
Constant momentum transfer scans at fixed incident en-
ergy have been performed with q parallel ("transverse"
spinwaves, iS L q) and perpendicular ("longitudinal"
spinwaves, iS \\ q) to the reciprocal lattice vector (111)
and with the spin flipper off and on for temperatures
T = 144 K and T = 158 K.

80-Heu-40-Pd2MnSn-40-Heu-300
400

•? 360

1 I ' I

- PcLMnSn
T=158K (0.82 T c ) ,

Q=(0.859 1.071 1.071)-

- 1 0 1 2 3 4
ENERGY (meV)

Figure 2: Spin waves measured at q = 0.173 A~l with
the spin flipper on: longitudinal polarisation SS || q.

The scans in Figs. 1 and 2 show the spin wave scat-
tering at 0.82 Tc (T = 158 K). A constant (room) back-
ground of ~ 200 counts has already been subtracted
from the data. 500kMon corresponds to a counting time
of 48 min. The solid lines are fits to the data, using
Lorentzian spectral weight functions, convoluted with
the four-dimensional resolution function. The energy of
the transverse spin waves (Fig. 1) is in excellent agree-
ment with the results from unpolarised beam experi-
ments performed by Noda and Ishikawa [4]. The mea-
sured longitudinal spin waves (Fig. 2) at (0.859 1.071
1.071) are, unfortunately, contaminated by a spurious
peak (Bragg tail) at positive energy transfers. However,
the calculated spectrum using the parameters from fits
of the transverse spin waves is clearly compatible with
the data, indicating that the spin waves in PdjMnSn
are isotropic with respect to q for q = 0.173 A"1. This
result is in contrast to EuS, where the spin wave scat-
tering is clearly anisotropic for q = 0.19 A"1 [2].

The magnetic scattering from the parallel fluctua-
tions at (1.1 1.1 1.1) is shown in fig. 3. It is very
weak. Moreover, the spurious peak near 0.5 meV makes
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a quantitative interpretation of the spectrum rather dif-
ficult. However, it is clear that the parallel fluctuations
are quasielastic and differ therefore significantly from
the (inelastic) spin wave scattering. The quasielastic
peak has a width that is comparable with the energy
scale of the spin waves, similar as in other isotropic fer-
romagnets [5,6].

80-Heu-40-Pd2MnSn-40-Heu-300 k|=2.525A"1

*oo i—i—i—,—,—,—i—i—i—,—p

T=158K (0.82 Tc> ,

Q=(l. l 1.1 1.1)

-1 0

ENERGY (meV)

Figure 3: Parallel fluctuations (6S || M) measured for
q = 0.173 A~l with the spin flipper off. The peak at 0.5
meV is a spurion.

The experiments on Pd2MnSn show that the mag-
netic fluctuations near Tc have a similar behaviour as
those in other isotropL- ferromagnets. In particular, the
parallel fluctuations closely resemble the paramagnetic
fluctuations above Tc [3]. However, because the density
of the magnetic moments at the Mn sites in PdjMnSn
is rather low, neutron scattering experiments are diffi-
cult to perform with polarisation analysis. In order to
obtain reasonable statistics the resolution of the instru-
ment has to be exactly matched to the energy scale of
the magnetic scattering. Nevertheless, very long count-
ing times are still needed.

We should like to thank Y. Endoh and G. Shirane
for the generous loan of the Pd2MnSn single crystal.
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The magnetic properties of several heavy rare earth (R)
hexagonal ternary compounds of the type RMngGe^ were
determined recently [1,2]. These compounds present at
least two ordering temperatures: TJHJ (423 K, 466 K, 475
K) and T t (100 K. 200 K, 100 K) for Dy, Ho, Er, respec-
tively. A systematic neutron study of the magnetic and
phase transitions of the DyMngGe^ compound over the
temperature region 10-400 K has shown that at high tem-
peratures (h.t) the magnetic structure is a triple flat spiral
consisting of two Mn and one Dy ferromagnetic layers
(001) which are antiferromagnetically coupled in the
.sequence Mn(+),Dy(-),Mn(+) along c. Below T t=l00 K
one observes by a second order transition a spin reorien'ia-
tion consisting on the development of a ferrimagnetic | i z

component resulting from the antiferromagnetically
coupled ferromagnetic sublattices: Mn(+),Dy(-),Mn(+)
along c. Thus the low temperature (l.t) phase is a ferri-
magnetic triple conical spiral. The origin of the phase tran-

sition related with the spin reorientation is the temperature
dependent competition between the two sublattices by
using in the expansion of the anisotropy energy up to
fourth order terms. In DyMngGeg the two magnetic
sublattices are strongly coupled, while in the compounds
HoMngGeg and ErMn^Geg which display more complex
magnetic spiral structures like antiferromagnetic and tilted
ones and several magnetic phase transitions between them,
the coupling of the two sublattices is much less pro-
nounced, so that Mn orders first antiferromagnetically
along c with the wave vector q = (0,0,1/2).

[1] J.H.J. Brabers, V.H.M. Duijn, F.R. de Boer and
K.H.J. Buschow, J. Alloys Comp. 198 (1993) 127

[2] G. Venturing R. Welter and B. Malaman, J.Alloys
Comp. 185(1992)99

. - +•?:
Fig. I (left part): The triple ferrimagnetic spiral FS,
observed in the (h.t) region of DyMn^Ge^. The c-axis
component for Dy and Mn is shown for some of the atoms
in the bottom part.

Fig. I (right part): Schematic representation of the triple
spiral structures of DyMng/Geg a) at 293 K FS (h.t) b) at
11 K (l.t) SS. The spiral angle &s, and the cone angle <J>C

are temperature dependent.

SS FS
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In a previous investigation (see LNS Progress Report 1992)
the chemical short-range order was determined for a well-
defined thermodynamic state of a Cu-17 at.% Mn single
crystal. Whereas paramagnetic scattering has to be
considered for a measurement at room temperature, mag-
netic correlations are observed below the spin glass transi-
tion temperature of about 70 K. By taking the difference in
scattering at 16 K and 300 K (Fig. 1) these magnetic corre-
lations were determined within the (001) plane also
allowing the parasitic scattering from the cryostat to be
eliminated. The magnetic scattering shows diffuse maxima

at 1 V2+8 0 positions with 8 s 0.2 r.l.u. (Fig. 2). Using the
magnetic form factor of Shull et al. (1951) and the previ-
ously found Warren-Cowley short-range order parameters
the spin-spin correlations were estimated. They show
antiferromagnetic coupling between nearest neighbours
and a weaker ferromagnetic one between next-nearest
neighbours. This magnetic scattering is similar to the one
found in Ag-Mn (Koga et al., 1992). For a quantitative
evaluation the magnetic scattering still has to be explored
in further reciprocal lattice planes.

220 020 220

000 200 000 200

Fig. 1: Diffuse scattering in the (001) reciprocal lattice
plane at room temperature (upper triangle) and at 16 K
(lower triangle), in 0.1 Lane units.

Fig. 2: Magnetic scattering in 0.1 Laue units
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The orientation of the chemical shielding anisotropy tensor
with respect to a molecular frame of reference is of interest
in Nuclear Magnetic Resonance (NMR) studies. These
orientations can be measured by combining crystal-
lographic data with the results of 2D NMR spin diffusion
experiments without requiring the use of single crystals.
Following this procedure, we found that in a- and P-
methanol the most shielded principal axis of the nearly
symmetric '•'C CSA tensor is tilted from the C-0 bond in
the direction of the hydroxyl group by 7.0° + 1.8° and 5.5°
± 1.5°, resprectively (Fig. I) [1].

The crystal structures of a- and P-CD3OD where obtained
from powder neutron diffraction performed on the DMC at
the reactor Saphir (PSI). The structure of the a-phase at 15
K is in good agreement with the one published by Torrie et
al. 12). We investigated also the structural variations of the
a-phase from 1.5 to 145 K. The dominant feature consists
in a rotation of the hydrogen-bonded chains about their
axis. The maximum reorientation over this temperature
range is about 8 degrees [ 1 ].

The neutron diffraction study of P-methanol at 168 K
corroborates the cell parameters and the atomic positions
obtained from the single-crystal X-ray diffraction study by
Tauer and Lipscomb [3]. The deuteron positions, measured
by neutron diffraction, provide additional information. The
space group Cmc2[ gives a physically more sensible
description of the system than Cmcm, proposed by Tauer
and Lipscomb, because the deuterons involved in hydrogen
bonds are found to be asymmetrically localized between
two oxygen atoms. According to our measurements, the
methyl group in P-methanol does not reside exclusively in
staggered conformations as in a-methanol. At 168 K, the
eclipsed rotamers are also populated to 36% [1],

[1] P. Robyr, B.H. Meier. P. Fischer and R.R. Ernst,
submitted for publication to the Journal of the
American Chemical Society

12] B.H. Torrie, S.X. Weng and B.M. Powell, Mol. Phys.,
67,575(1989)

Fig. I: Orientation of the most shielded principal axis of
the " C chemical shielding tensor in methanol. The angle
0 measures the tilt of the principal axis from the C-O
bond in the COH1 plane. It amounts to 5.5° and 7.0p in
a - and P -methanol, respectively.

|3] K.J. Tauer and W.N. Lipscomb. Acta, Cryst., 5, 606
(1952)
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rium atoms have an ordered distribution which lowers the
space-group symmetry of Z^CoDj from / 4/m m m to P
4/n c c. Deuterium occupies tetrahedral [Zty] and [Zr^Co]
type interstices. Cobalt is surrounded by deuterium in a
nearly square planar configuration with Co-D distances of
1.663(2) A. A drawing of the structure viewed approxi-
mately along [ 100] is given below.

Zr2CoD5 [1] was synthesized from the reaction of ^
alloy (AI2Cu-type structure, space group / 4/m m m) with
deterium at a relatively low temperature, 125°C, and a
pressure of 15 bar. Upon deuteration the compound retains
its metal-atom structure but undergoes a strongly an-
isotropic lattice expansion: Sa/a = 8.8%, 8c/c = 2.3%,
SV/V = 21.2 %. Neutron diffraction shows that the deute-

Tetragonal structure of Zr2CoD5, viewed approximately along [100J:

O : zirconium, O : cobalt, • : D1, © : D2.

[1] F. Bonhomme, K. Yvon, and M. Zolliker, J. Alloys
and Compounds, 199 (1993) 129-132
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STUDY OF THE STRUCTURAL PHASE TRANSITIONS IN
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X-ray, dielectric and TEM experiments on
SrZn 1/3ND2/3O3 (SZN) as a function of temperature have
shown the existence of at least 2 phase transitions [1]. Un-
fortunately these techniques are not able to give a precise
quantitative information about the order parameter, the
latter being maiuy related to the tilting angle of the O-
octahedra.

Elastic neutron scattering as a function of temperature at
the superlattice reflections <3/2,l/2,l/2>, <3/2,l/2,l> are
shown in Figure 1. The first phase transition (Pm3m —>
14/mcm) occurs at about Tj=830 K and is expected to be of
second order [2]. At about 650 K a very small jump of the
order parameter seems to take place. This could correspond
to a transition from 14/mcm to Imma, but the experimental
data are not precise enough to ascertain its existence. The
second transition occurs at T||=420 K and leads to the low
temperature orthorhombic Pnma phase and is clearly of

first order. This transition, which is characterised by the
appearance of in-phase tilting (<3/2,l/2,l>), influence the
order parameter of the first phase transition (anti-phase
tilting).

The nature of the interaction between the two order pa-
rameters, or at least their relationship, has to be elucidated.
However, if one admits that between 420 and 830 K the O-
octahedra rotate around one axis (14/mcm), it can be
argued that the jump in intensity of <3/2,l/2,l/2> at 420 K
is related to the onset of anti-phase tilting around 2 axes,
according to the Pnma symmetry.

[1] E.L. Colla, I. Reaney, N. Setter; Ferroelectrics 133,
217(1992)

[2] E.L. Colla, I. Reaney, N. Setter; J. Appl. Phys. 74,
3414(1993)

Space group: _
Imma ?? 14/mcnT

< 1/2 , 3/2 ,1 >
• 1 •
650

' 1 '
700

' 1 '
750250 300 350 600

Temperature (K]
800 850

Fig. 1: Integrated intensity of the superlattice reflections <3/2,l/2,l/2> and <3/2.1/2,I> as a function of temperature in
SZN.
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NEUTRON DIFFRACTION STUDIES OF THE TETRAGONAL
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With a view to observing magnetic reflections of K3Fe5F|5

(KFEF) in the monoclinic, pseudo-orthorhombic phase at
low temperatures a twinned single crystal of 12.2 mg
(about 3.5 mm') was investigated on the 4-circle diffirac-
tometer at X = 2.337 A at the reactor Spahir. The pseudo-
orthorhombic (100) and (010) reflections were observed at
20 K, which are not allowed for the nuclear structure,
Pbam or Pba2, obtained from X-ray diffraction measure-
ments on an orthorhombic ferroelastic single domain
crystal at 28 K. The temperature dependence of the purely
magnetic (010) reflection was measured upon heating and
cooling (Fig. I), confirming a weak ferromagnetic compo-
nent of magnetization along the pseudo-orthorhombic c
axis below 120 K. According to the strong and sharp
reflections from the planes perpendicular to the c axis, it
was revealed that the magnetic moments of the iron ions
lie essentially in the plane perpendicular to the x axis.
However, a more complicated spin ordered state rather
than a simple collinear anliferromagnetic one was sug-
gested by the presence of the pseudo-orthorhombic
(-l2'/2). (12'/a) and (02'/z) reflections below 120 K (Fig. 2).
In order to identify the magnetic structure of KFEF, further
neutron diffraction studies as well as magnetic measure-
ments are required.

coding: winning:

• -1.2.0 O -1.2.0

A 0.2.0 5 A 0.2.0 5

• -1.2.0.5 D -1.2.0.5

• 1.2.0.5

e o

200

Tampmature ( K )

Fig. 2: Temperature dependence of the intensity of the
i-lVh), (I2'/2) (-120) and(02'/2) reflections

0)

o

(010)

0 JO «0 60 M '00 120

Temparature ( K )

Fig. I: Temperature dependence of the intensity of the
{Old) reflection
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STRUCTURAL PHASE TRANSITION OF MAGNESIUM NITRATE HY-
DRATE, MG (NO3)2 6 H2O: A COMBINED NEUTRON- AND X-RAY
SINGLE CRYSTAL DIFFRACTION AND CALORIMETRIC STUDY.
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* Laboratory for Neutron Scattering ETHZ&PSI, CH-5232 Villigen PSI, Switzerland
+ Faculty of Chemistry, University of Konslanz, D-78434, Konstanz, Germany

Magnesium nitrate hydrates, Mg(NC>3)2X H2O build a
model substance group in order to study melting proc-
esses. Especially, Mg (NO3>2 - 6 ^ 0 shows a two stage
melting process by having an additional phase transition
just below the melting point.
We present here the calorimelric results for 2.33 < x < 90
and structural results for Mg (NO^o 6H2O of the low
temperature a-phase between 173K and 342K using X-ray
and neutron single crystal diffraction as well as X-ray
powder diffraction and on the high temperature (5-phasc at
353K. The X-ray measurements confirmed the monoclinic
space group P2]/c with lattice constants a=6.204(5)A,
b=12.566(6)A, c=6.527(3)A, and P=93.44(6)° at 213K.
The protons were located by means of neutron single
crystal diffraction measurements at 173K. The high
temperature phase is orthorhombic Pmna with lattice
constants a=12.930(5)A, b=6.076(4)A and c=6.592(3)A at
T=353K.
The major part of the solid hydrates of salts from oxoacids
is melting incongrucnt, therefore building a solid hydrate
and a melt when decomposed. As a member of the con-
gruent melting group Mg (tiO-^x^ H2O shows an addi-
tional phase transition just below the melting point.
The system got recently new attention as a storage
medium for heat. Cantor [1] studied the system with
differential scanning calorimetry, DSC. This measurement
showed an unusual melting behaviour. Our structural
investigation on Mg ( N O ^ ^ f r ^ O shows that there is a
phase transition at T=347K just below the melting point of
Tm=363K. As the range between the phase transition and
the melting point is relatively wide and therefore
accessible for different measurements, Mg ( N C ^ ^ ^ t ^ O
may be used as a model substance for the study of a two
stage melting process. Beside the thermodynamically
measurements diffraction measurements have been per-
formed on the low temperature phase (a-form,T<347K)
and on the high temperature phase ((J-form, 347K < T <
363K). In (his paper we report on the structural properties
of the a-phase determined by X-ray single crystal dif-
fraction, the localisation of the protons by means of
neutron single crystal diffraction and X-ray powder
diffraction measurements between 173K and 342K.
Single crystals of Mg ( N C ^ ^ ^ r ^ O of the cubic size with
an edge length of 0.3mm were enclosed in a quartz capil-
lary for X-ray diffraction, such of 9mm by 3mm by 1.5mm
size enclosed in a aluminium container under Helium
atmosphere for the neutron diffraction measurements.

X-ray diffraction measurements have been performed on a
Enraf-Nonius CAD4 diffractometer using MoKa-radiation

(0.71073A) with a graphil monochromator and 03/29-
scans. The data analysis has been performed using the
SDP program package from Enraf-Nonius, the positions
have been calculated with direct methods from Fourier
difference analysis.
The single crystal neutron diffraction measurements were
performed on the new 4-circle diffractometer 4C at the
reactor SAPHK (6MW) at 173 K (c.f. picture). The spec-
trometer is using the Cu220" r e ^ e c t ' o n f ° r monochromati-
sation of the white beam. The wavelength used is X
=0.839(3) A and an Erbium filter of a thickness of 0.13
mm eliminates second order scattering. The data have
been corrected for extinction using the Becker-Coppens-
formalism as described in [2], The data refinement used
the UPALS program package [3] from ILL, a closed pro-
gram for refinement of neutron single crystal diffraction
data. A total of SS2 single reflections have been collected.
The internal data quality from merging equivalent reflec-
tion with I > 1.05 is R m = 2.52% compared to an expected
value Rm e Xp=1.87% yielding 195 unique reflections.
As this study does not cover the full water range, we ex-
tended it and also substantially increased the quality by
using DSC. The results are shown in figure 1.

Figure 1:
Melting diagram of Mg
DSC-measuremenis.

Srstm Mg(N0j)2 - HjO /

x H2O) determined by

At 362.5(2) K the diagram shows the congruent melting
hcxahydratc (14.33 mol% Mg (NC>3)2). At a composition
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of I2.S mol% it further shows an incongmcnt melting
composition, the 7-hydrate. The decomposition tem-
perature of this compound has been determined to
258.7(8)K. This compound with the highest water content
was identified as hepta(7)hydrate as the eutektical is going
up to a composition of maximal 12.5 mol% Mg (NO3>2.
The compound studied in the further investigation,
hexahydrate Mg (NO3>2 -6 HjO, shows a clear phase
transition at 347.2(9)K. It is building an eutecticum with
dihydrate up to a composition of 19.S mol% Mg (NC>3)2
and finally melts at 363.5K.
We presently can not explain the deviation of the
peritectal of the heptahydrate in the region of 7 mol% Mg
(NO3>2. A further composition, a 12 hydrate, can be
excluded as the eutectical at 240 K does exceed 7 mol%
Mg(NO3)2 .
The powder samples have been characterised using high
resolution guinier measurements. Afterwards, the lattice
constants and the monoclinic distortion angle have been
studied by the same method between room temperature
and the melting point, showing a first order phase
transition at 347K . The structure is changing from
monoclinic P21/c to orthorhombic Pmna. A full discussion
will be published elsewhere [5], where also all tables
containing the structural data are included. A second phase
transition at approximately 330 K is not as obvious, but
shows a clear change in the unit cell volume.
X-ray single crystal diffraction measurements have been
performed at three temperatures: 218K, 293K and 342K in
the low temperature a-phase and at 353 K in the high
temperature P-phase. The results will be shown in [5].
The single crystal neutron diffraction measurements
located all the protons with no restrictions in the
refinement starting with the heavy atoms derived from the
X-ray diffraction data and using fourier difference analysis
to determine starting values for protons. The calculated
proton positions from the X-ray data are in excellent
agreement with the positions refined from die neutron
data.
Figure?:

Magnesium Hexaquacomplex of Mg (NO3)2 • 6 fyO in
the
(a ) monoclinic low temperature and in the
(P ) orthorhombic high temperature phase.

a )

P)

The Mg atoms are 6-fold co-ordinated to the water mole-
cules yielding a distorted octahedra. While the bonding
Mg-Ol and Mg-O2 do not change within standard devia-
tions, one observes a small shrinking of the Mg-O3 bond
of 0.004A. The main change is in the (H11-O1-H12)-
molecule, as the angle of the Ol-Mg bond compared to the
plane of this molecule is reducing from 28.8° at 218 K
down to zero in the high temperature (p*-) phase. The
opposite behaviour, an increase from 1.7° to 48.2° is ob-
served from the (H21-02-H22)-molecule. Only small
changes are observed in the third H2O, the (H31-O3-H32)-
molecule. The discussed region of the molecule is shown
in figure 2.

Although the monoclinic space group is a non-isomorphic
subgroup of Pmna, this relation is violated in our case by
the molecule itself. This is clearly pointed out in the
figures 2a and 2b, which show the re-arrangement of the
NO3-groups and the symmetry elements.
An important point in the phase transition is the 6-ring
built from Mg-Ol-O2-O4-O5-N in the low temperature ct-
phase. The nitroxid-group is chelating the hexaquocom-
plex by introducing hydrogen bridges to the HI 1 and H22
protons. All lengths of this bridges are within expected
values. This ring is broken in the high temperature (J-
phase. The proton close to Ol has two acceptors with
practically no difference concerning angle and bond
length.

A second neutron diffraction measurement at approxi-
mately 355 K is planned in the p-phase, which will yield
more information on this interesting bonding behaviour.
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The structure of Ti is hep (o-Ti) at room tempera-
ture and bec (/?-Ti) above 882°C. Vanadium has also bec
structure. 0 -T i can be obtained at room temperature by
quenching if at least 15wt.% V are added. Single layers
of TiVr with thicknesses «100-150nm were produced by
sputtering from a Ti target PK500 onto which 18, 34 or 66
V disks had been glued. The question whether the 3 spec-
imens had Q - or ^-structure was harder to answer than
anticipated.

Sputter deposition of a 300 nm layer of pure Ti showed
the a -structure with pronounced texture. The intensity
ratios of the 3 peaks corresponding to the largest d-values
were /(100) : /(002) : /(101) = 3 : 100 : 1.5 instead of
30 : 26 : 100 as expected for random orientation. The three
Ti V r samples showed only one peak (and the corresponding
peak of double order). Its d-value is 0.7% lower than the
<f-value of o-Ti(002) in the cases with 18 and 34 V disks
and 2.4% lower in the case with 66 V disks. If, instead,
the peak is interpreted as /S-Ti(llO), then its d-value is
8.6% higher Shan the d-value of V(110) for 18 and 34 V
disks and 6.8% higher for 66 V disks.

Series of measurements were performed with varying
deflection angle 20 and constant grazing angle of incidence
i?, which was increased between the different measurements
of a series. They showed in all 3 cases an additional peak
at 2 0 « 71°, which became maximal for r? « 5°. It may
be interpreted as either o-Ti(103) or as /3-Ti(21I). Other
peaks were considerably weaker and interfered with peaks
from the silicon sub;irate, so that no clear decision between
the two phases was possible. Therefore, asymmetric 0 -
4i/2Q scans were designed with tl> optimized

a) for finding o-Ti(203) when a-Ti(002) is parallel to the
surface or
b) to find /?-Ti(123) when /?-Ti(110) is parallel to the
surface.

These measurements, given in Fig. 1 and 2, convinc-
ingly show that the specimens produced with 18 and 34
V disks have Q - T I structure with a c value 0.7% smaller
than for pure Ti and that the specimen produced with 66 V
disks has /7-Ti structure with an a value 6.8% larger than
for pure V.

114° 120* 125* 130* 135*

Figure 1: Search for the a-Ti(203) peak using an asym-
metric 0-V720 scan with V; = 50.7°.

Figure 2: Search for the /?-Ti(I23) peak using an asym-
metric Q-^/2© scan with v'1 = 55.5°.
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Nitrogen was added lo the argon sputtering gas and its
effects on the structure of 100 nm thick Ni layers were stud-
ied in view of using such layers in Ni/Ti supcrmirrors for
neutrons. The N2 additions were found to lead to

a) dilatation of the Ni lattice
b) reorientation of the Ni grains. Whereas Ni grown

in pure Ar preferentially has a {111 ) plane parallel
to the surface, the preferred plane changes to {200}.
with increasing nitrogen content.

t) reduction of the Ni grain size

d) Ni-,N formation at high nitrogen content.

These results follow from Figure I.

o -

200 -

1OO -

o

NJAr-0.14, 850W

N/Ar-O.OO, 770W

2 6 - 35* 40' 45* 50" 55 '

Figure 1: X-ray diffraction on monolayers of nickel with
varying nitrogen content

Quantitative information drawn from this figure and
supplemented by Ihe corresponding results for samples pro-
duced at higher sputtering powers arc presented in Table 1.
The first and second columns give essential parameters of
the sputter deposition process; the third and fourth columns
give the dilatations of the nickel lattice computed from the
positions of the Ni(l 11) and (200) peaks, respectively. The
powder diffraction file gives an intensity ratio 100/42 =
238% for the (111) and (200) peaks in the case of ran-
domly oriented grains, in which case further peaks have
to be expected at lower dvalues with intensities at most
50% of the (200) peak. These additional peaks have not
been observed for our monolayers. It follows then from the

background-corrected results given in the fifth column that
the lattice planes lying parallel to the sample surface are
most frequently (111) for the first sample in Table 1, i.e.
pure Ni, and (200) for the following six samples.

Pressures
in /jbar

of N,/Ar

0.0 / 3.0
0.3 / 2.2
0.3 / 2.2
0.64'/ 2.1
0.64/2.1
1.2/2.2
1.2/2.2
1.2/2.2

Power
inkW

0.77
1.6

0.35
2.5
0.85
1.75
0.85
0.28

Dilate
Nil
calci

from
(111)
0%

0.8%
1.2%
1.7%

lion of
atticc
ilatcd
•f-valuc

(200)
0%
1.3%
1.6%
2.4%
4.1%
5.3%
6.5%

Peak
height
ratio

Ni(ll l)
/Ni(200)
> 10000%

6.0%
5.6%
1.4%

Ni3N

FWHM
in pm

of
highest
peak
1.25
2.98
3.26
3.18
4.17
4.33
7.66
4.58

Table I: X-ray measurements on monolayers of nickel with
varying nitrogen content

This réorientation of the Ni grains con be explained as
follows: The surface energy is usually minimal for the lat-
tice planes with the largest number of atoms per unit surface
area, which leads to a maximum distance between adjacent
planes. Ni(l 11) satisfies this criterion in pure Ni. Nitrogen
atoms arc placed at interstitial sites octahedrally surrounded
by Ni atoms. These sites are situated at mid-altitude be-
tween adjacent Ni ( l l l ) planes. On the other hand, the oc-
tahedral sites lie in the Ni(200) planes, so that the density
of atoms increases in these planes with growing N concen-
tration. Also kinetic reasons favour the (200) orientation:
Nitrogen and sputtered Ni atoms appear simultaneously at
the surface and can be placed immediately in the grow-
ing (200) layer whereas, in the (111) direction, they must
alternately form pure Ni and (partially filled) pure N layers.

The systematically smaller dilatation values deduced
from the (111) peak might be interpreted as a deviation
from cubic symmetry. Another explanation seems to us
more likely: As discussed above, N atoms cannot as easily
be accommodated in a growing (111) layer as in a (200)
layer, so that their sticking probability will be lower, which
results in a lower N content of Ni(l 11) grains.

The last column gives the full width at half maximum
of the highest Bragg peak in units of d. Its increase with
increasing N content indicates a concurrent decrease of the
grain size.

For the sample with the highest N2 pressure and the
least sputter power three peaks of Ni3N have been observed;
they correspond to the three largest rf-valucs of Ni3N. Our
results show that it crystallizes with a preference foi (111)
layers parallel to the sample surface.
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Neutron reflectivity profiles of 100 nm thick Ni, Ni-C
and Ni-N monolaycrs were measured at the ISIS
spallalion source using a fixed sample geometry, provid-
ing constant illumination during a wavelength scan. The
admixing of C, N or dry air into Ni not only leads to a
rcoricntaiion of the crystal grains and to a reduction of
the grain size, but also leads to an increase of the
neutron scattering length density. This is made possible
by the relatively small size of the admixed atoms, which
arc placed at interstitial sites of the Ni matrix. This leads
to a dilatation of the Ni lattice. In Figure 1 we present
NR patterns of pure Ni, of Ni-N and of NiM5C0,5

monolaycrs with a nominal thickness of d = 100 nm. We
observe for Ni^C,,^ as well as for Ni-N a shift of the
critical angle 9C for total reflection of the neutrons by
about 10% towards higher values. The theoretical
calculations for Ni-N and for Ni^Cou fits the measured
data very well, as shown in Figure I In the case of pure
Ni it was not possible to fit the K laciivily profile by
using a model with just one single layer. Even by trying
to introduce a model with a graded neutron scattering
length density, it was not possible to find a good fit.
Irregular Nj outgassing of flitters, which came from
previous film productions, during the deposition of the
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Figure 6 Neutron reflectivity patterns of monolayers
ofNi, Ni-N and ofNioaC0li.

Ni film under consideration was not homogeneously
incorporated into the layer, leading to the encountered
problems. Nevertheless, the observed critical angle is
correct, since it corresponds to preliminary measure-
ments we performed on the test spectrometer at PSI. The
results are summarized in Table 1. They are about equal
for Ni-N and for Ni^C,, l5, as observed also by AFM.
Indeed, AFM measurements generally do not provide
exact absolute quantities for surface roughnesses. The
resulting scattering length density of N i ^ Q ^ corre-
sponds exactly to the value of bulk Ni, i.e. 9.4U10"* nm"
2. Ni-N has an even higher value than that of bulk Ni.

Material

Ni

Ni-N

d [nm]

92.6

79.2

RRMS (nm]

1.04

1.16

nb [nnV2)

8.2x10^

9.53x10-*

9.42x10^

Table 1 Thickness d, surface roughness RKUS and
neutron scattering lenglh density nb of Ni-based mono-
layers as a result ofNR investigations at ISIS.
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Tapping mode AFM was used to investigate various glass
surfaces in view of using such substrates for Ni/Ti-bascd
neutron supcrmirrors. We studied various regular float
glasses of different qualities and super- polished borcron
glass, the most often used substrate for neutron guides.
Figures 1 and 2 show AFM images of regular float glass
surfaces with higher and lower quality respectively. The
icrm "quality" is related to the performances of the coating.
The surfaces arc in both cases essentially very smooth but
perturbed by surface inhomogcneilics that arc possibly due
to mechanical damaging and corrosion. The observed
inhomogenciucs have a typical lateral extension of about 2-
5um for the high quality float glass and of about l-3um for
the low quality float glass. Nevertheless, as summarized in
fable I, ihe resulting roughness analysis yield a smaller root
mean square roughness for the low quality glass with
respect to the other glass type. But the smtxjlh area on the

0.0
0.0 2.5 5.0 7.5 [^mj 10.0

Figure 1 AFM pattern of high quality float glass.

surface of the high quality glass is much larger, leading to
better neutron optical performance. Figure 3 shows an AFM
image of the surface of a super polished borcron glass. The
scratches due to the polishing arc clearly visible. In this case
the roughness is substantially higher Uian for regular float
glass (Table 1). The used polishing technique gives rise to
a very flat homogeneous surface without the surface
inhomogencitics that were observed for float glass.

2.5 -

2.5

o.o
0.0 2.5 5.0 7.5 j f̂ m} 1 0 °

Figure 2 AFM pattern of low quality float glass.

10.0

Glass

float, high
quality

float, low
quality

borcron

RRMS Inm]
total area

0.60

0.40

0.83

RRMS Innil
area in box

0.30

0.21

0.79

max. height
|nm)

II

25

40

Table 5 Roughness and maximal hight variation of various
glass surfaces, as measured by AFM.
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Figure 3 AFM pattern of borcron glass.
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Atomic Force Microscopy Investigations of Ni and Ti based Films
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NiN,Oy, NiC, and TiV,
film surfaces with vari-
ous thicknesses were
studied by AFM using a
Digital Instruments
Nanoscope III in the
contact as well as in the
tapping mode [1]. These
films are used for neu-
tron supermirrors. Figure
1 shows lapping mode
surface images of Ti-
based monolayers with
two layer thicknesses.
Note that the vertical
scale is exaggerated by a
factor of 200. Pure Ti
with d=100nm forms a
relatively rough surface
with a root mean square
deviation of the rough-
ness RRM^O.SSIUTI and a

mean lateral extension I
of the surface inhomo-
geneities in the range 20-
lOOnm. With the
admixture of vanadium
the RRMS ' S reduced

substantially by about a
factor of two, as sum-
marized in Table 1. It is

clearly seen in Figure 1 that RRMS is smaller for thin layers
both for pure Ti and Ti-V. As observed by X-rays, (001),
(100) and (101) layers were found for pure Ti; whereas for
Ti-V only (001) layers were detected, leading to a smoother

Figure 10 AFM pattern of monolayers of a) pure Ti with d ••
c) Ti-V with d = 100 nm, and d) Ti-V with d = 10 nm.

100 nm, b) pure Ti with d = 10 nm,

Material

Ni

Ni-N-O

NiojiCOis

Ti

^ V » * 0.14

RRMS
[nm]

d=100nm

0.41

0.41

0.36

0.85

0.42

0.51

RRMS
[nm]

d=10nm

0.35

0.31

0.96

0.56

0.32

0.31

lat. exL
[nm]

d=100nm

100-200

20-100

10-100

20-100

50-100

40-60

lat. CXL

(nm]

d=10nm

20-200

100-500

100-400

20-200

250-500

200-500

surface. This effect seems to be most pronounced for thin
layers.

Results from AFM investigations on Ni based thin films are
summarized in Table 1. The addition of dry air, nitrogen or
^carbon reduces the grain size and causes a reorientation of
the texture from (111) to (200), as also observed by X-Ray
and transmission electron microscopy. This leads to the
observed smoother surfaces, which are dominated by large
range undulations.

[1] O. Elsenhans, P. Boni, H.P. Friedli, H. Grimmer,
P. Buffat, K. Leifer, J. Sachtig, I.S. Anderson, Thin
Solid Films: "Frontiers in Thin Film Research",
accepted for publication.

Table 1 Roughness and lateral extension of surface inhomo-
xeneities of monolayers with thickness d, as measured by AFM.
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EDS AND PEELS STUDIES OF A Ni/Ti MULTILAYER
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NiTi multilayers were studied with EDS (energy dis-
persive x-ray spectroscopy) and PEELS (Parallel elec-
tron energy loss spectroscopy) on a Hitachi HF2000
transmission electron microscope. The specimen (Fig.
2<1)) consisting of 15 bilayers Ni(20nm)/Ti(20nm) was
deposited on the native S1O2 surface layer of a Si sin-
gle crystal wafer. We were interested in the impurity
concentration of the Ni and the Ti layers and in the
thickness variations of the layers in the direction of the
electron beam. The beam is parallel to the interfaces
because of the cross sectional preparation of the speci-
men. The specimen was prepared by conventional cross
section techniques that were finished by Ar ion bom-
hardement (E = 6 keV, angle of incidence ~ 8°). Dur-
ing the experiments the specimens were cooled down
to liquid nitrogen temperature to prevent C contami-
nation, that would falsify the thickness measurements
with PEELS.

Fig. la) shows thickness profiles of the Ni/Ti film
relative to the first Ni-layer usind EDS count rates. The
probe diameter in these measurements was 4 nm. One
can calcuate the thickness ratio of different materials [1]
under the assumptions that i) the Ni and the Ti layers
are pure (error ±3%) and ii) the probe current during
1 In? acquisition remains constant, a valid assumption for
these experiments.

In both, Figs, la) and lb), the film thickness in-
creases up to the 2n d Ni layer and decreases in the 3 r d

Ti layer. In fig. lc) the relative layer thicknesses were
calculated from PEELS spectra. For these the ratio of
the intensity of the zero loss peak and the intensity of
the inelastically scattered electrons was evaluated. The
slope of the curve in Fig. lc) is stepper than the slope
of the curves in Figs, la) and lb), however, the decrease
of the film thickness in the 3 rd Ti layer is clearly repro-
duced. Furthermore the layer thickness increases again
in the 3rd Ni layer. This indicates preferential etching
during ion bombardment of the Ti layers in the Ni/Ti
multilayer. Preferential etching was also observed on
atomic force microscopy images of an ion bombarded
Ni/Ti supermirror. The differences in the slope of the
curves may be due to supplementary inelastic scattering
effects, i.e. secondary plasmons, when the layer thick-
ness approaches the inelastic mean free path of single
plasmon scattering.

Fig. 2 shows the Ti concentration in the Ni layers
and the Ni concentration in the Ti layers, here called
impurity concentrations. The concentration measure-
ments performed with a condensor aperture 2 of the
HF2000 (probe diameter 4 nm) revealed impurity con-
centrations of 3-5% both for Ni and Ti layers. Although
the probe diameter is reduced using condensor aperture

CD

I.Ni 2.Ni
2Ti 3Ti

I.Ni 2.Ni
2.Ti 3.Ti

I.Ni 2.Ni 3.Ni
2.Ti 3.Ti

Figure I: Thickness variation of the layers along the electron beam direction of the cross-sectional specimen .
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O c(Ti)
a c(Ni)

1OAt%

o

8At% -

6At% -

4At% -

2At% -

OAt%

a)
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If i

b)

EDS ap3

c)

PEELS

±1
I.Ni 2.Ni 1.Ni 2.Ni 1.Ni 2.Ni 3.Ni

2Ti 3Ti 2.Ti 3.Ti 2.Ti 3.Ti

Figure 2: Concentrations of Ni, c(Ni), in the 'I'i layers and of Ti, c(Ti), in the Ni layers measured with a) EDS,
rondrnsor aperture 2, b) EDS, condenser aperture 3, and c) PEELS (same data acquisition time as for a) ) . Scheme
of part of the layer system is shown in d).

li. the measured impurity concentrations increase to 5-
9% (Fig. 2b)). This is due to the fact that for this
measurement the acquisition time is 3 times longer than
for the measurements in Fig. 2a) and specimen drift
boconn.s important. The measurements Fig. 2a) (EDS)
and Fig. 2c) (PEELS') are comparable in the sense, that
the acquisition times were the same. The error of the
EDS measurements is purely statistical, as the precision
of lhi* quantification algorythm is belter than 1% for
a Nil'i standard. For the PEELS measurements the
error bars are due to the uncertainty in the background
subtraction and quantification intervalls.

The measurements of the impurity concentrations
include the following contributions:

• real concentration

• electron intensity far away from the center caused
by spherical abberation

• electron and x-ray interactions (high angle scat-
tering of electrons in the specimen, fluorescence,
backsattering of electrons from the pole pieces of
the objective lens)

• intermixing during the ion bombardment

Intermixing does not occur to an important degree be-
cause the impurity concentrations do not decrease with
increasing foil thickness (see Fig. 2). The fluorescence
correction is in general not very high in thin films and
furthermore x-rays, thai are emitted in the Ti-layers

cannot cause fluorescence of the K-electrons in Ni as
the energy of those electrons is too large. In contrast,
x-rays emitted in the Ni layers can cause fluorescence of
the K-electrons ill Ti. Therefore one would expect that
the measured Ti concentration in Ni is higher than the
Ni concentration in Ti. One observes the opposite. The
enhanced impurity concentrations in the 3rd Ti layer
indicate (Figs. 2a) and 2b)) that high angle scattering
(that becomes more important in thicker layers) is in
part responsible for the larger impurity concentrations.
Evidence for this is given by the concentration profiles
of the PEELS analysis shown in Fig. 2c). Actually,
electron and x-ray interactions are absent in PEELS
because the acceptance angle for the transmitted elec-
trons is usually smaller than 50 mrad, i.e. 3°. Thus the
impurity concentrations are reduced to values between
0.5 and 2%. This means that the real impurity con-
centrations in the investigated layers are smaller than
2%.

References
[1] N. J. Zaluzec, in Introduction to Analytical TEM,

edited by Hren, Goldstein and Joy (Plenum, 1979),
p. 121 fl\
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POLARIZING SUPERMIRROR WITH Co/TiV
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In order to provide polarisers for spectrometers at
the spallation source SINQ we have investigated differ-
ent ferromagnetic materials that may be suitable for
supermirror polarisers. X-ray diffraction patterns from
films of (bcc) FeCoV (thickness d - 2000 A) indicate
a strong texture along the (110) direction, in contrast
to hep Co (d = 2000 A), where the texture is much
weaker. The weak texture of thin films of hep mate-
rials, like Co, Be, and Ti, is due to the inequivalent
population of the planes. As a consequence, because
the growth velocity depends on the growth direction of
the crystallites it is expected that sputtered hep films
tend to exhibit rough interfaces. In fact, multilayers
20[Co(50A)/Ti(50A)] made on top of an absorbing layer
Tii_xGdx(700 A) have weaker superlattice reflections
than 20[CoFeV(50A)/Ti(50A)] on top of Ti1_IGdI(700
A).

After these preliminary tests we made a polarizing

micro-guide composed of 35 bilayers Co/Tii-iV* and
a top layer of Co (d = 700 A). Its transmission (length:
210 mm, width: 0.8 mm, magnetic field: H = 330 G) for
polarized neutrons is shown in Fig. 1. The measured re-
flectivity of 69% near the critical edge is ~ 10% smaller
than the theoretical value. The small value Hi = 95%,
at the angle of total reflection of pure Co, indicates
that the top layer is not smooth, in contrast to (non-
polarizing) Ni/Ti supermirrors, where the roughness of
the top layer TRMS ^ 10 A is small. Again, this obser-
vation may be related to the hep morphology of the Co
layers. Clearly, by increasing the number of bilayers and
by alloying Co it is possible to increase the reflectivity
significantly. On the other hand, for a useful polariser,
it is necessary to include a neutron absorbing layer that
may increase the roughness thus decreasing the reflec-
tivity.
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Polarizing Microguide m = 2.26
Ri = 95 %
#2 = 69 %

-1 .0 - 0 . 5 0 .0 0 .5 1.0

Angle of Reflection (°)
Figure 1: Transmission profile of our first Co/TiV polarizing supermirror microguide measured on TOPSI. The solid ;
line is a fit to the data, using as model a single reflection profile with reflectivities R\ — 0.95% and Rj = 69%. The
polarized neutrons undergo ~ 4 reflections near the critical edge, which is located near S.25 times the critical angle of ''
bulk Ni. -:
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DOUBLE-TRUMPET COMPRESSOR FOR NEAT
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In many raws thr useful neutron flux of spectrome-
ters ran lie significantly increased by focussing the beam
at the sample position using converging guides coated
with siinermirror. The performance of time-of-flight
instruments can be further increased with the aid of
a doublr-lnimpet compressor at, the chopper position.
Ueside thr additional gain in intensity, it is even possible
to improve the resolution of such an instrument because
of the improved time structure of the beam due to the
smaller windows of the chopper disks [1,2]. Moreover,
smaller disk choppers are saver to operate and are sig-
nificant ly cheaper.
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Figure I Supenmnor coalings (in - 2) far the double-
Irumpel roniprrssor of NEAT. The triangles indicate
lln rY-.sii//.s tin float glass, untidily selected fur Ni coated
guidts. The stars indicate the results for ordinary float
glass

Thanks to the recent advances in the development
of siipcrinirrnr coatings for neutron guides it is now
feiisaMe to produce coalings with large critical angles
of reflection 0r. Values of 0r = mON, with in ~ 2.7 have
been reported [3] in single reflection measurements. Opa
is the critical angle of reflection of bulk Ni.

During the course of producing supermirror coatings
tn = 2 for the neutron spallation source SINQ, we have
also embarked on the development of supermirrors with
in < 2.7. As a result we have made the supermirror
coatings for the compressor of the t ime-of-flight. instru-
ment NEAT at 1IM1 on float glass that was initially
selected for regular Ni coated guides ami on ordinary
float glass (non-selected, thickness •_' mm) from our local
supplier. The reflectivity H of all manufactured parts
have been determined by measuring the transmission of
a monochromatic neutron beam, A = '1.08 A, through
a micro-guide [4]. Near ni = 2A the neutrons undergo

S 85

£ 83

81

79
1 2 3

Run#

Figure 2: Supermirror coatings (in — 2.4) for the
ioubk-trximpet compressor of NEAT. The triangles in-
dicate, the. results on float glass, initially selected for Ni
coaled guides. The stars indicate the results for ordinary
float glass.

more than 10 reflections. This type of measurement is
very tough because it involves a determination of the
reflectivity over the whole surface of the coatings, in
contrast to a single reflection measurement, and it in-
cludes also the effects of the wavyness of the glass plates
on the transmission. The results are compiled in Figs.
1 and 2 and show that one can achieve excellent values
of R on ordinary float glass. We should like to point
out that R does not degrade visible with increasing m.
In other words, the reflectivities of both types of super-
mirrors have R ~ 92% at m = 2. We expect that m can
be increased at least up to three times the critical angle
of Ni with R ~ 84%, which is sufficient for focussing
purposes and for increasing the critical wavelength of
curved guides.
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TIPSI: NEW SPUTTERING PLANT FOR SPECIAL
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Time reversal symmetry in semileptonic weak in-
teractions can be tested for example by measuring the
transverse spin polarisation of electrons emitted in the
(3-decay of polarised nuclei. The polarisation can be
analysed by Mott scattering of the electrons in the Cou-
lomb field of a highly charged nucleus [1]. Usually gold
is taken as an analyser material, but as the scattering
depends on the nuclear charge, it is desirable to have a
foil of uranium as analyser.

Because of the likely contamination of the inline
sputtering plant Z600 we have built a new, small DC-
magnetron sputtering plant, TIPSI (see Fig. 1), for the
production of uranium foils and for other special tasks.
The sputtering chamber is 80 cm long and can accomo-
date one 50 cm long cathode PK500, or several small
cathodes PK75 from the Z600. The substrate holder
is at a fixed position and can be cooled with water. At
present the substrate holder is fixed, allowing high sput-
tering rates, i.e. about 1/im Cu or U in 10 min. The
glowing of the substrate is done by using the built in
magnetrons, however, with their magnets removed.

Several problems had to be resolved for obtaining
useful U foils. In order to remove the sputtered foil
from the substrate holder after coating we have found
that Ag acts as a good anti-adhesion layer. Additional
layers of Au, Ag, and Pb have been used to protect the
U-foil against corrosion and to improve the mechanical
stability. Finally we succeeded to prove that useful foils
with thicknesses 10/im < d < 50/im can be produced.

TIPSI has also been used for the production of sput-
tered foils of materials like AI, Cu, Be, or UCus. Tex-
tured Be foils are interesting in applications involving
the monochromatisation of neutrons, oriented foils of
UCus may help to elucidate the magnetic structure of
this interesting heavy fermion system by means of neu-
tron diffraction.

References
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Figure 1: Layout of the DC-magnetron sputtering plant TIPSI.
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A new two dimensional detector for thermal neutrons wilh
an active area of 86 by 86 mm- is presently under tests at
the reactor SAPH1R. The microstrip plate has been
designed by Ocd and and Geltcnborl at the ILL in
Grenoble. Hc^ is used as for the detection of the neutrons
and CF4 as stopping gas. Is has been produced at
HAUMER IMT in Grcifenscc/Switzcrland. It consists of a
glass plate of 0.5mm thickness (Corning 7740). A
chromium layer of 1500 A has been added by vapour
deposilon. By lithographic methods the mierostips
(including the resistance for the charge division) have
been added on both sides of the plate. The design of
similar detectors is described in e.g. in | 1 | . The case of
this first detector is based mostly on standard vacuum
parts. For the final detectors of extended size to be used at
SINQ, we are changing to a rcctancular form due 10
limitations in space between the three detectors forseen.

Mounting of the electrical contacts 10 the mikrostrip plates
in the clean-room of the sputtering machine.

Detail of the microstrip plate in the detector

Detector inserts without front window and side-wall.

Data processing is based on charge division. The charges
from the readouts (two in x and two in y) are first
amplified, afterward processed ! 7 a ADC-converter and
finally processed in a commercially available system from
FAST-Com based on a PC. This system makes the
synchronisaton and the position calculation (x/y) and tgc
data storage in the memory card or on the hard disk of the
PC. The data will be transfcrcd to the instrument
computer, e.g. a VAX workstation, by using ETHERNET
or a similar connection.

References

A.Ocdctal., NIM A2K4 (1989) 223-226



149

LABORATORY
FOR ASTROPHYSICS



150

EUVITA DETECTOR PERFORMANCE

t J. BiaJkowski', P. Biihler1, R. Henneck1, A. Mchedlishvilli1, N. Schlumpf1, R.Martini1, A. Zehnder1,0.H.W. Siegmund2

1 Paul Scherrer Institut, Astrophysics Division, CH-5232Villigen PSI
2 Space Sciences Laboratory, University of California, Berkeley

Introduction
The Extreme UV Imaging Telescope Array (EUVITA)

is a set of 6 telescopes, each sensitive in a narrow band
(k/Ak ~ 15 to 80) centered at wavelengths between 50
and 175 A. EUVITA will be flown on the Russian mission
SPECTRUM X-G. Refs. 1 describe the basic concept,
Refs. 2 the scientific capabilities and simulations of
various objects. In this report we present preliminary
results for the central telescope detectors which are being
built at PSI.

Detector description
The mechanical design of the flight detector is given in

Fig. I. For the measurements presented here no filter, ion
grid or photocathode were used. This allowed us to use a
standard UV light source which is adequate for mea-
surements of the image quality. The detector consists es-
sentially of a stack of 3 micro-channel plates (MCP's)
mounted in a Chevron configuration, followed by a posi-
tion-sensitive anode of the wedge-and-strip (W & S) de-
sign. We use Philips MCP's with a diameter of 36 mm,
12.5 |iin channel diameter, 15 (im channel spacing and a
length-to-diameter ratio of 80. The channel bias angle is
13°. The stack is mounted in a ceramic body and held in
position by a spring-loaded mechanism which applies a
force of - 24 N. No spacing between the individual plates
is used. The open detector area has a diameter of 30 mm
which corresponds to a field-of-view of 1.2°. A guiding
field of typically -350 V is applied between the back plane
of the third MCP and the anode which is virtually at
ground potential. The anode has an outer diameter of 49.5
mm, a usefuld diameter of 37 mm and a pitch of 1 mm.

electronics

-6000 V -500 V

Fig. 1: Scheme of the detector arrangement. For the
measurements shown here the filter and ion grid were dis-
mounted.

It is mounted directly onto the vacuum feed-throughs
providing the shortest possible connection to the charge
sensitive preamplifiers (Amptek A 225, measured linearity
< 10"3). The output of the preamplifiers is digitized by
three fast, 14 bit ADC's (Analog Devices AD 779 TD). A
fourth ADC digitizes the analog sum of all 3 preamplifier
outputs for redundancy. Conversion of all ADC's is started
by a trigger logic which is based on exact timing given by
the fast output of the Z-preamplifier. Upon conversion the
trigger logic sends an interrupt to the telescope processor
which then reads out the 4 ADC's.

The data acquisition software can either store directly
the W, S and Z charges of each event or a 2-dimensional
histogram of the calculated x, y positions which is updated
continuously. The latter is convenient for high-statistics
measurements, while the former is necessary if one wants
to do off-line treatment of the data.

The position x, y is simply given by the ADC values
for W, S and Z in the following way:

x=- y=
CL

Q w + Q s + Q z

In reality correction terms are necessary due to the
effects of different ADC gains, ADC offsets, preamplifier
and ADC non-linearity and cross coupling between W, S
and Z anodes. The corrections can be determined from
measurements of the offsets directly and by applying an
external pulser signal to the various preamplifier inputs.

Measurements and Results
For the results shown below we have used a set of

MCP's which have been cleaned and vacuum-baked ac-
cording to the procedure given in Ref. 3. Only a small
amount of shrubbing was applied (0.007 Cb/cm2). Best
resolution and image quality were obtained for an average
gain of 2 • 10V, corresponding to a MCP acceleration
voltage of -3800 V. The pulse height distribution was still
not optimal (FWHM = 50 %) reflecting the fact that the
gain in the center of the plates was considerably higher
than at the edges. Optimization of the guiding field bet-
ween MCP and anode resulted in a value of -350 V for •
9.5 mm gap. The background was observed to be close to
expectation (~ 0.5 cts/s • cm2 at a threshold of 20 % modal
gain) only if the MCP front was covered by a foil at the
some potential as the MCP front face. Obviously positive
ions are driven onto the MCP without this precaution.
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WSZ List file o( B3S-415O_55O_15V.WSZ
1

Improvement is expected from using anodes with
larger effective area and different pitch, larger ceramic
body diameter and optimization of the gain homogeneity
over the whole area.

Fig. 2: Image of a rectangular pin hole mask, hole spacing
2 mm. The irregular points outside of the regular grid
pattern are MCP defetcs ("hotspots").

») Imaging and spatial resolution
The imaging properties and the spatial resolution were

studied by illuminating the MCFs through a pinhole mask
which was mounted directly on the first MCP. The pin-
holes have a diameter of 20 (im and are spaced 2 nun
apart. Fig. 2 shows the detector response to such an input.
The image was analyzed by fitting 2-dimensiona! Gaus-
sians to the intensity distribution for each hole and deter-
mining its centroid and variance. Over the central SO % of
the field-of-view the image quality is considered to be
sufficient. Only near the edge do we see significant dis-
tortions; the maximum deviation from a straight-line fit to
the pinhole rows as well as from the nominal hole spacing
is 600 H m. The distortions close to the edge are thought to
originate a) from distortions of the guiding field near the
ceramic body (which is covered by a supposedly homoge-
neous -.resistive layer) which pull out the electrons radially
and b) from the fact that close to the edge some fraction of
the electron cloud falls onto the leads to the 3 anodes
which gives rise to the characteristic rotational distortion
observed. The latter effect has been reduced in the case
shown by mounting a 37 mm diameter hole mask directly
on the anode which should prevent electrons from falling
onto the leads. It is believed that the distortions are - at
least in part - artifacts from imperfect mounting of this
mask.

For the spatial resolution (defined as rms of the
FWHM's in x and y) we observed a similar behaviour: in
the 50 % center region the mean resolution is - 57 u.m.
while for all pinholes the mean is 65 flni with a low-
resolution tail (see Fig. 3). Taking into account the pinhole
diameter we obtain the corrected resolutions 53 \i m and
62 |i m. The lower resolution close to the edge is thought
(o arise from guide field distortions and from the fact thai
the gain is lower as compared to thai in the center region.

Resol Histo of B1S-'H50_J50.15V.fWH[.'., meon =
121 ' ' ' ' I ' ' ' '

I 6-

65.3966,

Fig. 3: Histogram of the apparent pinhole resolutions in
micrometers, taken for all pinholes.

b) Flatfiekl response
High-statistics images without pinhole mask displayed

a 25 % intensity enhancement in the center and a bright
edge, which has been seen also by Ref. 4 and has been
verified as a field distortion due to the inner edge of the
MCP support plate. We also observed the well-known
hexagonal "chickenwire" pattern (see e.g. Ref. 4) with a
scale length of - 0.8 mm. This scale correlated with a
similar pattern which we obtained by scanning the MCP
surface with an interferometer. From this we infer depth
differences of -70 nm between the borders of a particular
hexagon and the inside area.

Conclusions
The spatial resolution is close to the design goal of 50

\im which corresponds to 7 arcsec. Although we plan to
calibrate the whole instrument which will allow us to cor-
rect for image distortions, we intend to spent more effort
to reduce distortions, intensity and gain inhomogeneities
and background.
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XMM-RGS ELECTRO OPTICAL MODEL OF COMPLETE INSTRU-
MENT TESTED WITH X-RAYS

K Thomsen

Paul Scherrer Institut, Astrophysics Division, CH-5232 Villigen PSl

The X-Ray Multi-Mirror Mission XMM is one of four
"comer stone" missions to be launched by the European
Space Agency ESA mid 1999. The Reflection Grating
Spectrometers (RGS) on this space craft will achieve high
energy resolution and unparallelled sensitivity in the
combined first and second order of diffraction in the
wavelength range between S and 35 Angstrom. The in-
struments consist of an array of reflection gratings placed
in the converging beam at the exit of two of the three X-
ray telescopes on the space craft. The gratings diffract
light to arrays of charge-coupled device (CCD) detectors
offset from the main telescope focal plane. A set of nine
CCD-chips is arranged in a strip along the Rowland circle
for each RGS.

The design of the system has to meet very stringent
thermal requirements. In order to reduce noise and dark
current an operational temperature in the range of-130°C
is envisaged for the CCDs. The cooling has to be pro-
vided through a passive thermal radiator. In 1989 PSI
took the resposibility to design, build and finally deliver
the detector boxes including the cooling system for the
two RGS Spectrometers on XMM. A bread board model
(BBM) of the detector housing as well as for the radiator
has been built at PSI and successfully tested with respect
to thermal and mechanical specifications. An Electro Op-
tical Model (EOM) followed closely the design worked
out at PSI and was produced in close collaboration with
Swiss industry (AEO Ltd. and F+W Emmen) financed by
PRODEX, which is a Swiss contribution dedicated to the
development of instruments for ESA missions. At the end
of 1992 the EOM has been delivered to our collaborators
at SRON in Utrecht, NL. After extensive tests with CCD
detectors and X-rays at SRON, a complete system includ-
ing electronics has been assembled for an end-to-end test
of the instrument at the long-beam X-ray facicility
"Panter" in Munich. These tests started on 1. October
1993 and lasted until the end of the year. For the current
Panter tests, only a number of selected mirror shells and
also grating submodules has been present

No detailed evaluation of the wealth of data collected
has been performed yet, but preliminary analysis results
can be summarized in the following highlights:
• The thermal behavior of the detector housing cooled

by means of liquid nitrogen agreed excellently with
the predictions from simulation calculations.

• The overall predicted geometry was correct, the im-
ages were seen at the right position.

• A first estimate of the grating efficiences yields 32 %
for the zeroth order, 19 % for the first order and 7 %

for the second order. These values are in the expected
ranges.

• An additional peak has been detected with a number
of different X-ray lines. As a main contribution well
known "satellite" peaks could be identified.

• Scattering detected when using replica gratings was
more intense than with master units.

• Obscuration of the beam as measured in Panter leaves
40 % for EPIC (the main focus camera sharing the
mirrors with RGS) expected in the flight configura-
tion.

• The CDD background was higher than in the test set-
ups in Leiden and Utrecht. This is attributed to light
leaks in the Panter tank.
In parallel to the preparations for the Panter tests a

statement of work has been compiled concerning the de-
sign and manufacturing of a door mechanism for the
XMM-RGS detector box. In response to the request for
quotation from ESA four offers have been submitted by
swiss industry. CSEM won the competition and work al-
ready started in December 1993. At me time of the writ-
ing of this report (January 1994) swiss industry is asked to
submit tenders for the minituarization of electronics to in-
terface with the CCD detectors. It is intended to duplicate
the existing BBM electronics made in standard techno-
logy in the form of hybrids, i.e. surface mounting of
qualified devices onto ceramic substrates. With the ad-
vancement of the project issues of quality and product as-
surance gain in importance. A statement of work for a
first structural and thermal model (STM) of the detector
housing plus radiator and stand-off structure, is in
preparation.
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Calibration of the Radiation Environment Monitor
S.Ljungfelt
Paul Scherrer Institut, Astrophysics Division, CH-5232 Villigen PSI

The Radiation Environment Monitor (REM) is
a simple device to be flown on future missions to de-
termine the momentary particle fluxes in orbit which
constitute a hazard for modern large scale integrated
circuits.

The LET spectra of the charged particles is
measured in thin, totally depleted Silicon diodes. The
detector electronics are programmed to measure the
energy deposit (which is registered by a charge-
sensitive pre-amplifier and a 12-bit ADC) and incre-
ment one of 16 preset energy-deposit counter 'bins'.

During the irradiation at the PIF facility, the
analog signal of the REM Detector Suite was ampli-
fied (lOx) and fed into a PuJseheight Analyzer
(PHA). We used the testinput of the REM-suite to
calibrate the REM instrument. The testinput had pre-
viously been calibrated with an oc-source in vacuum.
After fitting the PHA Channel-No, as function of the
input amplitude the energy deposit for a certain PHA-
channel was obtained.

12bit ADC of REM vs PHA

The 16-bin REM-histograms were compared
with the PHA-spectra for eight proton energies be-
tween 40 and 300MeV. Totally absorbed protons de-
posit a maximum of about 7MeV which falls inside
bin 13. Therefore only bin 1-12 (<2.3MeV) which
were fully covered by the PHA-data were used in this
calibration. Assuming the range in the PHA-spectra
sensitive to these 12 bins, the best values for the bin-
limits in PHA-channels giving the REM-histograms
were calculated for all energies. A linear relations be-
tween the so obtained PHA-channels and the pro-
grammed ADC-channels were fitted for all energies.
After varying the range in the PHA-spectra, corre-
sponding to bin 1-12, bin-limits (in PHA-channels)
were extracted which well reproduced all the REM-
histograms. The relation between these bin-limits in
PHA-channels and the programmed bin-limits in
ADC-channels was found to be very close to a
straight line, cf. below.

A comparison of a calculated (dashed line)
with a measured REM-histogram is also shown The
difference still existing corresponds to no more than
the contents of 1 or 2 PHA-channels at the bin-limits.

The eight PHA-spectra together with the meas-
ured and calibrated REM-histograms (normalized to
the bin-width) are also shown below.
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TESTS OF THE REM DETECTOR ON THE BETATRON

YVojtek Hajdas". Sven Ljungfelt". Imogen Cordt'

• Astrophysics Division, Paul Scherrer Institute
t Institute for Medical Radiobiology (1MR) of the University of Zurich and Paul Scherr»r Institute

Introduction
The Radiation Environment Monitor (REM) was

developed by PSI and CIR1 for the study of proton and
electron spectra in space. The first flight version of the
REM detector will be launched in early 1994 on the
Space Technology Research Vehicle (STRV) to investi-
gate radiation conditions in the geostationary transfer
orbit and the earth's radiation belts. The STRV model
of REM consists of two thin, totally depleted Silicon
diodes (300 /im thick, 25 and 150 mm2 area) shielded
with hemispherical domes of 3.0 mm Al and 3.0 mm of
AI plus 0.75 mm of Ta respectively. The dome thick-
nesses correspond to ranges of electrons with energies
of 1.7 and 3.5 MeV respectively.

Experiment
During on-ground tests, the PSI Proton Irradiation

Facility (PIF) was used to establish the detector re-
sponse function for protons with energies up to 300
MeV2. First electron tests were done recently using
the electron beam from the BBC betatron of IMR. The
betatron works at 50 Hz and provides electrons with
energies up to 30 MeV3. As a typical spectrum of cos-
mic electrons decreases exponetially by about 3 orders
of magnitule between 1.5 and 5 MeV, only this energy
region is of special interest. Al these energies, however,
the betatron beam is to some degree contaminated with
X-rays.

Properties of the betatron beam were determined
using two plastic detectors arranged in a AE-E tele-
scope and mounted on the betatron beam line about 10
cm from the beam collimator exit. The thin AE de-
tector was 10x10x2 mm3 whereas the stopping detector
was a cylinder (25 mm diameter) of 72.5 mm length.
Compton edges of four gamma sources (60Co, I3TCs.
MMn and 3SNa) and the end-point energy of the 90Sr
beta source were used to calibrate the E detector. (The
parameters of the calibration line were found with the
least squares minimization method.) It was assumed
that the mean energy loss of the 1 to 10 MeV electrons
in the AE detector is energy independent (within 59?).
The AE detector was calibrated by fining the shape
of the electron spectrum with the help of the ( I E A N T

code from CERN4.
In order to avoid counting more than one electron

per beam burst, the count rate had to be kept below
50 counts per second. In this way the number of pile-
ups was reduced to less than 2-4%. The spectra of the
electrons and X-rays background were determined using
AE and E detectors working in coincidence and antico-
incidence - see Figures la and lb.
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Figure 1. Energy spectra from the E-detector of the
AE-E telescope, (a)- electrons, (1>) - X-rays.

It was found that the relative amount of the low en-
ergy tail electrons in the spectrum increased with lower
beam energies. Similarly, for lower energies, the con-
tamination of the electron beam with X-rays was higher.
Because X-rays were produced by electrons, their en-
ergies were always lower than the maximum electron
energy. Their spectrum was found to decrease expo-
nentially with the energy.

Experimental procedure for testing the REM detec-
tor consisted of two steps. During the first, the beam
parameters, e.g. energy, intensity, stability, were opti-
mized (as well as the non-electron background was de-
termined) with the help of the AE-E telescope set as
alr»ta<J} desrilw-d. In the second, the telescope was p'
placed by one of the REM detectors while the beam
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W;LS monitored by single AK plastic counter mounted

.•i:- rinse as possible lo the If KM. i.e ntioKf 2.0 cm from

ill-- beam axis Tin1 measurements were performed at

- •vra l energies between 1 I) \leV and 10.0 MeV. Moth

)i|astir and KKM detector spectra were measured using

l'( • Multichannel Analyzers, and stored on the PC disk

for further analyses The spectra measured by the small
C-'o mm2 area) REM detector at beam energies of 1.4
and 3.0 MeV are presented on Figures 3a and 3b (full
dots).

Results

The data are under evaluation. The largest part
of the analyses is performed using the particle tracking
code GEANT. The electron and X-rays spectra mea-
sured with the AE-E telescope ara used as the program
input. For each beam energy the relative normaliza-
tion of their intensities is found by fitting the spectrum
shape of the single AE detector - see Figure 2. It allows
to determine the electron and X-ray contributions in
spectra of the REM detector. In Figures 3a and 3b, the
experimental REM data taken at beam energies of 1.4
and 3.0 MeV are compared with the simulated electron
and X-ray spectra.

-1000

• 100

120 160 200
channels

Figure 2: Energy spectrum of the monitor detector.
The solid line represents GEANT calculations with elec-
tron and X-ray contributions. The dashed line shows
the X-ray part of the spectrum.

Further tests with improved experimental apparatus
are forseen for the next future. It is planned to install
a gamma veto detector and to purify the electron beam
with the help of a simple magnet spectrometer.

We want to thank Fred Diirr, Reinhold Henneck and
Hub Nickson for th-ir help with the measurements.
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energy / keV

• 100

0 100 200 300 400 500
energy / keV

Figure 3: Spectra of the REM detector at 1.4 (a)
and 3.0 MeV (b) beam energies. The solid lines show
GEANT calculations with electron and X-ray contribu-
tions. Electron parts of the spectra are shown using
dashed lines.
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EXPERIMENTS ON PIF - PROTON IRRADIATION FACILITY

Wojtek Hajdas, Reinhold Henneck, Felix Mattenberger, Nick Schlumpf, Alex Zehnder

Astrophysics Division, Paul Scherrer Institute

The Proton Irradiation Facility1 (PIF) built in Paul
Scherrer Institut under a contract with European Space
Agency was used in 1993 for more than 20 experiments
carried out by 15 different research teams. All exper-
iments were performed in April, June and July 1993.
The PIF ran as main user or in a parasitic mode, shar-
ing the beam with PIREX experiments. Preparation
of the experiments on PIF was short - between a few
hours and 1 day - depending on the level of complex-
ity of the experiment. The irradiation time itself varied
over a wide range - between minutes and days. Simi-
lar versatility characterized the required doses, energies
and beam intensities. The doses varied from a few rads
to tens of kilorads, energies covered the range between
10 and 300 MeV and intensities were between 50 and
5108 protons/cm2/sec. The facility served not only for
passive and active irradiation of electronic components
for space research. Several experiments for atmospheric
physics, solid state physics as well as tests of new detec-
tors, radiation monitors and technologically novel semi-
conductor devices were also performed. To character-
ize PIF activities in 1993 some of its experiments are
shortly described below:

Irradiations of electronics components
The most standard experiments on PIF were irradi-

ations of semiconductor devices: microprocessors, mem-
ories, solar cells etc. In the case of active irradiations
the number of errors in the device (or another charac-
teristic parameters, e.g. energy consumption, leakage
current) was measured as a function of deposited dose,
LET (Linear Energy Transfer) or beam intensity. Typ-
ical doses were of the order of those expected to be
collected by the component during its satellite mission.

Proton induced latch-up cross sections in CMOS
structures

In contrast to the models for single event upsets
(SEU), theoretical predictions of single event Iatch-ups
(SEL) differ from experimental data by almost an or-
der of magnitude. It was already found that SEUs ob-
served on the UoSAT low earth polar orbit satellite
were mainly caused by protons. Obviously the SELs
are much more dangerous for semiconductor devices as
they can create a low resistance path between power

supply and the ground. On the other hand a reason-
able modeling of proton induced SELs is very compli-
cated as nuclear reactions are involved in the process.
Results of the first measurements performed at PIF and
at the OPTIS facility are already published2.

Tests of the radiation monitor detector

A new radiation environment detector (REM)3 was
developed at PSI to provide quantitative data about
fluxes and energies of particles encountered by a space-
craft along its orbit. The instrument is intended to be
installed on future ESA satellites. Its successful oper-
ation requires that the detector response to the par-
ticle spectra of different space radiation environments,
like the proton and electron radiation belts, solar flares,
South Atlantic Anomaly etc., is known accurately. The
proton calibrations were done at PIF and the first test
with electrons was performed using PSI/Uni Zurich be-
tatron accelerator4.

Proton signatures and radiation damages in CCD
detectors

High resolution CCD detectors will be used in the
JET-X telescope to measure X-rays during the SPEC-
TRUM X-G satellite mission.

280

120

Full dots - standard CCD
Open dots — radiation hardened CCD

20 40 60
Time in space / months

Figure 1: Resolution of the CCD detector vs. time in
space. The radiation environment was simulated for
realistic orbit of the SPECTRUM X-G satellite.



158

Therefore, it is necessary to know the performance of
the detector over the mission lifetime and specifically its
capability to distinguish X-ray signals from the proton
background. Conclusions from PIF measurements were
that protons and X-ray signals differ significantly so the
proton background can be subtracted. On the other
hand the accumulated radiation damage in the CCD
chip appeared to be severe - see Fig. 1. Therefore,
either the detector should have improved shielding or a
special radiation hardened CCD chip must be used.

Radiation hardness of SQUID magnetometers
The SQUID magnetometers are the best devices to

measure small changes in magnetic fields. They will be
exploited to test gravitational and fundamental physics
in space experiments. The proposed missions are, e.g.
NASA Gravity Probe B to test general relativity and
ESA-NASA STEP mission to test the equivalence prin-
ciple. Because no SQUID was yet flown in space, a
realistic radiation environment was simulated by PIF.
The small dimensions of the Josephson junction of the
SQUID microcircuit were found to make it sensitive to
proton irradiation. As it is shown in Fig. 2, the radi-
ation environment modifies the response of the magne-
tometer and must be taken into account
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Figure 2: Output of the SQUID (taken in a flux locked
loop mode) vs. time. The magnetometer was irradi-
ated with 280 MeV protons with an intensity of 6107

protons/cm2/sec.

Cross section measurements of the 40Ar + p —
3f Cl + ..., 32Si -f ... reactions

The 36C1 and 32Si isotopes, produced in the upper
parts of the atmosphere, are very valuable tracers in
natural sciences. For example, the 36C1 concentration
profiles in polar ice, rocks or deep sea sediments provide
unique data about the history of our planet. The cross
sections for production of both isotopes were measured
at PIF for proton energies between 50 and 300 MeV. In
1994 it is planned to extend this range up to 600 MeV.

Development of the facility during 1993 included im-
pro-'ments in the beam setup and monitoring proce-
dures as well as optimizations of the irradiation con-
trol and data acquisition systems. The data acquisition
system is based on a PC. The irradiation is controlled
through the RS232 interface and a set of sealers. The
system monitors flux and energy of protons, calculates
deposited dose, controls position of 'he sample and the
beam focus parameters. It also allows for setting of the
beam energy with a help of a local PIF energy degrader.
This makes it possible to perform fully automated irra-
diations. The radiation detectors are selected according
to the test and user requirements. The radiation field
and beam parameters are calculated and optimized for
each experimental geometry using the Monte Carlo code
GEANT.
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Fabrication and tests of Giaver tunnel junctions as X-ray detectors
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Motivation

Superconducting particle detectors present the ad-
vantage of a reduced energy gap A ( ~ lmeV that en-
ables the production of typically 1000 times more charge
carriers than for a semiconducting device [1]. The num-
ber of charge carriers (quasiparticles) No produced by
t he absorpt ion of a photon of energy Ey can be written
as A'o = E1/(, where i is the energy required to break a
Cooper pair in the superconductor and is related to the
superconducting gap A. Any variation in the gap width
through the device would change the energy required to
create a pair of single charge carriers. Different regions
of the device would respond to photons of the same
energy differently, such that the energy resolution of
the device degrades. Hence, a spatially uniform gap in
the absorbing electrode is required. Quasiparticles are
counted by measuring the excess tunneling current in
a supercondutor-insulator-supercondutor (SIS) tunnel
junction. The expected energy resolution is « 5 eV and
encouraging results were recently obtained with devices
fabricated using refractory materials by a Livermore-
Conductus collaboration [2].

Outline

During 1993 we pursued our efforts towards the fab-
rication of a useful X-ray detector using an SIS junction.
We followed the idea [3] to fabricate junctions with 2
superconducting layers having different energy gaps on
each side of the tunnel barrier, hoping to confine quasi-
particles produced by an X-ray event in the material
with larger gap (absorber), into the material with the
lower gap (trap).

On one hand we used our mechanical mask slit tech-
nique [4| and investigated the proximity effect between
Nb and Al in devices in which each electrode (one side
of the tunnel barrier) is a bilayer of Nb/Al. Knowledge
of this proximity effect is important if one is to use de-
vices including two different superconducting materials.
On the other hand, working on a parallel path, we used
our newly "home-built" reactive ion-etching facility and
developed a whole wafer technique allowing to fabricate
To-based superconducting devices. Ta (higher Z than
Nb) is thought to yield better detectors because the ab-
sorption of X-rays is more efficient.

x10,-3

Figure 1: Current-voltage curves of a
Nb/Al/Al2O3/Al/Nb tunnel junction with 3 nm thick
Al at different temperatures. A constant magnetic field
is applied in order to suppress the Josephson supercur-
rent.

• sxp at T - 2 .2 K
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In a collaboration [5] with NRL-Washington/ West-
inghouse/ Cambridge we tested iV6-based devices for
their energy resolution as X-ray detectors. In the follow-
ing we briefly summarize the main results and problems
encountered during 1993.

JVb-based device

Nb/Al/Al2O3/Al/Nb tunnel devices were fabricated
\4\ with different thicknesses of Al films. All layers were
sputter deposited. The current-voltage curves (IV) were
recorded at different temperatures and at various values
of applied magnetic fields. A typical set of IV curves is
shown in Fig.l.

Figure 2: Dependence of the gap parameter VA as a
function of Al thickness d measured at 2.2 K. The solid
line is a fit.

A clear dependence of the magnitude of the sub-gap
current on temperature is observed. This parameter
is of utmost importance for the operation of these de-
vices as X-ray detectors, since it determines the signal
to noise ratio as well as the necessary large impedance
required to be coupled to a charge sensitive read-out
preamplifier. A series of junctions was tested at tem-
peratures below 1 K and we found that the barrier qual-
ity was not sufficient for an X-ray detector application.
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We arc presently modifying our oxidation procedure in
order to enhance the tunnel-barrier thickness and uni-
formity.

A clear dependence of the superconducting gap pa-
rameter 2 A = V2^/e (e is the charge of an electron, V2A
is determined as the voltage at which the breaking of
Cooper pairs sets in) on Al thickness is presented in fig-
ure 2. As expected, the gap parameter of the junction
decreases exponentially with increasing Al thickness d.
For large values of d we observe a deviation from the ex-
ponential dependence. We have accumulated sufficient
experimental data to allow a comparison with existing
proximity effect models and we hope to be able to ex-
tract the profile of the superconducting energy gap in
the device. A self-consistent test of the models will be
performed by using the temperature dependence of the
critical current densities of the junctions measured when
no magnetic field is applied.

To-based devioe

We developed a selective Ta etching process (STEP)
for the fabrication of Ta/Al/Al2O3/Al/Ta tunnel junc-
tions. Ta is sputter deposited or evaporated with an
electron beam whereas Al is sputter deposited or ther-
mally evaporated. The tunnel barrier of AI2O3 is formed
by exposing the wafer to a partial pressure of oxygen in
the vacuum chamber. All layers were deposited con-
secutively without breaking the vaccum. Ta is reac-
tively ion etched through a photolithographical mask in
an Ar/SFs mixture, while Al is chemically etched in a
standard wet-etch. A total of 3 different masks is used
to produce a complete device. In order to allow the
lift-off deposition of a JV6 wiring electrode on top of the
device, an insulating layer of SiOz is sputter-deposited
and lifted-off. Preliminary electrical properties exhibit
the expected non-linear IV curves similar to the ones
shown in Fig. 1. However, problems related to the
quality of the SiO? and/or AI2O3 layers are indicated
by a deviation of the temperature dependence of the
amplitude of the sub-gap currents from the thermaly
activated behavior.

Collaboration
Nb/Al-based devices fabricated at Cambridge [6] (UK)

as well as by the Westinghouse Inc (US) [7] were irra-
diated with 6 keV X-rays from a S5Fe source. The IV
curves of the junctions were of excellent quality, with
sub-gap currents of the order of a few tens of nA at 0.4
K. A cold GaAs charge sensitive preamplifier was ca-
pacitively connected to the device while a constant bias
voltage was maintained across the junction barrier. The
charge resolution of the whole experiment, determined
at 0.5 K by measuring the width of test pulses includ-
ing the device under test but without the 55Fe source
mounted, was of the order of 2000 e. After mounting
of the source, the charge pulses due to the X-ray events
were recorded. The stability of the devices under X-ray
illumination as well as the energy resolution were rather
poor. A FWHM of a few hundreds of eV were obtained.
We are still investigating these devices in order to un-
derstand their poor behavior as X-ray detectors.
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Figure 3: Optical micrograph of a finished device.



161

Figure 1: (102)-YBCO pole figure of a completed
YBCO/STO/YBCO trilayer grown on a MgO sub-
strate.

Epitaxial high critical temperature superconducting - insulating
superconducting trilayers
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Motivation
This project is aiming at the fabrication of a mono-

lithic (on one chip) high critical temperature super-
conducting (HTS) delay-line (DL). Operation of HTS
delay-lines was demonstrated for devices built with HTS
films patterned into a co-planar spiral [1] and for devices
fabricated with two separate chips covered each with a
thin superconducting film and flipped together sand-
wiching an insulator [2]. Since multilayer processing
of HTS materials like YBa2Cu3O7^e (YBCO) and re-
lated perovskite insulators like SrTiO$ (STO) is making
rapid progress we followed the approach of Kingston et
al (3] and developed our own method to grow trilayers of
YBCO/STO/YBCO using the laser- ablation method.

Experimental

As substrate material, we used 800 {tm thick, 1 err?
MgO single crystals. The dielectric losses of MgO at
low temperature are much smaller than for STO. Nev-
ertheless, we used STO as a thin-film insulator. The
films are grown in a vacuum chamber by focussing the
248 nm radiation of an excimer laser onto stoichiomet-
ric targets of YBCO and STO respectively. The growth
temperature is 700 °C and the partial pressure of O2
in the chamber is 0.2 mbar during the growth of the
first layer of 200 nm thick YBCO. In contrast to what
had been found necessary by Kingston et al, we do not
fill the chamber with Oi after growth while reducing the
temperature of the substrate gradually to room temper-
ature. Instead, no additional oxygen is provided during
the cool down process, because the original procedure
(3J leads to thr destruction of the first YBCO layer dur-
ing the deposition of the subsequent STO and YBCO
films. At this stage, the chamber is opened and a stain-
less steel mechanical mask is mounted on top of the
substrate. Before heating up again the sample to the
temperature of 800 °C required for the growth of the
STO insulator and the top YBCO layer, we establish the
same partial pressure of O2 than for the first film and
then deposit a 400 nm thick film of STO immediately
followed by 100 nm of YBCO. We slowly cool down the
sample now in one atmosphere of oxygen, with a 15 min
anneal at 500 °C.

Crystal structure
Crystal orientation of completed YBCO/STO/YBCO
trilayers was investigated by X-ray diffraction and re-
vealed that the YBCO cells grow mostly c-axis oriented,
together with some unwanted (103)-oriented material,
revealed by a weak peak around 20 = 33° in a 0 — 20
scan. We optimized our growth procedure so as to min-
imize the amount of (110) oriented STO, since the pres-
ence of these grains ford's the subsequent growth of
the top layer of YBCO in the unwanted (103) poly-
crystftlliiH' orientation. This in turn results in the pro-

duction of a large amount of grain-boundaries limiting
the current performances of the film.

The in-plane crystal order was investigated by record-
ing X-ray diffraction pole figures [4] of the (102)-YBCO
family of planes. In this measurement the beam-detector
angle is 26 = 27.88° ( which corresponds to the (102)
reticular spacing for the Ka radiation) and is kept con-
stant. The sample is mounted on a goniometer and
the ir.tensity is recorded as the sample rotates ( angle
4> ) around its surface normal n for various values of
inclination angles iji ranging from 0 to 90 ° [5] . The
(102) family of planes is inclined 57 ° with respect to
the c-axis. In this configuration, since a = b, a 360
0 </>-scan will show four diffraction peaks if the (100)-
and/or (OlO)-axis of the YBCO cell are aligned with
the (010) and/or (100) directions of the substrate. Fig-
ure 1 shows the pole figure of a completed trilayer. The
presence of 4 well defined peaks 90 ° apart at ̂  = 57°
confirms that all 3 c-axis oriented YBCO/STO/YBCO
layers have grown epitaxially (including twins) on the
MgO substrate.

Electrical properties

We measured the electrical resistivity of the top,
bottom and the insulating layers using 4-point resis-
tance measurements. Results are shown in Fig. 2.
The bottom YBCO layer and a strip defined in the top
layer have a clear transition to the superconducing state
around Tc = 87 K (Fig 2a). The top layer is then pho-
tolithographically patterned into a 50 inn wide and 12
cm long meander. In Fig. 2b we show the resistance vs
temperature of the insulator (left-hand scale) and the
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meander ( right-hand scale). The insulating STO layer
shows clear semiconducting characteristics and confirms
that the transition visible on the right-hand scale is
truly the one of the meander. The meander should have
a room temperature resistance of ~ 105fl. Hence, as
long as the insulator resistance is smaller than the par-
allel connected meander resistance, we cannot observe
its actual temperature depedence. The non-metallic be-
havior observed above Tc for the superconductor is the
one of the insulating STO layer short-cutting the paral-
lel connected meander through the bottom layer. The
inverted shoulder observed on the left-hand scale data,
at the transition temperature of the meander, can be
explained by modeling [6j our system as a network of 3
resistors having different temperature dependences.

In order to simulate this shoulder, shown again as
a dashed line on an expanded scale in Fig. 2c, we ap-
proximate the normal state resistance as well as the
transition of the meander (right-hand scale) and the
bottom layer (not shown) as a sum of 3 linear func-
tions of the form RYBCO = aT + b. The temperature
dependence of the resistance of the insulating material
is of the form RiSO = Aexp(-B/ksT), (dots, left-hand
scale). The measured resistance Rmeas is modeled as
Rmod = R2

laJ{2Ri,o + RYBCOI + RYBCO2) and repro-
duces qualitatively the inverted shoulder observed in
the data, the presence of which confirms that inspite
parallel contact we do observe a transition due to the
meander.

Signal propagation velocity experiments are under-
way in order to test these patterned trilayers as delay
line devices
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P. BOni, I.S. Anderson, P. Buffat, O. Elsenhans, H.P. Friedli, H. Grimmer, R. Hauen, K. Leifer, J. Penfold and J.

SOchtig:
RECENT PROGRESS IN SUPERMIRRORS ATPSI
ICANS-XII International Collaboration on Advanced Neutron Sources, The Cosener's Hous, Rutherford Appleton
Laboratory, Abingdon, 24.-28.5.93.

P. Boni, I.S. Anderson, P. Buffat, O. Elsenhans, H.P. Friedli, H. Grimmer and K. Leifer
INVESTIGATION OF MULTILAYERS FOR NEUTRON OPTICS
Schweiz. Physikalische Gesellschafl, Herbsuagung in Bagnes-Verbier, 23.-24.9.93.

P. B6ni, M. Hennion and J.L. Martinez:
MAGNETIC EXCITATIONS IN EuS AND POLARIZED NEUTRONS
13th General Conference of the Condensed Matter Division of the EPS, Regensburg, 29.3.-2.4.93.

P. B6ni, M. Hennion and J.L. Martinez:
SPIN FLUCTUATIONS IN EuS NEAR T c

Schweiz. Physikalische Gesellschaft, Herbsttagung in Bagnes-Verbier, 23.-24.9.93.

W. Buhrer:
NEUTRONS AND BERYLLIUM CRYSTALS: A SUMMARY OF THE RESULTS OBTAINED IN 1992 ON
'INDIVIDUALS OF KNOWN HISTORY
Beryllium Workshop, ILL Grenoble, 16.2.93.

W. BUhrcr and J. Mesot:
TRIPLE-AXIS INSTRUMENT WITH DOUBLY FOCUSING ('ZOOM') MONOCHROMATOR AND
HORIZONTALLY FOCUSING ANALYSER: 7 YEARS EXPERIENCE
Workshop on Focusing Bragg Optics, Braunschweig, 10.-11.5.93.

T. Chattopadhyay, P.J. Brown and B. Roessli:
DISAPPEARANCE OF THREE-DIMENSIONAL MAGNETIC ORDERING IN Gd2Cu04

38th annual conference on magnetism and magnetic materials, Minneapolis, 15.-18.11.1993

O. Elsenhans, I. Anderson, P. BOni, P. Buffat, H.P. Friedli, H. Grimmer, R. Hauert, K. Leifer and J. Soechtig:
ARTIFICAL MULTILAYER SUPERMIRRORS FOR NEUTRON OPTICS
9th International Colloquium on Plasama Process, Antibes-Juan-les-Pins, France, 6.-11.6.93.

O. Elsenhans, I. Anderson, P. Boni, P. Buffat, H.P. Friedli, H. Grimmer, R. Hauert, K. Leifer and J. Soechtig:
THIN FILMS FOR MULTILAYER NEUTRON SUPERMIRRORS
Summer School on Neutron Scattering, Zuoz, 15.-21.8.93.

O. Elsenhans, I. Anderson, P. BOni, P. Buffat, H.P. Friedli, H. Grimmer, R. Hauert, K. Leifer and J. Soechtig:
NEW DEVELOPMENT OF Ni/Ti MULTILAYER SUPERMIRRORS FOR NEUTRON OPTICS
9th International Conference on Thin Films, Vienna, Austria, 6.-I0.9.93.

O. Elsenhans, I. Anderson, P. Boni, M. Emmenegger, H. Heer, A. Isacson, P. Keller, M. Koch, P. Rasmussen, H. Senn,
R. Thut und M. Zolliker
NEUES TESTSPEKTROMETER AM REAKTOR SAPHIR
Bcniitzerversammlung Neutronenstreuung 1993, PSI Villigen, 6.4.93.



179

O. Elsenhans, P. BOni, H.P. Friedli, H. Grimmer, P. Buffat, K. Leifer, I. Anderson, J. Soechtig and R. Hauert:
- i THIN FILMS FOR NEUTRON OPTICS

European Physical Society Condensed Matter Division 13th General Conference, Regensburg, BRD, 29.3.-2.4.93.

F. Fauth, U. Staub. M. Guillaume, J. Mesot, A. Furrer, P. Dosanjh and H. Zhou:
COLLECTIVE MAGNETIC EXCITATIONS OF Ho3+ IONS IN GRAIN-ALIGNED HoBa2Cu3O7
13th General Conference of the Condensed Matter Division, EPS, Regensburg, 29.3.-2.4.93.

F. Fauth, U. Staub. M. Guillaume, J. Mesol, A. Furrer, P. Dosanj, H. Zhou and P. Vorderwisch:

EXCITATIONS MAGNETIQUES COLLECTIVES DES IONS Ho3+ DANS LE SYSTEME HoBa2Cu3Ox ORIENTE
Hcrbsttagung der Schweiz. Phys. Gesellschafl, Verbier, 23.-24.9.93.

P. Fischer:
NEW NEUTRON DIFFRACTION RESULTS ON STRUCTURE AND MAGNETIC ORDERING OF 'Rl-2-3', 'Rl-2-
4" SYSTEMS (R=RARE EARTH) AND ON MiPd2Al3 HEAVY-FERMION MATERIALS (M=U,Ce)
Russian-French Seminar on Current Topics of Condensed Matter Problems with Neutrons and Complementary Methods,
Gatchina, 29.6.-6.7.93.

P. Fischer:
MAGNETIC STRUCTURES
Summer School on Neutron Scattering,Zuoz, I5.-2I.8.93.

P. Fischer, M. Lujan, F. Kubel and H. Schmid:
CRYSTAL STRUCTURE AND MAGNETIC ORDERING IN MAGNETOELECTRIC KNiPO4 INVESTIGATED BY
MEANS OF X-RAY AND NEUTRON DIFFRACTION METHODS
2nd Internal. Conf. on Magnctoclcctric Interaction Phenomena in Crystals, Ascona, 13.-18.9.93.

A. Furrer:
NEUTRON SCATTERING FORM MAGNETIC CLUSTERS OF TRANSITION METAL IONS
Meeting on an Advanced Neutron Spallation Source, AUSTRON, Vienna, 3.-4.5.93.

A. Furrer:
MAGNETIC EXCITATIONS OF Er3+ IONS IN GRAIN-ALIGNED ErBa2Cu30x (x=6,7)
BENSC-Nutzervesammlung, Hahn-Meitner-Institut, Berlin, 12.-13.5.93.

A. Furrcr:
SUMMARY OF LECTURES PRESENTED
First Summer School on Neutron Scattering, Zuoz, 15.-21.8.93.

A. Furrer:
LOW-ENERGY SPIN EXCITATIONS IN Y Ba2Cu3O7
BENSC-Nutzerveryammlung, Hahn-Meilner-Insutut, Berlin, 22.-23.9.93.

A. Furrer:

ZUR WISSENSCHAFTLICH-TECHNISCHEN RELEVANZ DER SPALLATIONS-NEUTRONENQUELLE
AUSTRON
AUSTRON-Pressekonferenz, Wicn, 25.11.93.

A. Furrcr:
NEUTRON SCATTERING IN SWITZERLAND

OECD "Megascience Forum", Risf, Denmark, 29.11.-1.12.93.
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A. Furrer, J. Mesot and P. Allenspach:
NEUTRON SPECTROSCOPY IN RBa2Cu30x (R=RARE EARTH) COMPOUNDS: CHARGE TRANSFER, PHASE
SEPARATION, SPIN FLUCTUATIONS
Second Workshop on "Phase Separation in Cupraie Superconductors", Cottbus, Germany, 4.-10.9.93.

A. Furrer, J. Mesot, U. Slaub, F. Fauth and M. Guillaume:
NEUTRON SPECTROSCOPV IN RBa2Cu3Ox (R=Ho,Er; <j£x<7) COMPOUNDS
20ih Rare Earth Research Conference, Monterey, 13.-17.9.93.

A. Furrer, J. Mesot, U. Staub, M. Guillaume and F. Fauth:
NEUTRON SPECTROSCOPIC STUDIES IN HIGH-TC COMPOUNDS
Workshop des NFP 30 "Hochtemperatur-Supraleitung", ABB Dattwil, 4.-5.2.93.

F. Gingl, F. Bonhomme, K. Yvon and P. Fischer:
TETRACALCIUM TRIMAGNESIUM TETRADECAHYDRIDE, Ca4Mg3H|4: THE FIRST TERNARY ALKALINE-
EARTH HYDRIDE
Crystal Chemistry Symposium, Geneve, 6.-7.4.93.

F. Gingl, K. Yvon and P. Fischer:
STRONTIUM MAGNESIUM TETRAHYDRIDE, SrMgH,: A NEW TERNARY ALKALINE EARTH HYDRIDE
Crystal Chemistry Symposium, Geneve, 6.-7.4.93.

IV. Golosovsky, V.P. Plakhty, P. BOni and P. Fischer.
NEUTRON DIFFRACTION STUDIES OF MAGNETIC STRUCTURES IN THE CUPRATES KtCuOs, WHERE
R=Nd,Gd,Dy,Ho,Er,Tm,Yb AND Y
38th Annual Conference on Magnetism and Magnetic Materials, Minneapolis, 15.-18.11.93.

H. Grimmer:
THE FORMS OF TENSORS DESCRIBING MAGNETIC, ELECTRIC AND TOROIDAL PROPERTIES
2nd International Conference on Magnetoelectric Interaction Phenomena in Crystals, Ascona, 13.-18.9.93.

H. Grimmer, P. Bant, O. Elsenhans, H.P. Friedli, K. Leifer, P. Buffat, I.S. Anderson:
GROWTH AND INVESTIGATION OF MULTILAYERS FOR NEUTRON OPTICS
13th General Conference of the Condensed Matter Division, EPS, Regensburg, 29.3.-2.4.93.

H. Grimmer, P. BOni, O. Elsenhans, H.P. Friedli, K. Leifer, P. Buffat, I.S. Anderson:
CHARACTERIZATION OF MULTILAYERS FOR NEUTRON OPTICS
3rd European Powder Diffraction Conference, Wien, 25.-28.9.93.

M. Guillaume, P. Allenspach, J. Mesot, U. Staub, B. Roessli, P. Fischer and A. Furrer:

A SYSTEMATIC NEUTRON DIFFRACTION STUDY OF RBa2Cu30, (R=YTTRIUM AND RARE EARTHS) FOR
OXYGEN CONTENTS x=6 AND x=7
13th General Conference of the Condensed Matter Division, EPS, Regensburg, 29.3.-2.4.93.

M. Guillaume, P. Allenspach, J. Mesot, U. Slaub, P. Fischer and A. Furrer.
STRUCTURE ANALYSES AND CRYSTALLINE-ELECTRIC-FIELD SPLITTING IN Eri.YPrYBa2Cu30x
(y=0,0.1,0.3,0.4; Qgx<7)
Seminar at Argonne National Laboratory, Illinois, USA, 22.11.93.
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M. Guillaume, F. Fauth, J. Mesot, U. Staub, C. Carlile and A. Furrer:
CRYSTALLINE-ELECTRIC-FIELD AND PAIR INTERACTIONS OF Ho3 + IONS IN HIGH-TC Yo.9Hoo.iBa2Cu30x

(6<x<7)
13lh General Conference of the Condensed Mailer Division, EPS, Regt.nsburg, 29.3.-2.4.93.

M. Guillaume, F. Fauth, J. Mesot, U. Staub, C. Carlile and A. Furrer:
CRYSTALLINE-ELECTRIC-FIELD AND PAIR INTERACTIONS OF Ho3+ IONS IN HIGH-TC

COMPOUNDS
International Summer School on Neutron Scattering, Zuoz, 15.-21.8.93.

M. Guillaumc, F. Fauth. J. Mesot, U. Staub, A. Furrer and C. Carlile:
CRYSTALLINE-ELECTRIC-FIELD AND PAIR INTERACTIONS OF Ho3+ IONS IN HIGH-TC j
(x=7 AND 6) COMPOUNDS
Seminar at Oak Ridge National Laboratory, Tennessee, USA, 24.11.93.

M. Guilbume, F. Fauth, J. Mesot, U. Staub, A. Furrer and C. Carlile:
Ho3t DIMER EXCITATIONS AND Cu2 + SPIN FLUCTUATIONS IN Y O . Q H O O . ^ C U S O , (6.5<x<7)
MRS Fall Meeting 1993, Boston, Massachusetts, USA, 29.11.-3.12.93.

M. Guillaume, P. Fischer, B. Roessli, A. Podlesnyak, J. Scheferand A. Furrcr:
MAGNETIC ORDER OF PR IONS IN PrBa2Cu3O6

38th Annual Conference on Magnetism and Magnetic Materials, Minneapolis, Minnesota, USA, 15.-18.11.93.

M. Guillaume, B. Rocssli, F. Fauth, W. Henggcler, W. Marti, A. Podlesnyak, U. Staub, P. Fischer and A. Furrer:
NEUTRONENDIFFRAKTIONSUNTERSUCHUNGEN AN HOCH-TC SUPRALEITERN
Workshop des NFP 30 "Hochtcmpcratur-Supraleitung", ABB Dattwil, 4.-5.2.93.

W. Hcnggclcr, L. Keller, W. Biihrcr, F. Hulliger and F. Furrcr:
LATTICE DYNAMICS AND CRYSTAL HELD EXCITATIONS IN YbAs
13th General Conference of the Condensed Matter Division, EPS, Rcgensburg, 29.3.-2.4.93.

YV. Hcnggclcr, L. Keller, A. Furrer, W. Biihrcr and F. Hulliger:
QUADRUPOLAR INTERACTION IN THE HEAVY FERMION COMPOUND YbAs
Hcrbsttagung 1993, Schweiz. Phys. Gescllschaft, Bagnes-Vcrbier, 24.9.93.

B. Huang, K. Yvon and P. Fischer:

STRONTIUM DIMAGNESIUM IRON OCTAHYDRIDE SrMg2FeHg, CONTAINING OCTAHEDRAL [FcHe]4-
COMPLEX ANIONS
Crystal Chemistry Symposium, Geneve, 6.-7.4.93.

B. Huang, K. Yvon and P. Fischer:

Ca4Mg4Fc3H22, A NEW QUARTERNARY METAL HYDRIDE CONTAINING OCTAHEDRAL [FeH,;}4- COMPLEX
ANIONS
Crystal Chemistry Symposium, Geneve, 6.-7.4.93.

L. Keller, P. Fischer, A. Furrer, K. Kramer and H.U. GUdel:
MAGNETIC ORDERING AND CRYSTALLINE ELECTRIC FIELD IN K2UX5 (X=CI,Br,I)
Actinidcs '93, Santa Fe, USA, 19.-24.9.93.

L. Keller, W. Henggeler, A. Furrer, W. BUhrer and F. Hulligcr:

SPLITTING OF THE r$ CEF LEVEL IN YbX <X=N.P.As,Sb): EVIDENCE FOR QUADRUPOLAR ORDERING
20th Rare Earth Research Conference, Monterey, USA, 13.-17.9.93.
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L. Keller, K. Kramer, P. Fischer, H.U. Giidel, G. Meyer, A. DOnni and T. Suzuki:
SHORT- AND LONG-RANGE MAGNETIC ORDERING IN K2UX5 (X=Cl,Br,I)
13th General Conference of the Condensed Matter Division, EPS, Regensburg, 29.3.-2.4.93.

W. Kockclmann, W. Schafer, G. Will, P. Fischer und J. Gal:
EISENVERTEILUNG IN INTERMETALLISCHEN RFe5Al7-VERBINDUNGEN (R=TbJ)y,Ho,Er,Tm) AUS
NEUTRONENBEUGUNG
31. Jahreslagung der Deutschen Gesellschaft fiir Kristallographie, Bochum, 10.-12.3.93.

W. Marti, P. Fischer, A. Furrer, H.J. Scheel and M. Tadin:
PHASE TRANSITIONS IN LaGaCb AND NdGaO3 AND CRYSTAL FIELD SPLITTING IN NdGaO3
13th General Conference of the Condensed Matter Division EPS, Regensburg, 29.3.-2.4.93.

W. Marti, P. Fischer, HJ. Scheel and M. Tadin:
STRUKTURANALYSE AN RGaO3 (La,Pr,Nd) MITTELS NEUTRONENSTREUUNG
Herbsttagung der Schweiz. Phys. Gesellschaft, Bagnes-Verbier, 24.9.93.

M. Mcdardc, A. Fontaine, J.L. Garcia-Mufioz and J. Rodriguez-Carvajal:
ABOUT THE VALENCE OF Ni IN RNK}} PEROVSKITES (R=RARE EARTH)
International Workshop on the Use of Neutrons and X-rays in the Study of Magnetism, Grenoble, 21.-23.1.93.

M. Mcdarde, A. Fontaine, J.L. Garcia-Mufioz and J. Rodriguez-Carvajal:
THE VALENCE OF Ni IN RNiO3 PEROVSKITES (R=RARE EARTH) INVESTIGATED BY X-RAY ABSORPTION
SPECTROSCOPY
International School of Crystallography, 20th Course: Materials and Crystallographic Aspects of High Temperature
Superconductivity, Ericc, Italy, 17.-29.5.93.

M. Mcdarde, A. Fontaine and J. Rodriguez-Carvajal:
XAS SPECTROSCOPY ON RN1O3 PEROVSKITES (R=PR,ND): ABOUT THE VALENCE OF NI AND THE ORIGIN
OF THE METAL-INSULATOR transition
13ih General Conference of the Condensed Matter Division (European Physical Society), in conjunction with
Arbcitskrcis FeslkCrperphysik (Deutsche Physikalische Gesellschaft), Regensburg, 29.3.-2.4.93.

M. Mcdardc, J.L. Garcia-Mufioz, S. Rosenkranz, X. Granados, J. Fontcuberta and P. Lacorre:
CRYSTALLOGRAPHIC AND MAGNETIC STUDY OF NdojLaojNiC^

XX International Conferende on Low Temperature Physics, Eugene, Oregon, USA, 4.-11.8.93.

M. Medarde, J. Mesol, S. Rosenkranz, P. Fischer, P. Lacorre and K. Gobrecht:
HIGH PRESSURE INVESTIGATIONS ON PrNiO3
Summer School on Neutron Scattering, Zuoz, 15.-21.8.93.

M. Medarde, S. Rosenkranz, P. Fischer and A. Furrer

LOW TEMPERATURE MAGNETIC STRUCTURE OF NdN'03: EVIDENCE FOR THE ONSET OF THE ND-ND
INTERACTIONS
13th General Conference of the Condensed Matter Division (European Physical Society), in conjunction with
Arbeitskreis FestkOrperphysik (Deutsche Physikalische Gesellschaft), Regensburg, Germany, 29.3.-2.4.93.

M. Medarde, S. Rosenkranz, P. Fischer, A. Furrer and P. Lacorre:
LOW TEMPERATURE MAGNETIC STRUCTURE OF NdNiO3
Euroconference on Dynamic Properties of Condensed Matter, Patras, Greece, 21.-26.9.93.
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J. Mcsot:
j HIGH-Tc SUPERCONDUCTORS: CLUSTER FORMATION AND PERCOLATIVE SUPERCONDUCTIVITY

' Summer School on Neutron Scattering, Zuoz, 15.-21.8.93.

J. Mcsot:
PHASE SEPARATION AND SPIN FLUCTUATIONS IN RBa2Cu30i (R=RARE EARTH, 6<x<7) STUDIED BY
NEUTRON SPECTROSCOPY
Euroconfcrcnce on Dynamic Properties of Condensed Matter, Patras, Greece, 21.-26.9.93.

J. Mcsot, U. Staub, P. Allenspach and A. Furrcr:
CHARGE TRANSFER AND PERCOLATIVE SUPERCONDUCTIVITY DERIVED FROM A STUDY OF THE
CRYSTAL FIELD OF Er3+ IN ErBa2Cu30x
International Workshop on the Use of Neutrons and X-rays in the Study of Magnetism, ILL-ESRF Grenoble FR, 21.-
23.1.93.

G. Petrakovskii, K. Sablina, V. Valkov, B. Fcdoscev, A. Furrcr, B. Roessli and P. Fischer:
FOUR-SPIN EXCHANGE IN Bl2CuO4

Summer School on Neutron Scattering, Zuoz, 15.-21.8.93.

G. Pctrakovskii, K. Sablina, V. Valkov, B. Fcdoscev, A. Furrcr, B. Rocssli and P. Fischer
FOUR-SPIN EXCHANGE IN Bi2CuO4

38th annual conference on magnetism and magnetic materials, Minneapolis, 15.-18.11.1993

R. Pr/.cnioslo, I. Sosnowska, P. Fischer and M. Shiqjin:
NEUTRON DIFFRACTION STUDIES OF CRYSTAL STRUCTURE OF BaSn2Fe4O| ]
International School and Symposium on Physics in Materials Science, Jaszowiec, Poland, 12.-19.9.93.

H. Roclofs, B. Schflnfeld, A. Malik, G. Kostorz and W. Biihrer:
LOCAL ATOMIC ARRANGEMENT IN Cu-i7 AT.% MN
13th General Conference of the Condensed Matter Division of the EPS, Regensburg, 29.3.-2.4.93.

B. Rocssli, P. Fischer, A. Furrer, G. Petrakovskii, K. Sablina, V. Valkov and B. Fedoseev:
SPIN-WAVE EXCITATIONS IN SINGLE CRYSTAL Bi2Cu04 INVESTIGATED BY NEUTRON SCATTERING

'•• 13th General Conference of the Condensed Matter Division, European Physical Society, Regensburg, 29.3-2.4.1993.

B. Rocssli, P. Fischer, U. Staub, M. Zolliker, A. Furrer, G. Petrakovskii, K. Sablina, V. Valkov and B. Fedoscev:
NEUTRON INVESTIGATION IN HoBa2Cu3O6+x, RBa2Cu40g (R=Ho, Dy) AND Bi2CuO4 COMPOUNDS
Sdminairc pr£sent£ & I'lnsitut Lauc Langevin, Grenoble, 15.10.1993.

B. Rocssli, U. Slaub, M. Zolliker and P. Fischer:
THREE-DIMENSIONAL RARE-EARTH ORDERING OF HoBa2Cu3O7 INVESTIGATED BY NEUTRON
DIFFRACTION

! 13th General Conference of the Condensed Matter Division, European Physical Society, Regensburg, 29.3-2.4.1993.

B. Rocssli, U. Staub, M. Zolliker, P. Fischer and A. Furrer:
THREE-DIMENSIONAL RARE-EARTH ORDERING OF HoBa2Cu3Q6+.x (*=1, 0.8, 0.3) INVESTIGATED BY
NEUTRON DIFFRACTION
Herbstiagung der Schweizerischen Physikalischcn Gcsellschafl, Verbier, 23.-24.9.1993
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B. Roessli, U. Staub, M. Zolliker, P. Fischer and A. Furrer:
COMBINED ELECTRONIC-NUCLEAR MAGNETIC ORDERING OF THE Ho3+ IONS AND FINITE MAGNETIC

1 CORRELATION LENGTH IN THE HIGH-Tc SUPERCONDUCTOR HoBa2Cu3O»
38lh annual conference on magnetism and magnetic materials, Minneapolis, 15.-18.11.1993

B. Rocssli, U. Siaub, M. Zolliker, P. Fischer and A. Furrer:
COMBINED ELECTRONIC-NUCLEAR MAGNETIC ORDERING OF THE HO3 + IONS AND FINITE MAGNETIC
CORRELATION LENGTH IN THE HIGH-TC SUPERCONDUCTOR HoBa2Cu3O,i
Summer School on Neutron Scattering, Zuoz, 15.-21.8.93.

S. Rosenkranz. F. Fauth, M. Medarde, A. Furrcrand P. Lacorre:
CHANGES IN THE CRYSTAL FIELD IN RNiO3 (R=Pr,Nd) ACROSS THE METAL TO INSULATOR TRANSITION
13ih General Conference of the Condensed Matter Division of the EPS, Regensburg, 29.3.-2.4.93.

W. Schafer, W. Kockelmann, G. Will, P. Fischer and J. Gal:
ATOMIC DISTRIBUTION IN RFexAl,2_x COMPOUNDS WITH R=Tb,Dy,Ho,Er,Tm AND Fe-CONCENTRATIONS x
=5 STUDIED BY NEUTRON DIFFRACTION
20ih Rare Earth Research Conference, Monterey, USA, 12.-17.9.93.

J. Schefcr
THE NEW 4-CIRCLE DIFFRACTOMETER AT THE CONTINUOUS SPALLATION NEUTRON SOURCE SINQ
Workshop on Progress in Gaseous Microstrip Proportional Chambers, Grenoble, 21.-23.6.93.

P. Schobingcr-Papamantellos, P. Fischer, F. Kubel and H. Schmid
MAGNETIC STRUCTURE AND PHASE TRANSITIONS IN Co3"B7Oi3Br BORACITE BY NEUTRON
DIFFRACTION
2nd Internal. Conf. on Magnetoelectric Interaction Phenomena in Crystals, Ascona, 13.-18.9.93.

LABORATORY FOR ASTROPHYSICS

M. Scherschel, F. Finkbeiner, S.P. Zhao, A. Jaggi, Th. Maier, Ph. Lerch, A. Zehnder, H.R. Ott
GROWTH OF SUPERCONDUCTING TANTALUM FILMS BY PULSED LASER DEPOSITION
Int. Conf. of Low Temperature Physics, LT 20, Eugene Oregon, USA, 4.-11. August 1993.

M. Scherschel, F. Finkbeiner, S.P. Zhao, A. Jaggi, Th. Maier, Ph. Lerch, A. Zehnder, H.R. Ou
SUPERCONDUCTING STRIP DETECTORS ON POSITION SENSITIVE PARTICLE DETECTORS
Int. Conf. of Low Temperature Physics, LT 20, Eugene Oregon, USA, 4.-11. August 1993.

S.P. Zhao, F. Finkbeiner, Ph. Lerch, A. Zehnder, H.R. Ott
INVESTIGATION ON Nb/H2O3 PROXIMITY TUNNELING JUNCTION FOR X-RAY DETECTION
Int. Conf. on Low Temperature Detectors, LTD 5, Berkeley, California, 28. 7. - 3.8.1993.

A. Zchndcr
HOT SPOT FORMATION IN SUPERCONDUCTING TUNNELING JUNCTIONS
Int. Conf. on Low Temperature Detectors, LTD 5, Berkeley, California, 29.7. - 3. 8.1993.
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W LECTURES AND COURSES

Pror. Dr. A. Furrer
ETH Zurich, SS 93:
• Nculroncnslrcuung an Hochlcmpcratur-Supralcilcrn

ETH Zurich, WS 93/94:
• Ncuironcnsircuung in dcr FcstkOrpcrphysik

Prof. Dr. H.W. Caggeler
ETH Zurich, SS 1993:
• RadioaktiviUil und Umwclt

PD Dr. H. Grimmer
ETH Zurich und Univcrsitill Ziirich, WS 93/94:
• Krislallographic I fur Physikcr

Prof. Dr. H.R. von Gunten
Univcrsilill Bern, SS 93:

,' • Radiochcmic
t.

Univcrsiliil Bern, WS 93/94:
*; • RadioaktiviUil in dcr Umwclt

A]
Dr. M. S u t e r

'•': ETH Zurich, WS 93/94:
• Kcrnphysik II, Wahlfachvorlcsung

Prof. Dr. A. Wyttenbach
Univcrsiiat Zurich, SS 93:
• Einfiihrung in die Radiochcmic


