


The I nstitut Max von Laue - Paul Langevin 

The lnstitut Laue-Langevin (ILL) is an international research centre using neutrons to probe 
the microscopic structure and dynamics of a broad range of materials. The combination of 
the world's most powerful neutron source with dedicated instrumentation enables the study 
of a wide variety of scientific questions. Problems in materials science, chemistry, biology, 
solid-state physics and nuclear physics are investigated. For these diverse studies, the 
Institute offers its experimental facilities (some 30 instruments) to scientists world-wide via 
a peer-review system, and confidential industrial experiments are also welcomed. 
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The MENI consortium (Austria and Czech Republic) 
signs the membership contract during a ceremony 

for all scientific members, 
held at the ILL on the Jrd of May 1999. 

The Czech Republic became a member 
at the beginning of 1999. 

The PrefectAlain Rondepierre (centre) 
visits the ILL on the 24th of November 1999; 
on the left Ekkehard Bauer, head of the reactor division. 

David Schildt (left), head of the British associates 
delegation and chairman of the steering committee, 

and Dirk Dubbers (centre), the ILL director, 
welcome the mayor of Grenoble, Michel Destot, 

during the steering committee meeting 
on 29 November 1999. 

Vittorio De Giorgio (left), vice-president of 
INFM, University of Pavia, and Manuela Arata 
(centre), general director of INFM, INFM 
Genova, inaugurate the OGG (Operative 
Group in Grenoble) of the Italian scientific 
community INFM on the ESRF/ILL site, 
here together with Yves Petroff, the ESRF 
director. This group co-ordinates the activities 
of INFM scientists and technicians working at 
the ESRF and ILL and gives scientific, technical 
and logistic support to Italian users. 
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999 tarted on a high point for ILL. The long-awaited 

[ 

delivery of reactor fuel coincided with the new year, 
~ en uring supplies for the ILL neutron source well into 
'rP- the new Millennium. At the same time, 1999 saw a posi-

tive improvement in inputs to funding, due largely to the coming into 
force on I January I 999 of new contract with our six "Scientific 
Members". Scientific Member countries include our latest partner 
the Czech Republic, together with Austria, Italy, Russia, Spain and 
Switzerland. ILL's associate members are France, Germany and the 
United Kingdom. The formal signing of the new contracts was cele­
brated at ILL in early May 1999, with representatives of political and 
scientific bodies. 

New fund gave the ILL sufficient means to meet some of the fluctua­
ting costs being encountered in 1999, such as the fuel cycle, but also 
to come to grips with projects launched in the past but recently becal­
med due to lack of funding. Most significantly, however, it was in 1999 
that ILL was able, for the fir t time in fifteen years, to give serious 
attention to the systematic renovation of its instrument suite - a point 
which allows me to move from the nece sary que lion of "inputs" to 
the main topic of this report, namely ILL's essential "output". 

The ILL's output is the operation of the highest quality instrumenta­
tion for the benefit of its numerous researchers, to produce ground­
breaking scientific results. In the pages that follow you will find a 
cross-section of recent results - I hope you enjoy reading it. 

Preparatory work on the Millennium development programme was a 
part of ILL's scientific output in 1999. Early in the year, a 200-page 
programme document was produced, which gave details of more 
than thirty proposals for the renewal of the instrument suite. 

L'annee 1999 a tres bien debutee avec un evenement capi-

~ 
tal pour !'ILL : la livraison de combustible tant attendue, 

. qui permettra egalement d'assurer l'approvisionnement 
~e la source neutronique de !'ILL au cours du prochain millenaire, 

est arrivee juste a temps pour la ouvelle Annee. La situation finan-
ciere de l'ILL s'est egalement amelioree en 1999, en particulier grace 
a l'entree en vigueur des nouveaux contrats avec nos six partenaires 
scientifiques : l'Autriche, l'Espagne, l'ltalie, la Russie, la Sui se, et, 
depuis peu, la Republique tcheque. Les pays membres sont 
l'Allemagne, la France et le Royaume-Uni. Debut mai 1999, la signa­
ture des nouveaux contrats a ete dfiment celebree a !'ILL en presence 
des representants politiques et scientifiques des differents pays. 

Les ressources supplementaires ont permis a l'ILL de faire face a 
!'augmentation de certains cofits, dans le cycle du combustible par 
exemple, mai au i de mener a bien certains projets entrepris ii y a 

The first five of these projects will be launched early in 2000. Thi 
modernisation is particularly urgent, if we are to carry into the future 
the lnstitute's capacity to optimise returns from the sums with which 
it i entrusted. Whil t it is true that the Millennium Programme ha 
a relatively slim financial base and is prey to a number of uncertain­
ties, given the imagination, determination and confidence which 
exists at lLL, a great deal of progress will certainly be achieved. 

1999 also saw the departure of Alan Leadbetter and Philippe 
Leconte, our former British and French directors. We take this 
opportunity to thank them again most sincerely for the depth and 
quality of the ervices rendered during their five years at ILL. Their 
work has been taken up with great enthusiasm by their successors, 
Colin Carlile and Christian Vettier. 

There were other noteworthy events in 1999. The beginning of the 
year 2000 brings the new French 35-hour week into force at lLL. 
Negotiations between management and staff ended in a timely agree­
ment on the framework to be adopted. ILL's industrial R&D unit was 
developed and the nucleus of a scientific communication unit was 
established. The ILL's organisation of the 1999 Winter Atomiades at 
Les Gets in Haute-Savoie was a great success, with 250 participant 
from 5 different countries competing in various skiing di ciplines. 

Finally, I must report the breakdown of ILL's hot neutron source at 
the end of the year which affects four instruments. However, this 
only serve to underline the real need to renew ILL's infrastructure. 
A new hot source will be available in 2001. 

All in all, 1999 was a good year for lLL. May the new Millennium 
bring many more! 

plusieurs annees mais restes inacheves par manque de moyens. 
Avant tout, elles ont permis a !'ILL d'envisager, pour la premiere fois 
depuis quinze ans, un renouvellement systematique de son pare in -
trumental. 

Ainsi, apres avoir parle des ressources necessaires au fonctionne­
ment de l'lnstitut, j' en viens maintenant a la partie es entielle de ce 
rapport, c'est-a-dire la production de l'lLL. Celle-ci emane de !'ex­
ploitation des dispositifs experimentaux par de nombreux scienti­
fiques des laboratoires et des universites des pays membres et par les 
chercheurs de l'Institut. Les pages suivantes de ce rapport vous don­
nent, comme d'habitude, une vue d'ensemble des travaux effectues 
au cours de l'annee ecoulee, en mettant !'accent sur une serie de 
resultats marquant et parfois innovateurs. J'espere que, cette annee 
encore, leur lecture vous procurera uncertain plaisir. 

L'elaboration du programme de renouvellement des instrument , 



le Programme Millenium, fait egalement partie des realisations 
scientifiques de l'annee 1999. Plus de 30 propositions detaillees pour 
le renouvellement du pare instrumental de !'ILL ont ete presentees 
au printemps dans un document de 200 pages. Les cinq premieres 
propositions doivent etre mises en reuvre des le debut de !'an 2000. 
Cette modernisation de !'ILL est d'une importance primordiale si 
l'on veut rentabiliser dans les annees a venir le capital investi dans 
l'Institut. La base financiere du Programme Millenium est certes 
etroite et de nombreuses incertitudes persistent, cependant, grace a 
!'imagination, la confiance et la tenacite deja a l'reuvre a !'ILL, des 
progres importants seront realises. 

Au cours de l'annee 1999, les Directeurs britannique et fran~ais, 
Alan Leadbetter et Philippe Leconte, ont quitte l'Institut a !'issue de 
leur mandat de cinq ans. Nous voudrions une fois de plus les remer­
cier pour les irnmenses services qu'ils ont rendus a !'ILL au cours de 
cette periode. Leur travail est poursuivi avec enthousiasme par leurs 
successeurs, Colin Carlile et Christian Vettier. 

Das Jahr 1999 hatte fur das ILL einen guten Start: 
Piinktlich zum Neuen Jahr erreichte uns die langerwar­
tete Lieferung Brennstoff, die die Versorgung der 

~ -----; Neutronenquelle des ILL auch im neuen Millennium 
sichersteUen wird. Auch die Versorgung des ILL mit den notwendi­
gen Geldmitteln hat sich 1999 etwas erholt. Dies lag zu einem guten 
Tei! daran, <lass am I. Januar 1999 die neuen Vertrage mit unseren 
sechs sog. "wissenschaftlichen Mitgliedslandern" in Kraft traten. 
Die Mitgliedslander sind Italien, bsterreich, Russland, Schweiz, 
Spanien, sowie die neu hinzugekommene Tschechische Republik; 
die Stammlander des ILL sind Deutschland, Frankreich und 
Grossbritannien. Anfang Mai 1999 wurde die Unterzeichnung der 
neuen Vertrage mit Delegierten aus Politik und Wissenschaft am ILL 
gebiihrend gefeiert. 

Die neuen Geldmittel erlaubten es dem ILL in 1999, nicht nur einige 
Teuerungen zum Beispiel im Brennstoffkreislauf aufzufangen, son­
dern auch vor Jahren begonnene, aber <lurch Geldk:nappheit ins 
Stocken geratene Vorhaben abzuschliessen. Vor allem aber wurde es 
dem ILL erstmals seit I 1/2 Jahrzehnten iiberhaupt wieder mbglich, 
iiber eine systematische Emeuerung seines Instrumentenparks nach­
zudenken. Und hiermit komme ich, nach der Diskussion des not­
wendigen "Inputs", zum wesentlichen Tei! dieses Berichtes - dem 
"Output" des ILL. 

Unser Produkt ist die Nutzung der wissenschaftlichen Instrumente 
durch unsere vielen auswartigen Gaste und durch die Mitarbeiter des 
ILL. Auf den folgenden Seiten der vorliegenden Broschiire wird, wie 
gewohnt, das Produkt dieser Nutzung, namlich die oft hervorragen­
den, manchmal bahnbrechenden wissenschaftlichen Arbeiten am 
ILL aus jiingster Zeit dargesteUt, und ich wiinsche wieder vie! 

- Vergniigen bei der Lektiire. 

Zur wissenschaftlichen Produktion des Jahres 1999 gehort auch die 
Ausarbeitung des Millennium-Emeuerungsprogramms. In dem im 

D'autres evenements ont egalement marque cette annee 1999. Au 
debut 2000, la semaine de 35 heures sera introduite en France. Le 
personnel et la Direction de !'ILL sont parvenus, dans les delais 
ftxes, a trouver un accord sur les modalites d'application a l'Institut 
de la reduction du temps de travail. D'autre part, l'ILL a renforce ses 
equipes a la fois au sein du groupe charge des relations avec l'in­
dustrie, et dans le domaine de la communication. Entin, l'Atomiade 
d'hiver 1999 organisee aux Gets par !'ILL a regroupe 250 partici­
pants de 5 pays differents et a remporte un franc succes. 

Je dois malheureusement terrniner ce bilan sur une note d'amertume 
et annoncer la defaillance de la source chaude de !'ILL. Quatre ins­
truments seront affectes par cet evenement survenu a la fin de l'annee. 
Cette defaillance souligne la necessite de renouveler les infrastruc­
tures de !'ILL. Une nouvelle source chaude sera disponible en 2001. 

Dans !'ensemble, 1999 aura ete une bonne annee pour !'ILL. Que de 
nombreuses annees tout aussi fructueuses lui succedent au cours du 
prochain millenaire ! 

Friihjahr vorgelegten Dokument werden auf 200 Seiten mehr als 30 
detaillierte Vorschlage zur instrumentellen Emeuerung des ILL vor­
gestellt. Die ersten fiinf Emeuerungsvorschlage soUen ab Beginn des 
Jahres 2000 in die Tat umgesetzt werden. Diese Emeuerung des ILL 
ist von grosser Dringlichkeit, um die hohe Rentabilitat der im Institut 
investierten Mittel auch in Zukunft zu gewahrleisten. Zwar ist die 
finanzielle Basis des Millennium-Programms schmal und <lurch 
manche Unwagbarkeiten gefahrdet, aber mit Phantasie, Zuversicht 
und Hartnackigkeit wird sich vie! erreichen !assen. 

Im Laufe des Jahres 1999 verliessen uns die bisherigen britischen 
und franzbsischen Direktoren, Alan Leadbetter und Philippe 
Leconte, die in ihrer jeweils fiinfjahrigen Amtszeit dem ILL 
immense Dienste geleistet haben, fur die wir Ihnen hier nochmals 
herzlich danken. Ihre Arbeit wird mit grossem Enthusiasmus von 
ihren Nachfolgern Colin Carlile und Christian Vettier weitergefiihrt. 

An weiteren Ereignissen des Jahres 1999 sind zu vermerken: Mit 
dem Jahr 2000 wird in Frankreich die 35-Stundenwoche eingefiihrt, 
auf deren Modalitaten sich Belegschaft und Institutsleitung auf dem 
Verhandlungswege rechtzeitig zum Jahresende geeinigt haben. Die 
Gruppe zur industrielJen Nutzung des ILL wurde ausgebaut, und es 
wurde der Kem einer Gruppe zur professionellen Offentlichkeitsar­
beit ins Leben gerufen. Die Wintersport-Atorniade 1999 wurde in 
Les Gets fiir 250 Teilnehmer aus 5 Landero mit grossem Erfolg vom 
ILL ausgerichtet. 

Schliesslich muss, als Wermutstropfen in diesem Bericht, der Ausfall 
der heissen Neutronenquelle des ILL gemeldet werden. Von diesem 
gegen Ende des Jahres aufgetretenen Ereignis sind vier lnstrumente 
betroffen. Eine neue Heisse Quelle wird 2001 zur Verfiigung stehen. 

Alles in allem war 1999 ein gutes Jahr fur das ILL, mbgen viele wei­
tere im neuen Millennium folgen. 

Dirk Dubbers 



Dirk Dubbers (centre) sees off his colleagues, 
Alan Leadbetter (left, white shirt), the British director 
and head of science, and Philippe Leconte 
(right, white shirt), the French director and head of 
projects & techniques. 

Alan Leadbetter welcomes his successor Christian 
Vettier, the new French director coming from ESRF. 

The ILL finishes champion of the medal table 
at the Atomiade in Les Gets; from left 

Bob Pratt, Barbara Standke,Ariel Brun and 
Heinz Rhein, FZ Julich. The 7th Atomiade, 

organised by the ILL works committee on 
13-20 March 1999, gathered about 250 people 
from European research centres to compete 

in a variety of skiing disciplines. 

Colin Carlile, the new British director and head of 
the projects & techniques division, enjoying his first 
ILL Steering Committee meeting; on the left 
Michel Destot, the Mayor of Grenoble. 

7'­
'NIADE 
'flVER 

'· 



1 
Our goal at the lnstitut Laue Langevin (ILL) is to achieve scientific excellence. This 
volume of the Annual Report for the year 1999 provides the best illustration of this 
attempt: 30 highlights are presented covering a remarkable range of science and technique. 
As with last year's report, a wide spectrum of neutron science is embraced from biology, 
through to studies in chemistry, materials science and magnetism, to particle physics. 
To maintain this excellence, important efforts have been made in instrumentation; they 
are described in the technical section together with the Millennium Programme. This 
report is an appropriate illustration of the unique value of neutron methods for the study 
of a wide range of materials proving the usefulness of large-scale facilities such as the ILL. 

In 1999, the reactor operated for 208 days and more than 700 experiments were carried 
out in over 4400 days of scheduled beam time. Unfortunately, there was a failure of the 
hot source in December 1999 leading to a loss of about 20 days of beam time. Therefore, 
in 2000 the reactor will operate without the hot source. However, this will only affect I 0% 
of ILL's instruments.As in previous years, a large number of high-quality experiments was 
proposed and performed to tackle a broad range of scientific questions. For example in 
biology, the results presented here demonstrate that the contrast-variation method com­
bined with small-angle scattering and neutron reflectivity techniques is a remarkable and 
unique tool for the investigation of biological materials. In the field of soft matter and 
liquids, it is known that confined geometry substantially modifies the properties of sys­
tems as diverse as simple water, polymers and quantum fluids. Neutron scattering experi­
ments, presented here, have revealed the static and dynamic characteristics of these 
materials under conditions of confinement. In materials sciences, the penetration and 
contrast properties of neutrons are exploited, particularly in the case of small-angle scat­
tering applied to alloys. Finally, the exploration of magnetism with neutrons continues to 
be very productive: simply to mention the discovery of a new class of phase transitions 
involving magnetic chirality and the observation of super high-spin magnetic clusters. 

We thank all our collaborators who have submitted highlight reports for this Annual 
Report, but we regret that we had to make a selection. For the year 2000 report, we invite 
our users again to submit highlights. Note that this version of the 1999 Annual Report will 
be followed by a version dedicated to the general public. Herma Buttner who has been the 
editor of the ILL Annual Report for the last 4 years, has announced her departure from 
ILL to start a new career. The staff and the management of ILL would like to reiterate 
their grateful thanks to Herma for her dedication to Scientific Coordination and 
Communication at ILL. 



Critical role of micelles in pancreatic 
lipase activation 

■ D. PIGNOL , j . HERMOSO AND j. C. FONTECILLA-CAMPS (LCCP , CEA-CRNS GRENOBLE) , 

■ L. AYVAZIAN, 8 . KERFELE C , I . (REN ON AND C . CHA PUS (CNRS MARSEILLE) , 

■ P . TIMMINS (ILL) . 

The digestive process is carried out by secretions from several organs: the salivary glands, the stomach, the gall bladder and the pan­

creas. In the small intestine, pancreatic lipase (PL) hydrolyses insoluble triglyceride by binding to the oil-droplets in the presence of its 

protein cofactor colipase (PC) and bile-salt micelles. Combined x-ray and neutron diffraction experiments have previously revealed 

the crystal structure of an activated lipase-colipase non- physiological micelle complex. This structure suggested that the adsorption 

of the enzyme to the emulsified oil-droplets is mediated by this ternary complex.We decided to carry out small-angle neutron scat­

tering experiments with D20/H20 contrast variation in order to characterise the physiological ternary PC/PL/bile salt micelle com­

plex in solution. The experimental radii of gyration and match point of the protein/micelle solutions correspond to those expected 

for a ternary complex, similar to the one observed in the crystal structure. This preformed ternary complex would be the entity that 

adsorbs to the water-insoluble substrate. 

Triglycerides (TG) comprise more than 95% of the dietary 
fats in the western diet. TG are mainly cleaved in the small 
intestine by pancreatic lipase (PL) into triglycerol and fatty­
acids. TG, which are insoluble in water, form oil-droplets. As 
a consequence, TG hydrolysis implies the adsorption of PL to 
the oil-water interface [ I]. In the intestine, PL alone would 
not be able to react against the emulsified oil-droplets: its 
active site is covered by a loop that prevents the access of the 
substrate. Two other physiological components are required 
for PL activation (the unmasking of the active site and the 
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adsorption of the enzyme to the substrate interface): 1, coli­
pase (PC), a small protein also produced by the pancreas that 
forms a complex with PL and 2, bile-salts, that solubilise fatty­
acids (the product of the hydrolysis) into mixed micelles that 
are later discharged into lymph or blood. The aim of our stu­
dies is to understand, at a molecular level, the interactions bet­
ween the different components of the system (PL, PC, bile-salts 
micelles, substrate oil-droplets). We initially solved the crys­
tal structure of a PL-PC-micelle complex using x-rays [ 1 ]. In 
this complex, the detergent micelles were non-physiological. 
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Figure I: Guinier plots of PUPC complex solutions at different D20 concentrations: a) in the absence of bile-salt micelles, b) in the presence of bile-salt micelles. 



The structure solved at 2.8 A resolution, only revealed the 
structural organisation of the protein components of the sys­
tem (PC/PL). Subsequently, we decided to carry out a neu­
tron-diffraction analysi . Neutron diffraction data collected to 
15 A resolution allowed us to obtain the structure of the 
rnicellar partner of the system in the crystal 

In the resulting ternary complex, both PC and the micelle 
help stabilising the PL activated conformation. The aim of 
the work reported here was to characterise the ternary 
PC/PL/bile salt micelles in solution. We carried out neutron 
small-angle scattering experiments on D22, combined with 
the D20/H20 contrast variation method because this proce­
dure is very well adapted to obtain structural information on 
systems composed of two components of different scattering 
density (such as lipid-protein associations). 

Initial experiments were carried out on PC/PL complex solu­
tions, in the absence of bile-salt micelles. The Guinier plots 
at different D20 concentrations are presented in Fig. la. The 
resulting radius of gyration at infinite contrast is 26 A and 
the match point of the solution is 41.6% D20. These values 
are in good agreement with those calculated for the PC-PL 
complex using the x-ray structure coordinates (Rg = 25 A, 
match point= 42% D20). 

We applied the same procedure to spectra obtained from the 
PL/PC complex solutions in the presence of bile-salt 
micelles (sodium taurodeoxycholate micelles). The Guinier 
plots at different D20 concentrations are presented in 
Fig. 1 b. The resulting radius of gyration is 56 A, and the 
match point of the solution is 38.5% D20 . Since both values 
differ significantly from the ones obtained in the absence of 
micelles, different protein-micelle associations were 
modelled. 

The experimental values are very close to those calculated 
for a model built with a stoichiometry of 2 lipase/colipase 
molecules per micelle (Rg = 55 A Match point = 39.2% 
D20), which corresponds to that observed in the neutron 
low-resolution crystal structure (Fig. 2). All the other models 
we built did not fit the experimental results. 

These results clearly demonstrate for the first time, in solu­
tion, the formation of a ternary PC/PL/bile-salt rnicelle com­
plex. This complex is imilar to the one observed previously 
in crystals with a non-physiological detergent. Our results 
strongly suggest that the association of PC and bile-salt 
micelle stabilises the enzyme in its active conformation. The 
preformed complex behaves as an entity that adsorbs to the 
substrate oil-droplets 

Bile-Salt Micelle 

Rg =SSA 
match point 39 % 

Figure 2: Calculated model built with a stoichiometry of 2 lipase/colipase molecules per mice/le corresponding to observed low-resolution crystal structure. 
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New insights to ciJlulose structure 
~ 

H. CHANlY (CERMAV-CNRS, GRENOBLE) , 

Y. NISHIYAMA (UNIV. TOKYO) , 

P. LANGAN (Los ALAMOS NATIO NAL LABORATOR Y). 

Neutron fibre diffraction experiments carried out at the ILL on instrument D 19 have provided detailed new information on the posi­

tion of hydrogen atoms in cellulose II and on the hydrogen bonding network that holds the cellulose structure together. D 19 is cur­

rently the only instrument in the world that is capable of this type of fibre diffraction study; this work on cellulose illustrates its 

potential for the investigation of other biological and non-biological polymer systems. 

Cellulose is often said to be the most abundant polymer on 
earth. It is certainly one of the most important structural ele­
ments in plants and other living systems. In nature it is syn­
thesised as slender rod-like crystalline microfibrils. One of 
the key features of cellulose is that each of its monomer 
bears three hydroxyl groups. It is these hydroxyl groups and 
their hydrogen bonding ability that not only play a major role 
in directing crystalline packing but also in governing impor­
tant physical properties of cellulose materials. 

Cellulose can occur in a number of different forms. Native 
cellulose is known as cellulose I, but other forms such as cel­
lulose II, cellulose III and cellulose IV have been described. 
We are involved in a long-term study, using the neutron and 
synchrotron x-ray facilities in Grenoble, to unravel the fine 
details of these allomorphs. In this report, the focus is on cel­
lulose II fibres that result from the swelling of fibres in 
concentrated sodium hydroxide. By using deuterated sol­
vents, crystalline fibres can also be prepared in which all the 
OH groups in the crystalline unit cell are replaced by ODs. 
Neutron fibre diffraction data recorded from these sample 
can then be used to locate these groups using Fourier ima­
ging methods. 

Neutron fibre diffraction patterns of cellulose II, obtained at 
Dl9 (wavelength 1.529 A) are shown in Fig. 1 (the left part 
of the diagram shows data recorded from the hydrogenated 
sample, and the right part shows the data recorded from the 
deuterated sample). Both data sets show diffraction exten­
ding to 1.2 A resolution. The data have been indexed with a 
P2 1 unit cell having lattice parameters a= 8.01 A, b = 9.04 A, 
c (chain axis)= 10.36 A, y= 117.1°. Despite strong similari­
ties between the left and right parts of the diagram, there are 
nevertheless substantial differences in the distribution of 
intensities, particularly on the equator and on the 4th layer 
line where for instance the reflection 004 is very strong in the 
deuterated pattern, but almost absent in the hydrogenated 
one. These differences can be used to image the OH groups 
in the cellulose unit cell. 

U ing the CCP13 program suite , 97 independent inten i­
ties (I) were measured for each part of the diagram in Fig. I ; 
41 with I > 2 cr and 56 with I < 2 cr. The e intensitie and 

OH OD 

--.. 

Figure I: Neutron fibre diffraction patterns collected from two cellulose 
samples, one treated with NaOHIH20 (le~ hand side) and the other treated 
in NaOD/D20 (right hand side).The fibre axis is vertical ond the two patterns 
have been displayed together by joining equivalent halves along the meridian. 

their differences were tested against two different models 
existing already in literature, which we refer to here as model I 

and model 2 . Both models agree on several points, 
namely that the structure of cellulose II is based on a two 
chain unit cell where the chains are antiparallel and that the 
chains are located on the 21 axes of the monoclinic cell. 
However, the two models differ significantly in the descrip­
tion of their chain conformations. We could not differentiate 
between these two models on the basis of their agreement 
with the x-ray data alone. 
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Figure 2: Final 2Fd-Fc map (red density) of cellulose II, showing views of the planes containing a) the centre chains b) the origin chains and c) origin and centre 
chains. Cellulose chains are represented by a skeletal model in which carbon atoms are yellow, oxygen atoms are red and exchangeable hydrogen atoms are pink. 
The arrows in a) indicate density peaks which could not be accounted for by exchangeable hydrogen atom positions. The potential hydrogen bonds are represen­
ted by broken lines. 
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Figure 3: A schematic representation of the hydrogen bonding in cellulose II. 

The HID atom po itions of both models were then refined 
against our D 19 neutron diffraction data. Model 2 wa in 
ignificantly better agreement with the data than model l and 

we were able to reject model 1. A final 2Fd-Fc difference 
Fourier map is shown in Fig. 2. The identified hydrogen bon­
ding system, shown schematically in Fig. 3, reveal some 

centre origin centre centre centre 

interesting three and four centred hydrogen bonding arrange­
ments 
This study, which has now been followed by similar evalua­
tions for cellulose I and III, is the first three-dimensional des­
cription of the hydrogen bonding system in a fibrous poly­
saccharide. 
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Are all disorder~egions of native 
cellulose of t ~ ;.__:::.ame nature? 

C. CZ IHAK (ILL, UN IV. WIEN AND HMI BERL IN), 

G . VOGL (UNIV. WIEN AND HMI BERLIN), 

M . MULLER (ESRF), 

H. SCHOBER (ILL), 

Y. NISH IYAMA (UNIV. TOKYO) . 

Cellulose is the most abundant structural biopolymer. Despite considerable research efforts the structural detai ls of native cellulose, 

in particular on the morphological level, are still controversial. Inelastic neutron scattering provides important clues to understand 

the problem. Using the hydroxyl groups of cellulose as a microscopic probe, it is possible to investigate the dynamic response (spec­

trum of vibrational modes) of regions accessible to water. For these disordered regions the dynamic response is distinctly different 

from that obtained for the crystal cores and therefore constitutes a signature of the disordered parts. This signature turns out iden­

tical when comparing cellulose types of different crystallinity and origin indicating its universal character. 

Cellulose is a complex composite material which structurally 
comprises three hierarchical levels: (i) The molecular level 
of the single molecule; (ii) the supermolecular level concer­
ning the packing and aggregation of the molecules in crystals 
called microfibrils; and (iii) the morphological level, i.e., the 
arrangement of microfibrils and interstitial voids in relation 
to the cell wall (see Fig. l). On the molecular level , cellulose 
is composed of linear chains of glucose units. These chains 
form whisker-like crystals which are assembled in a super­
structure. Details about the arrangement of the chain both 
inside the crystals and in the interface between the crystals 
have been discussed extensively over the last years 

molecule ( < 1 0 A) 

microfibrils(20 - 200 A) 

plant cell walls 

The structural organisation at all levels influences the macro­
scopic properties of the material and is equally of importance 
for the chemical reactions taking place during industrial pro­
cessing. In addition, from structural properties conclusions 
can be drawn for the cellulose synthesis in plants. 

The "classical" two-phase model assuming a composite 
arrangement of distinct crystalline and extended amorphous 
regions to describe the superstructure of cellulose appa­
rently has to be revi ed. Concept like crystallinity and amor­
phicity are well adapted to describe homogeneous states of 
matter. They are, however, rather ill-defined when it comes 
to treat dense composite materials like cellulose given that 

monoclinic 
unit cell (1 0 A) 

c: fibre axis 

Crystalline packing with 
disordered interface layer 

____J 

Figure I: Hierarchical organisation of cellulose. The po~mer (top le~) aggregates to cellulose nano-crystallites, which are interconnected by disordered interface 
layers (bottom right). These crystallites (20 - 200 A) are organised in bundles of single fibres (bottom le~). 



intermolecular correlations do not build up or die off abrupt­
ly at some fictitious interfaces. This equally makes the inter­
pretation of diffraction experiments problematic. 

A by far better defined quantity than crystallinity or amor­
phicity i the accessibility of cellulose to various guest mole­
cules, in particular water . Inelastic neutron scattering in 
conjunction with deuteration become a very powerful tool 
of inve ligation. Using the hydroxyl groups of the cellulose 
as a microscopic probe inelastic neutron scattering allows to 
investigate the dynamic response of regions acces ible to 
water. The low-energy dynamics of the accessible OH 
group in natural cellulose was carried out on the cold neu­
tron time-of-flight spectrometer IN6 and is shown in Fig. 2 
for cellulose material of different origin. Even without quan­
titative analysis it is evident that the native samples with no 
preferential orientation, namely cotton and sugar beet pulp, 
show spectra identical to a completely disordered reference 
sample - amorphous cellulose, all within the experimental 
uncertainties. 
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The restoring forces which are locally encountered by OH 
groups are averaged over the accessible parts of cellulose and 
therefore do not depend on the cellulo e origin. 
In addition, the dynamic OH response is indistinguishable 
from that obtained on artificial amorphous cellulose and, 
therefore, it is of univer al nature. As amorphous cellulose is 
fully accessible to water it con titutes the ideal reference to 
which the accessible regions of the native samples should be 
compared. In conclusion the accessible regions seem to cor­
respond to disordered regions, which are all imilar to each 
other. 

Albeit universal, the spectral re pon e i not isotropic as can 
be seen in the spectrum from oriented flax fibres . This 
demonstrates that the disordered regions retain a high degree 
of directionality. The latter can be linked to the morphology 
by identifying disordered regions with surface and single 
interface layers. There is no evidence for the presence of lar­
gely extended amorphous regions 
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10 0 

150 200 250 
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Figure 2: The dynamic response of disordered regions of cellulose samples which are of different origin." Flax parallel "stands for ffax fibres that are aligned in 
the scattering plane, so does "ffax perp", but perpendicularly aligned. 
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Free bilayer. new model 
for biologic;}l<n'lembranes 

G . FRAG NETO, E. BEL LET- AMALR IC (ILL) , 

F . GRANER , L . PERINO-GALLICE (UJF, GRENOBLE) , 

T . CHAR ITAT (ICS, STRASBOURG). 

Neutron reflection has been applied to the study of a new physical model of cell membranes consisting of a well controlled phospho­

lipid bilayer (free bilayer) floating in water. This system offers several advantages with respect to classical models of biological mem­

branes and it has great potential for studies of membrane/protein interactions and bilayer fluctuations. Measurements were 

carried out at several temperatures ranging from 25.4°(, where lipids are in the gel phase, to 64.1 °C, where lipids are in the liquid­

crystalline phase, the transition occuring at 52°C. Around the phase transition large fluctuations inducing giant swelling were observed. 

In the liquid-crystalline phase the system has a similar structure as in the gel phase and it is stable over several hours. 

The structure and composition of cell membranes is well 
known and described in classical books. Less known are the 
nature and mechanisms of interaction of membranes with 
other biological entities like peptides, proteins, D A, etc. 
The complicated structure of cell membranes and the variety 
of event happening around them makes it difficult to study 
such mechani m at the molecular level with real cells. For 
that reason biophysicists have searched for decades for 
simple and ea ily-controlled physical models of membranes 
and several systems are now available including lipid­
stacked multibilayers, vesicles, lamellae, monolayers on the 
water surface, bilayer on solid surfaces. 

We have recently succeeded in preparing double phospho­
lipid bilayers assembled at the silicon/water interface 
This is a new system, promising for membrane/protein inter­
action studies and ideal for the study of bilayer fluctuations. 
The first bilayer is adsorbed on the flat solid substrate while 
the second one, named the free bilayer, floats at 15 to 30 A 
above the first and, by interacting less strongly with the solid 
substrate, it is a better model than the single bilayer. The free 
bilayer has many remarkable properties: it exists in bulk 
water, unlike stacked bilayers or monolayers; it fluctuates 
like real membranes; it is stable in the biologically relevant 
fluid phase (as it will be shown below); it can be investigated 
alone (that is without averaging the effect of several layers as 
in lamellae, tacked bilayers and vesicles), with techniques 
able to reveal details at the Angstrom scale like neutron or 
x-ray reflectivity; finally it is a useful model for determining 
how fluctuations influence the interactions of peptides or 
transmembrane proteins with the cell membrane. 

Phospholipid bilayers exhibit a main phase transition from a 
gel phase, where lipid chains are rigid and well ordered, to a 
liquid crystalline phase (La), where chains are disordered 
and fluid-like. Here, we present the results of a neutron spe­
cular reflectivity study of the structural modifications indu­
ced on double phosphocholine bilayers by changing the tem­
perature and going from the gel to the liquid-crystalline 

lipid-phases. Preliminary data were collected on the reflecto­
meter ADAM while a more complete study was done recent­
ly on the rebuilt diffractometer D 16 specially adapted for 
reflectivity mea urement . Sample were double bilayers of 
hydrogenated DSPC (di-stearylphosphatidil-choline) in D2O 
and deuterated DSPC in H2o and SMW (si licon-matched 
water, that is water with the same scattering-length density of 
silicon). Phosphocholines were used since they are the main 
components of cell membranes. The double bilayers were 
assembled on very smooth and highly hydrophilic silicon 
single crystals with the Langmuir-Blodgett and Langmuir­
Schaeffer techniques. For full details on the deposition and 
measurement procedures see 

For hydrogenated DSPC in D2O the phase transition occurs 
at 52°C . As expected deuterated lipids show a tran ition 
temperature different from that of the hydrogenated ones. 
Data analysis is still in progress and only the analysis for the 
hydrogenated lipids will be discussed here. Figure I shows 
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Figure I: Measured reffectivity profiles and fitted curves for DSPC double 
bilayers in D20 at (I ) 25.4°C; (I ) 5 / .5°C; (I ) 55.4°(; (I ) 64. 1°c. 
For details on model used see text and Fig. 2. 



the reflectivity curves recorded at room temperature 
(25.4°C), in the pre-transitional phase (51 .5°C), just above 
(53.4°C) and well above (64.1 °C) the transition for fully 
hydrogenated DSPC in D20. Data were analysed by model 
fitting using the optical matrix method : the interface is 
divided in several boxes, each characterised by a scattering­
length density, a thickness and the interfacial roughness bet­
ween two consecutive boxes. These parameters are varied 
until the optimum fit to the data is found. Between 25.4°C 
and 42°C, curves were very similar and data were interpreted 
with the same model. Figure 2a shows a cartoon of such a 
model. Lipid headgroups and chains could be distinguished 
and their thickness determined with l A precision. o mea­
surement is available for the hydrogenated lipids between 
42°C and 5 l.5°C but at 5 l.5°C and 52.5°C the curves differ 
dramatically from those at lower temperature indicating 
major changes in the bilayer structure (cf. Fig. 1). Data ana­
lysis indicates that the water layer between the bilayers 
becomes much thicker (60 to 90 A) and the second bilayer 
much rougher ( ~ 30 A). With such high value of the rough­
ness the box-model used to fit the data is not very efficient 
anymore. Figure 2b is a cartoon of a speculative interpreta­
tion of the model. Additional work is needed for a more pre­
cise interpretation. Plans for future work include off-specular 
reflectivity and atomic force microscopy measurements for 

a) b) 
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extracting information in the membrane plane. Moreover, a 
study of the theoretical explanation of the experimental 
observation is in progress 

A further increase of temperature brings the system nearly 
back to the initial state in terms of total thickness (immedia­
tely noticeable from the positions of the first minimum in 
Fig. 1 ). The water layer thickness is 21 ± 1 A. The second 
bilayer chain thickness decreases from 37 ± 1 A to 31 ± 1 A 
(cf. Fig. 2c). The highest temperature measured was 64. l °C. 
Surprisingly, the double bilayer is still at the surface although 
the chain thickness of both bilayers decreases to 27 ± 1 A 
and the roughness of the free bilayer is of 10 ± 2 A (cf. 
Fig. 2d). 

Finally, this work has confirmed the good stability of 
double bilayer systems over several days and at all tempe­
ratures investigated and therefore of their suitability as 
model biological membranes. Results are reproducible and 
pre-transitional effects on the structure are remarkable. The 
giant increase of both the thickness and the roughness at the 
transition (i.e. where the bilayer is extremely flexible) 
might be the first direct observation of the fluctuation-indu­
ced repulsion predicted by Helfrich using entropy argu­
ments and considered a key ingredient of bilayer-bilayer 
interactions. 
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Figure 2: Cartoons of a possible interpretation of models found to fit the data measured at a) 25.4°C, b) 5 / .5°C, c) 55.4°C and d) 64. /0 C. For clarity, in b), c) 
and d) only the thickness parameters that change with respect to a) are indicated. Vertical dimensions are drawn to scale. 
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Nonspecular n 
from highly align 

C. MUNSTER , T . SALDITT (UNIV. MUNCHEN) , 
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ran scattering 
lipid membranes 

We report a neutron-scattering study of multilamellar membranes supported on solid silicon substrates. In contrast to previous 

work, the high degree of orientational alignment allows for a clear distinction between specular and nonspecular reflectivity contri­

butions. In particular, we demonstrate that by using the specific advantages of neutron optics the nonspecular diffuse scattering can 

be mapped over a wide range of reciprocal space, which is usually not accessible by x-rays. In the neutron case, as is often argued, a 

lack of intensity severely limits the practicability of neutron diffuse studies, which are therefore rather scarce. Contrarily, we demons­

trate in this study that several orders of magnitude in scattering signal and parallel momentum transfer can easily be recorded in 

multilamellar stacks of lipid membranes. This opens up the possibility to study fluctuations and lateral structure parameters of mem­

branes on length scales between a few A up to several µm. 

Lipid bilayers are the basic building blocks of biological 
membranes . A quantitative understanding of the elastic 
properties, the thermal fluctuations, and the interactions 
governing membrane self-assembly has significant impact 
on various research areas, including the biophysics of biolo­
gical membranes, synthetic biomaterial engineering, and 
pharmaceutical application . In this context, the interaction 
between lipid bilayers and antimicrobial peptides, such as 
magainin 2, is of particular interest, since the peptides exhi­
bit a broad antibacterial, fungicidal and antitumor activities 

. However, the structural motifs of the interaction are pre­
sently poorly understood. Therefore, we study fundamental 
aspects of structure, elasticity and fluctuations in model sys­
tems composed of neutral and charged phospholipids with 
and without membrane-active peptides such as magainin. 

Neutron reflectivity offers unique po ibilities to tudy the 
vertical density profile of lipid membranes on solid sub­
strates with molecular resolution and is widely used for this 
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Figure I: The scattering experiment in reciprocal space. The schematics of 
the inciden~ the scattered beam and the scattering vector are sketched rela­
tive to the sample surface. The Laue region, which is not accessible in x-ray 
experiments, is shaded in gray. 

purpose complementing x-ray techniques by means of 
contrast variation. Apart from contrast variation, a unique 
advantage of neutron diffuse scattering over x-rays results 
from the simple fact that most standard substrates are essen­
tially transparent, such that the diffuse cattering can be mea­
sured continuou ly for positive and negative angles of inci­
dence and scattering, see Fig. 1. Consequently, a much wider 
range of the parallel momentum tran fer Qu is accessible. 
Important information on the lateral membrane structure can 
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Figure 2: Top: a one-dimensional cross-section of the diffuse scattering as a 
function of parallel momentum-transfer. Bottom: Reciprocal space mapping 
around the ~rst Bragg peak of a stack of multilamellar phospholipid mem­
branes (DMPC). 



be revealed, yielding new and previously inaccessible infor­
mation on the membrane fluctuation spectrum, i.e. the 
height-height self- and cross-correlations. 

For the experiments it is a prerequisite to prepare samples of 
several hundred bilayers oriented perfectly on a silicon sub­
strate. The degree of membrane mosaicity achieved is typi­
cally better than 0.02°, compared to l-5° in conventional 
measurements. These samples show a tremendous amount of 
diffuse intensity reflecting the softness of the system. For the 
investigation the samples were either partially hydrated 
(water layer of lQ-15 A in between membrane ) and kept at 
constant temperature in a humidity cell or completely 
immer ed under water in a chamber of full hydration, with 
the neutron beam impinging from the side of the silicon sub­
strate 

The contour plot of a reciprocal space mapping around the 
first multilamellar Bragg peak is shown in Fig. 2 (lower 
part). The so-called diffu e Bragg sheet arise from layer 
fluctuations which are correlated over several adjacent layers 
(conformal fluctuations) such that the diffu e scattering is 
concentrated along ridges of constant Q2 corresponding to 
the specular Bragg peak position . From the Q2 value, a 
mean distanced of the DMPC membranes of d = 49.8 A can 
be inferred, corresponding to a water layer of about 14 A in 
between adjacent membranes. Note that the mapping com­
bines data taken in reflection and transmission geometry. The 
collapse of the intensity along the Laue sphere (black line) 
marks the loci in reciprocal space where the incident beam 
impinges at an angle of 0°, in the vicinity of which evanes­
cent waves are excited. A one-dimensional transverse scan is 
al o shown for comparison (Fig. 2, upper part). A lateral cor­
relation length of ~u = 1000 A i inferred from the crossover 
point around 0.006 A-1 between the two characteristic 
slope . Note that the non pecular scattering can be mea ured 
over an unprecedented range of up to four orders of magni­
tude in intensity and four order of magnitude in parallel 

momentum-transfer. From this data, the membrane fluctua­
tion spectrum can be determined and directly compared to 
theoretical models 
Upon the insertion of antibacterial peptides such as 
magainin 2, dra tic changes in the specular and nonspecular 
reflectivity are observed at increasing peptide/lipid ratio 
(P/L). The first and second order peaks are shown in Fig. 3 
(right) as a function of Q2 for increasing molar peptide 
concentration (P/L). Note that the data is clean enough to per­
form a line shape analysis of the Bragg peaks. Futhermore, 
the scattering-length density-profile can be modelled from 
the data and provides information on the configuration of the 
peptides with respect to the lipid bilayer 
In summary, the static structure-factor of solid supported 
membranes was measured as a function of the perpendicular 
and lateral momentum transfer, making use of the special 
advantages of neutron optics. From the data the fluctuation 
spectrum of the membrane ystem was determined . The 
results may be put in perspective to the relevant microscopic 
interaction and al o be compared to current theoretic predic­
tions of membrane distortions by inclu ion (peptides, pro­
teins). In future, the method presented here to map out the 
reciprocal pace over a wide range and with high resolution 
may be applied to many interesting lipid-membrane based 
materials, including lipid/peptide, lipid/protein or lipid/DNA 
systems. The technique can reveal lateral structures on 
length scales between a few A up to several µm at in situ 
conditions. 
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Figure 3: Left: Sketch of a peptide (green) adsorbed on the lipid bilayer (blue). Right Details of the reffectivity curves ( I st and 2nd Bragg peaks of multilamellar DMPC) 
at increasing peptide concentration (from top to bottom: pure DMPC (PIL=0), PIL=0.025, 0.05, 0.1 ). The peptides affect the multilamellar order. 
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Investigation of confined polymer films 
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Surface morphology of thin films is another probe of the method of grazing-incidence small-angle neutron scattering (GISANS). 
In case of homopolymer samples, GISANS yields the surface topology. In addition for blend samples the chemical composition is 
determined with GISANS. Compared to common transmission experiments GISANS enables the determination of very small sample 
volumes. 

Polymer films are extensively used in many applications. 
With the ongoing miniaturisation of any type of application a 
reduction of the polymer-film thickness is required. In the 
limit of ultra-thin films the thickness is in the order of the 
polymer dimension. This induces a different conformation, 
morphology and kinetics. To determine these confinement 
effects, the film thickness of the polymer sample has to be 
small compared to the unperturbed radius of gyration of the 
polymer molecule (e.g. only 30 A). In this film-thickness 
regime, a free-standing film is unstable. Thus, a preparation 
on top of a solid support is required. In a common transmis­
sion set-up the scattering volume of the confined polymer 

a) 2D detector 

Vertical slice 

Horizontal slice 

Sample surface 

film is very small as compared to the one of the ubstrate. 
The scattering signal contains only a small contribution of 
the polymer film. 

Therefore, a transmission geometry is extremely disadvanta­
geous. One way to overcome this problem is the use of a 
reflection set-up as demonstrated previously with x-ray scat­
tering techniques. With grazing-incidence small-angle scat­
tering, a small scattering volume located near the ample sur­
face is probed. In contrast to x-ray experiments thi geometry 
is only rarely applied in neutron experiments. This may 
result from the limited fluxes available with neutrons compa­
red to x-ray experiments. 

b) 

Figure I: a) Schematic drawing of the reVection set up performing GISANS at D22. b) Example of the tw<Hlimensional intensity distribution measured with G/SANS. 
In the contour plot a logarithmic contour line spacing with an alternating colour scheme is used. 
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Figure 2: Comparison of surface topographies determined with atomic force 
microscopy(+) and with GISANS (0). The mean droplet distance A and the 
original~ prepared film thickness d are normalised by the radius of gyration Rg. 
The resolution of the scattering experiment is shown with the dashed line. The 
solid line shows a fit to the data based on a spinodal dewetting model. 

However, in the ea e of x-rays, the contrast, even for ignificant­
ly different polymers is not large, whereas with neutrons strong 
contrast between two component can be generated by deutera­
tion. This is extremely useful for investigations on blends of 
weakly incompatible polymers and i commonly applied in 
neutron reflectometry. The first successful experiments 
applying GISANS have been performed at the D22 instrument. 

In general, the D22 instrument is used in transmission geo­
metry. The scattering signal of interest is located near the 
beam stop which limits the largest resolvable length-scale. 
We applied a reflection geometry for GISANS. Thu , the 
signal of intere t i reflected out-of-plane of incidence and 
geometrical constraints due to a beam stop are not present. 
This enables the detection of in-plane length-scales A up to 
3.3 µrn. It is a significant increase compared to the highest 
resolvable length- cale in transmission geometry under com­
parable conditions. 

A schematic drawing of the experimental set-up is shown in 
Fig. la. At one fixed angle of incidence ai the scattered 
intensity is detected at exit angles ar and out-of-plane angles \jl. 
The two-dimensional intensity distribution con ists of seve­
ral vertical and horizontal slice . Figure lb shows a typical 
two-dimensional scattering distribution. In the centre of the 
picture the specular peak is located. Horizontal slices contain 
information parallel to the sample surface. Vertical slices 

basically carry information perpendicular to the sample sur­
face. 
In the case of a dewetted confined homopolymer film the 
length A can be attributed to the mean distance between the 
droplets. During the dewetting of a originally homogeneous 
film isolated monodisperse droplets are created. Thus, the 
re ulting sample is no longer continuous. With increasing 
film thickness, d, the mean droplet diameter and distance 
increases as well. In the past, the investigation of these small 
surface structures were only possible with atomic force 
microscopy. Thus, only locally very limited information has 
been available. Due to the progress in the GISANS technique 
it is now possible to determine heterogenieties on surfaces by 
scattering. In a scattering experiment, the mean droplet dis­
tance is determined on basis of a much larger surface area 
and therefore with a greater statistical significance. As 
demonstrated previously with atomic force microscopy and 
grazing incidence mall-angle scattering, using x-rays as 
well as neutrons yields identical information in the case of 
dewetted confined homopolymer films 
In more complex system such as confined blend amples, in 
addition to the dewetting, a phase separation is possible. In 
Fig. 2 the mean droplet distances as determined with 
GISANS (circles) and with atomic force microscopy 
(cros es) are similar for the complete range of confined films 
(Rgf3 < d < Rg)- Thus the local technique atomic force micro­
scopy and the averaging technique GISANS deliver the same 
topological information. The observed droplets are explained 
by a spinodal dewetting model (solid line in Fig. 2). 

An internal contrast within single droplets is available with 
neutrons whereas with atomic force microscopy and x-ray 
scattering only the urface topology is detected. Using 
GISANS in addition to the topological signal, the internal 
chemical composition has been determined . A periodic 
variation of different polymer phases can be induced by care­
ful sample preparation and this internal structure has been 
observed with the GISANS technique 

Of course, the GISANS technique is not limited to polymer 
arnples. The topology and chemical composition of any type 

of sample surface can be probed. 
In addition, GISANS enables the investigation of non-homo­
geneous samples consisting of isolated structures. In-plane 
distances up to everal micrometres are accessible. Due the 
need for a very high neutron flux, GISANS experiments are 
limited to a few neutron instruments such as D22. 
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Surfactant la ase alignment 
un ear 

■ S. BA RE, A . R . RENNIE (KINGS COLLEGE LONDON), 

■ E . BELLET - AMALRIC , G . FRAGNETO (ILL). 

Shear has a profound influence on the behaviour of complex fluids due to their non-newtonian behaviour and neutron scattering is an 

important method for the characterisation of shear induced transformations.A new rotating disc shear-cell has been built and mea­

surements on the wide-angle diffractometer D 16 on concentrated surfactant solutions under shear have allowed to determine orien­

tations not visible with the geometries used in the past on similar systems. A complete study will be useful for many applications 

where it is important to know how shear may effect phase behaviour such as micelle to lamellar phase transitions or induce forma­

tion of vesicles. 

Amphiphilic molecules such as surfactants are used in many 
applications that range from emulsion stabilisers, detergents, 
cosmetics, food and mineral processing. Surfactants at high 
concentrations in water often form lamellar phases with 
bilayers packed together to give a regular interlayer spacing 
(Fig. 1). In some circumstances other concentrated phases 
(cubic, hexagonal, etc.) may form. The properties of concen­
trated phases of surfactants can be of importance in many 
areas: such as the formulation of concentrated detergents, 
properties of foods and behaviour of cosmetic preparations. 
Flow of soft materials has attracted considerable interest and 
the rheological properties of surfactants are no exception. 
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Figure I: Schematic diagram of lame/Jar phase structure of surfactants 
showing the inter.famellar spadng used to determine the orientation. 

For some years small-angle neutron scattering (SANS) bas 
been used to produce detailed pictures of structures under 
flow [I,?] . In the pre ence of shear field two different orien­
tations of the lamellar layers have been observed, respec­
tively with the normal to the layers parallel to the velocity 
gradient direction (orientation c) and perpendicular to it 
(orientation a). Orientational transitions have been observed 
depending on the shear rate and the system studied. In parti­
cular, Penfold et al. [I] observed a transition from orientation 
a at low shear rate to orientation c at high shear rate for the 
C16E06 (hexaethylene glycol monohexadecyl ether)/water 
system. In a recent work Richtering at al . [2] observed the 
same transition for a system of SDS/decanol/water. 
Additionally, they observed two more orientational transi­
tions at very low and intermediate shear rates and the forma­
tion of vesicles. Both the transitions and the formation of 
vesicles were influenced by the content of decanol. Also in 
block copolymer melts, a transition from the a to the c align­
ment was observed, but there is no evidence of vesicle for­
mation. Recently, neutron diffraction has been used to deter­
mine orientational order in dispersions of crystalline, 
anisotropic colloidal particles [3]. Measurement of the distri­
bution of intensity of a particular Bragg reflection directly 
determines the orientation distribution of the plate-like par­
ticles. In many respects lamellar surfactant phases resemble 
the structure of dispersions of plate-like particles. The distri­
bution of scattered intensity arising from the lamellar spa­
cing can be used to determine the orientation distribution. 
The flexibility and dynamic equilibrium of larnellae can give 
rise to new and interesting phenomena. 

The principal directions in a shear flow field are shown in 
Fig. 2 and a full description of the alignment will require 
determination of the full three-dimensional structure, or dis­
tribution of orientation, in relation to these axes. In order to 
achieve a better understanding of the flow behaviour of 
larnellae under shear, a rotating disc shear-cell has been built 
This has been used on the diffractometer Dl6 to investigate 
the orientational alignment, using a sample geometry that is 
not readily accessible with a Couette shear cell and conven-
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Figure 2: Shear-<:ell orientation on the diffractometer. The principal axes of 
the shear ffeld can be aligned with respect to the scattering vector to allow 
full determination of the orientation distribution. It is useful to identify not just 
the axes of ffow, shear gradient and vorticity but also to distinguish in meer 
surements between the extensional and compressional quadrants associated 
with the shear ffow. 

tional SANS measurements. Data were coUected for the non­
ionic surfactant tetraoxyethylene glycol monododecyl ether 
(C12EO4) in D2O, which has a wide range of lamellar phases 
at room temperature. The cell geometry allowed scans to 
determine the orientation distribution of the lamellar phases 
in the plane of shear velocity and shear gradient. With the 
cell normal to the incident beam the measured intensity cor­
responds to scattering from the lameUae with normals almost 
in the flow direction. As w increases to 90° this angle 
approaches the condition of lamellae normal to gradient 
direction. Two concentrations corresponding to 40 and 
60%wt surfactant were studied. 

First results from these studies are shown in Fig. 3. Data 
were collected over a range of angles and corrected for detec­
tor efficiency, sample thickness and tran mission. Spectra 
were acquired varying the angle w from -75° to + 75° (see 
Fig. 2) at different values of$ and X (ranging between 0° and 
24° for$ and 0° and 20° for x). All experiments were repea­
ted at different shear rates. A strong Bragg reflection at 
Q ::: 0.1 A- t for the 60% sample and at Q ::: 0.07 A-1 for the 
40% sample was observed. This corresponds to a d-spacing 
of 63 A and 90 A respectively corresponding to the distance 
between adjacent lamellar planes. Two less intense peaks 
were ob erved in the diffraction pattern of the 60% sample, 
at Q::: 0.075 A-t (d = 82 A) and at Q::: 0.2 A-1. Peaks have 
been fitted with a Gaussian and their intensities have been 
normalised making allowance for the variation of the scatte­
ring volume, which depends on the cell orientation. The plot 
of the intensity of the Bragg reflection at Q ::: 0.1 A- t versus 
the rotation angle w is shown in Fig. 3b. A maximum is 
observed for w::: 50°. A similar pattern is observed at higher 
shear rates. The experimental arrangement allowed to inves­
tigate only small a range of$ and x; small variations are 

ob erved in the peak intensities for experiment recorded after 
rotating the cell through $ and X· For the less concentrated 
ample the plot of the intensity of the Bragg reflection at 

Q::: 0.07 A-1 versu the rotation angle w showed a different 
pattern with a maximum corre ponding to 0 < w < 20 depen­
ding on the shear rate (Fig. 3a). These preliminary data clearly 
show alignment that change with concentration and in 
directions that have not been reported previously. 
Suprisingly for the ample at 60%wt fraction, the maximum 
is seen well away from either the flow or gradient directions. 
The positive w direction corre ponds to the extensional qua­
drant that lies between the flow and gradient directions (see 
Fig. 2). The normals to the lamellae are een to lie in this 
quadrant. 

Under the flow conditions studied, orientation is observed in 
a rather different manner to that reported in previous work on 
concentrated surfactants. The lamellae are oriented with the 
normal to the plane in the flow gradient-plane and forming 
an angle with the vorticity-flow plane. The tilt depends both 
on the concentration of the surfactant and the applied shear 
rate. The orientation of the particles is only observable when 
scanning a large part of reciprocal space. The observed 
orientation of the layer with the peak in the compre ional 
direction of the flow field shows certain similarities to the 
behaviour of plate-like colloidal particle . Further work is 
required to determine the exact orientation of the layers a a 
function of surfactant concentration and shear rate. 
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Figure 3: Plots of the normalised intensity versus the angle wfor a) C12~ at 
40 wt% and b) 60 wt% at two different shear rates(■ 0.5 ,1 and ♦ 30 , 1 ). 

For the 60% sample the maximum is at w = 50 for both shear rates, while 
for the 40% sample the maximum is at w = 0 for 30 s-1 and at 
10 < w < 20 for 0.5 s-1. 
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Fast strain fluctuations 
in a polymer melt 

W. SCHMIOT, U. BUCHENAU (FZ jULICH) . 

Can a quantitative connection be established between the low temperature anomalies of glasses and the fast picosecond motion in 

the melt? Very recent inelastic neutron scattering experiments on IN 12 seem to show such a connection . 

A reasonably successful de cription of the low-temperature 
glass anomalies is the soft potential model , an extension 
of the tunnelling model, which postulates a co-existence of 
localised tunnelling, relaxational and vibrational localised 
modes with the sound wave at low frequencies, below the 
boson peak at 2 meV. This peak may arise from scattering of 
the phonon modes of the whole Brillouin-zone due to disor­
der effects in these systems. The localised modes are suppo­
sed to interact bilinearly with elastic strains, in order to 
explain the strong sound absorption. In terms of that model, 
an extended strain field is expected around each of these 
localised modes, fluctuating with the mode amplitude. 

A calculation of the coherent inelastic cattering from such a 
fluctuating strain field yields a weakly Q-dependent inelastic 
signal at small momentum transfer Q, as long as Q remains 
larger than the Brillouin scattering wave-vector at the given 
frequency . If these localised modes exist not only at low 
temperatures, but also in the melt, one should be able to see 
this small-Q inelastic signal. 
The measurements were carried out on the CRG-instrument 
IN 12, a three-axis spectrometer for cold neutrons, with a 
sample of amorphous deuterated 1,4-polybutadiene at 288 K 
(the glass transition temperature is 186 K). For comparison, a 
protonated polybutadiene sample was also examined under 
the same conditions. Mea urements on the empty sample 
container were used for background corrections. 

The instrument was optimised for lowest background at low 
momentum transfer. In addition to 30'-collimation, we used a 
large vacuum tank (1 m in diameter) around the cryostat to 
suppress the air scattering of the direct beam which produces 
a strong inelastic signal at small angles. Its efficiency for the 
present problem is demonstrated in Fig. I which compares 
the scans before and after evacuation of the tank. In general, 
this set-up can be considered as a competitive alternative to 
time-of-flight instruments for this kind of measurements. 
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Figure I: Inelastic scattering on deuterated polybutadiene at 288 Kand an 
energy transfer of 0.5 meV. The green curve shows the signal with surroun­
ding air while the red curve demonstrates the drastic background reduction 
at low Q a~er evacuating the tank. 

The soft-potential model postulates modes with a stabili ing 
fourth-order term in the potential, but with varying first and 
second order terms, eventually even negative ones, to 
account for the asymmetric double-well potentials of the tun­
nelling tates. These modes are assumed to couple to the 
uniaxial and shear strains of the long-wavelength longitudi­
nal and transverse sound-waves, respectively. So far, this is 
the only model capable to explain consistently the low-tem­
perature glassy anomalie in the heat capacity, the thermal 
conductivity and the acoustic absorption 

If the soft-potential model is correct, there should be fluctua­
ting strain fields around each of these localised modes. The 
simplest theoretical description of the strain field around a 
localised mode is to assume an elastic dipole in the centre of 
the mode, proportional to the mode displacement. The cohe­
rent inelastic small-angle scattering from such an elastic 
dipole, fluctuating or oscillating in an ela tically isotropic 
medium, has been calculated recently . This calculation 
assumes a homogeneous deformation within an inner sphere 
of radiu r5, continuity at the sphere boundary, and a decay 



according to the elastic dipole field outside. Besides the 
radius r5 the model requires two further parameters: The 
squared ratio of the transversal and longitudinal sound velo­
city called f, and the dipole strength which is expressed in 
terms of a value Q0 which also can be calculated from the 
soft potential model in the glass phase. 

The main difficulty of the measurements is the multiple-scat­
tering intensity from the strong inelastic scattering at 
higher Q. These processes produce a sizeable linear back­
ground at low Q of the same order of magnitude as the 
contribution we are looking for. Therefore the multiple-scat­
tering calculations must be reliable. With this aim a protona­
ted sample with the same scattering power was measured, 
too. For an incoherent scatterer the low Q inelastic signal 
should be absent, it hould start with a Q2 dependence. 
Indeed, the offset at low Q confirms the calculations (Fig. 2). 

The data of the deuterated sample are shown in Fig. 3. For 
the fit we took into account that the data consist of a mixture 
of localised modes and sound waves. Both contributions 
must be considered. For the latter the structure factor is taken 
as Q2 Se1(Q) where Se1(Q) is obtained from the elastic data. 
The fit gives about 50% for that contribution. Further, the fit 
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Figure 2: Inelastic scattering signal of protonated polybutadiene a~er back­
ground correction at 0.5 meV. In contrast to the deuterated sample the data 
at low Q show the expected Q2 • exp(-a Q2) dependence plus a constant mul­
tiple scattering contribution. The solid line shows the corresponding fit 

provides the three relevant parameter for the model of the 
localised modes which have been described above. The 
resulting values are Q0 = 0.48 ± 0.04 A-1, r5 = 8.3 ± 0.8 A 
and f = 0.25 ± 0.03. From soft potential data 
Q0 = 0.46 A- t has been calculated. Also the radius r5 of the 
distorted sphere is a reasonable value in the order of the dis­
tance of neighbouring polymer chains. Further, the ratio of 
the sound velocities f is con istent with the value calculated 
from the sound velocities in the glass phase (f = 0.21 ). 
Figure 3 shows the data with the corresponding fit. The low 
Q contribution is indicated separately. 
Inelastic neutron scattering data from deuterated amorphou 
polybutadiene show a clearly discernible inelastic coherent 
contribution at small momentum transfer well above the 
glass transition. The result i consistent with the existence of 
elastic dipoles in the polymer melt, fluctuating on a pico­
second scale. Within experimental error the dipole strength 
(in terms of Q0) from the high-temperature data equals the 
one expected from the soft-potential model parameters for 
the low-temperature anomalies. For the first time this pro­
vides a quantitative connection between the low temperature 
glass anomalie and the properties of the melt. 
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Figure 3: Background corrected scattering signal of deuterated polybuta­
diene at 288 K with an energy transfer of 0.5 meV. The solid line shows the 
fit for the inelastic structure factor while the dashed line indicates the contri­
bution of the localised modes as calculated in the model, plus again the 
constant multiple-scattering contribution. 
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A purely dyn 
of the orientatio 

1 signature 
al glass transition 

M. jlM~NEZ-RUIZ, A . CR IADO, F . j . BERME JO, C . CABR ILLO (CSIC, MADRID) , 

G . J. CUELLO (ILL}, 

F. R . TROUW, R. FERNANDEZ-PEREA (ARGONNE NATIONAL LABORATORY}, 

H. LOWEN (UNIV. DUSSELDORF}, 

H. E. FISCHER (LURE, ORSAY} . 

The dynamics of the freezing transition of the rotator phase crystal of ethanol into its orientational glass phase is monitored by mea­

surements of molecular rotational components using quasielastic neutron scattering. The phenomena observed at microscopic scales 

are mapped onto those shown by a model of infinitely thin hard needles rotating around body-centred-cubic lattice positions. 

The basic signatures across the orientational glass transition are similar in the needle model and in the neutron scattering data for 

ethanol. As the model's glass transition is of purely dynamical origin, our findings support the idea that the glass transition is purely 

dynamical and not associated with any thermodynamic phase-transition 

Despite recent progress in understanding the nature of the 
liquid-glas transition, a clearer view is still needed. It can be 
viewed either as a purely dynamical phenomenon without 
any associated change in static quantities or as a remnant of 
an underlying thermodynamic phase-change that is partially 
obscured due to kinetics reasons. Arguments in favour of both 
views are partially supported by experiment. The difficulties 
in evaluating the merits of both approaches concern the wide 
range of complex phenomena involved within the glass-tran­
sition of a real material, which tend to hide some of the cha­
racteristic signature of glassy behaviour. 
Here we concentrate our efforts in studying the rota­
tional freezing transition of ethanol, Rotator Phase 
(RP) ➔ Orientational Glass (OG), which takes place in the 
same range of temperatures that the Supercooled Liquid 
(SCL) ➔ Gia s (G) transition (see Fig. I). The measured 
macroscopic phenomena associated with the RP ➔ OG 
transition Uumps in specific heat and in the thermal expan­
sion coefficient) are tantalisingly similar to those exhibited 
by the SCL ➔ G tran formation. Both RP and OG crystals 
have the same lattice structure (the molecular centres of mas 
sit in both phases at the nodes of a bee lattice), which implies 
that the tran ition is purely rotational. The quantitative simi­
liarity of the two transitions was revealed by dielectric spec­
tro copy , where a and sub-Tg relaxation appear to be 
very close in frequency. Thi sugge ts that if there is eviden­
ce that the RP ➔ OG transition is purely dynamical , the 
same conclusion should then be pertinent for the canonical 
glass-transition (SCL ➔ G). 
We compare neutron- cattering data for ethanol across the 
transition RP ➔ OG with result of a simple, albeit non-trivial, 
model consi ting of a set of hard-needles reorienting on a 
bee lattice. This simple model exhibits a purely dynamical 
crossover from free needle rotation down to a "glassy" phase 
depending upon a sole control parameter: the ratio e = Ua of 
needle length to lattice parameter ( ee Fig. 2). The tran ition is 
monitored by following the relaxational behaviour of <t> 1(t), a 
correlation function associated with single-needle reorienta-
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Figure I: Schematic phase diagram of ethanol where the transition tem­
peratures of the condensed phases are shown. Depending upon temperatures 
and cooling rates, ethanol presents four different solid-state phases at ambient 
pressure: the stable monoclinic crystal, the structural glass obtained by quen­
ching the liquid, the rotator phase RP (bee crystal with rotational disorder, 
obtained a~er an annealing of the Supercooled Uquid), and finally the orien­
tational glass (OG) obtained by cooling the RP. 

tions. For e ~ 3.4 the autocorrelation is almost blocked on the 
timescale explored by the simulation. Fore= 4.5 the orientatio­
nal autocorrelation is almost equal to unity, i.e., the orientations 
become frozen within a very narrow solid angle. 
Two sets of neutron-scattering experiments were carried out. 
Exploration of the microscopic dynamics within a scale of 
about 1 meV was pursued u ing the inverted-geometry time­
of-flight spectrometer QENS at the intense pulsed neutron 
ource at Argonne, whereas that taking place at µeV scales 

was monitored using the IN16 backscattering spectrometer at 
ILL. The spectra show a strong elastic (resolution-limited) 
component plus a quasielastic intensity and the concomitant 
decrease of the elastic peak, as shown in Fig. 3. There it is 
shown that the transition is nicely monitored by following 
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Figure 2: Unit cell of the bee lattice together with the needles of length L 
whose centre-of-mass positions are fixed to lattice sites. 

the transfer of spectral inten ity from elastic to quasi- (or 
inelastic) scattering and this shows very similar characteris­
tics for both frequency windows. The time cale of the need­
le model can be mapped directly into the physical space 
using the time 't = (mL2f24k8 T)112. If we identify the 
moment of inertia of the needle , J = mL2/l 2, with that of 
one ethanol molecule (J = 0.741 x 10-45 kg-m2), we obtain 
that 't is of the order of 1 ps at T = I 00 K. 
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Consequently, we can translate experimental frequencies 
into simulation data and vice versa. Finally, in the athermal 
needle model only e enters, whereas temperature is the cru­
cial parameter for our measurements. Hence, the translation 
of temperatures in the experiment into effective ratios e of 
our model is given by e= e0 exp (TglT*). 

The comparison between experiment and model results is 
carried out by transforming <1> 1(t) into the frequency domain 
and then convolving with the instrumental resolution func­
tions in order to mimic the measurements. The resulting func­
tion <l>(ro) was plit into elastic and quasielastic parts. The 
width and the amplitude of the quasielastic part were deter­
mined afterwards. The results for the widths and the intensity 
fractions are given in Fig. 3. One clearly sees a kink in the 
quasielastic intensity both in the experimental data and in the 
transformed needle model data at temperatures of about 97 K 
and 75 K, respectively, which is a clear-cut fingerprint of the 
orientational glass-transition. 

The elastic intensity exhibits a similar kink. The effective 
width of the quasielastic spectra of both model and experi­
ment (Fig. 3) also exhibit kinks at the same temperatures as 
do the intensities. This gives compelling evidence that the 
essential signatures of the orientational glass-transition can 
be under tood from a purely dynamical model. The implica­
tions of such an analogy in dynamical behaviour can, in the 
light of previous data, to a large extent be applied to the 
glass/liquid transition inasmuch as the latter must carry a 
large rotational component. 
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Figure 3: a) Temperature dependence of the quasielastic linewidth as measured on IN 16. b) Variation of the width of <P( w) as calculated from results for the sys­
tem of hard needles. The inset shows data in the µeV scale on a semi-logarithmic plot c) Temperature dependence of the elastic (green) and quasielastic (red sym­
bols) intensities across the RP-OG transition measured on IN I 6. d) Contributions from <P( w) to the elastic (green) and quasie/astic (red symbols) frequency win­
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High-resolution B llauin neutron 
scattering fram heavy water 

■ C. PETRILLO , F. SACCHETT I (INFM, PERUGIA), 

I B. DORNER {ILL), 
I J. B. SUCK (TU CHEMNITZ). 

The dynamics of water has been investigated previously by Brillouin scattering with neutrons and x-rays. Our new neutron data can 

explain the complexity of the inelastic signals by a simple model of two interacting modes, one acoustic-like and one optic-like. 

The different structure-factors allow for a detailed distinction of mode intensities. 

Water is probably the most studied liquid and, nonetheless, 
there remain open questions due to its intrinsic complexity. 
The investigation of the dynamics of water is of basic interest 
because of its role for the existence and the behaviour of 
living systems. The dynamics of water has also attracted 
much attention because it is the prototype of a hydrogen­
bonded network, where many of the complex features are 
connected to the presence of the medium-strength hydrogen­
bonds. As the local structure of water is very close to that of 
its solid phase under normal conditions, i.e. hexagonal ice, it 
is quite reasonable to expect the dynamics of the liquid to 
develop in a way similar to that of the solid. In contrast to 
this anticipation, the sound velocity in water is found to be 
twice smaller than in ice. 
A first investigation of the collective dynamics of (heavy) 
water by means of inelastic neutron scattering [1] has revea­
led an acoustic-like collective mode with an associated velo­
city of about 3000 m/s, to be compared with 1360 m/s, the 
measured sound velocity in heavy water. This rather striking 
effect is known as positive dispersion. The recently develo­
ped ultra-high resolution x-ray inelastic scattering technique 
[2-4) made it possible to perform Brillouin scattering in 
water over rather extended energy and momentum regions. 
The good energy-resolution achieved in x-ray inelastic scat­
tering experiments (up to 1.5 me V), although limited by the 
quasi-Lorentzian shape of the resolution function, has confir­
med the existence of the fast sound and, in addition, revealed 
dispersion-less signals around 5 meV [4]. 
The inelastic scattering function probed by x-rays originates 
from the electron density which, in water, is concentrated on 
the oxygen site. Therefore, the information obtained is limi­
ted to the motion of the oxygen atom. In contrast, in inelastic 
neutron scattering from heavy water the deuterium contri­
butes equally well as oxygen and this favourable property of 
neutrons was the reason why we carried out experiments on 
the three-axis spectrometer IN l. 
The experiment was performed with a rather high (constant 
analyser) energy of 120 meY. To push the resolution as much 
as possible, we used vertically focusing Cu(331) and 
Cu(400) as monochromator and analyser respectively. 
The collimation was squeezed to 25', 20', 20' , 20' from 
reactor to detector. This set-up resulted in a resolution of 
2.6 meV full-width half-maximum (FWHM), a value which 

is the top performance presently achievable on a three-axis 
spectrometer at such a high incoming neutron energy. 
Moreover, such a resolution is comparable with the best 
ultra-high resolution x-ray measurements which attain a 
FWHM of - 1.5 meY. However, it is not only the FWHM, 
which counts in resolution but also the line shape. 
Particularly, if one wants to distinguish signals at small energy­
transfers, a Gaussian shape, as in the present case, has enor­
mous advantages over a Lorentzian shape as in the x-ray case. 

-20 0 20 
ro (meV) 

Figure I: Experimental dynamic structure-factor of heavy water versus energy 
transfer and at the wavevector transfer values of the measurements. The expe­
rim ental data ( o ) are also shown on a scale expanded f,ve times 
( e) to emphasise the inelastic structures. The full lines are the curves calcu­
lated according to the frtted model described in the text 



At 293 K, constant Q-scans were carried out at five wavevec­
tor transfers Q. Figure I shows the coherent scattering-func­
tion S(Q,ro) as a function of energy and wavevector transfer. 
Details on the data reduction are given in Ref. . Q-values 
smaller than 0.3 A-1 were not investigated because of kine­
matical limitations in Q and ro transfers. 
To interpret the pre ent experimental data, we tried to deve­
lop a model requiring a limited number of parameters and 
also accounting for the observations in Refs. , i.e. the 
low macroscopic sound velocity at very small Qs, the high 
sound velocity at large Qs and the low energy signals around 
5.5 meV at Q greater than 0.3 A- 1_ We assumed two interac­
ting modes, one acou tic-like and one optic-like. Due to the 
interaction, the resulting dispersion curve do not cross, ee 
Fig. 2. In the fitting procedure, the low Q ound velocity, 
which was out of the range of our data, was kept fixed to 
C0 = 1360 rn/s as taken from the literature. Then, the essen­
tial parameter of the model were ro0 (5.5 ± 0.3 meV), the 
frequency of the optic-like mode, c00 (3200 ± 320 rn/s), the 
sound velocity at high Qs, and a factor to account for the fre­
quency-proportional broadening of the excitation. The values 
obtained by the fit are given in parenthesis. Note that, by 
keeping C0 fixed, there was no additional free parameter to 
describe the mode coupling. It is important to remind that a 
low frequency optic mode has been observed in a single crys­
tal of hexagonal ice . The dispersion curves in Fig. 2 have 
been obtained by using all present neutron data of the diffe­
rent constant Q-scans for the fit. The open symbols in Fig. 2 
indicate the frequencie determined by the fit. They coincide 
necessarily with the curves. We were very sati fied when we 
compared our result to the x-ray data which are also 
shown in Fig. 2. The model fitted to the neutron data repro­
duces the x-ray data very well. 
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Figure 2: Dispersion relation as deduced from the present experiment (full 
line) in comparison with the results of the x-ray scattering experiments repor­
ted in Refs. ( e). The open symbols ( ) indicate the results from neutron 
scattering which lie on the calculated curves (see text). The dashed lines are 
reference linear dispersion curves corresponding to the velocities c~ and co-

For the investigation of interacting (mixing) modes, the ana­
lysis of intensities is of high interest because the eigenvectors 
of the modes mix to produce two composite (still orthogonal) 
eigenvectors. We derived experimental values for structure 
factors, which are quantities independent of Q and ro but 
which reflect the eigenvectors. With increasing Q, the struc­
ture factor of the upper dispersion curve should vary from 
optic-like (vanishing value for Q towards zero) to acoustic­
like, while the opposite should be the case for the lower dis­
persion curve varying from acoustic-like to optic-like. The 
optic structure-factor is expected to be smaller than the 
acoustic one. The results are shown in Fig. 3. At Q"' 0.35 A-1 
both structure factors have the same value indicating a maxi­
mum (50%-50%) of mixing of eigenvectors. Finally, the sum 
of both structure factors is constant within the error bar , as it 
should be. The sum must be independent of the interaction. 
We analysed also one scan from the x-ray data using our 
model with our parameters. We observed that the structure 
factor of the optic mode relative to the acoustic mode was 
weaker in the x-ray ea e than in the neutron case. We take 
this as a hint that deuterium (hydrogen) amplitudes dominate 
the optic eigenvector. 
Such a model for mode mixing i taken from solid-state phy­
sics, where modes and their interaction are well defined. The 
application to a liquid is an approximation which works well 
in the present ea e. The interpretation of the two sound velo­
cities leads us to call coo = 3200 ± 320 m/s the unperturbed 
sound velocity which, in fact, is close to the sound velocity in 
the solid with about 4000 rn/s. The macroscopic sound velo­
city c0 = 1360 rn/s is, following the model, perturbed due to 
the coupling to a low frequency optic mode, which is suppo­
sed to be similar to the one observed in ice. 
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Figure 3: Squared structure-factors provided by the present model versus 
wavevector transfer. Lower branch: • · Upper branch: -' . The sum af the two 
squared structure-factors is also shown by open circles (0 ) . 
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Liquid wa 
the effects 

J. DORE (UN I V. OF KENT , CANTERBURY) , 
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P. BEHRENS (UNIV . HANNOVER), 

H. F I SCHER (LURE, ORSAY) . 

t - 45°c, 
confinement 

Structural studies of water in ordered mesoporous MCM silicas have shown that the liquid phase remains stable to temperatures of 

- 45°(, be low the normal phase transition to hexagonal ice. This deeply super-cooled liquid is characterised by a well developed 

hydrogen-bond connectivity and eventually undergoes a reversible phase transition to cubic, not hexagonal, ice. 

Characteristics of bulk water 

Water has a number of distinctive properties which distinguish 
it from other molecular liquids. Earlier neutron diffraction 
measurements have shown that the hydrogen-bonding inter­
action has a direct influence on the structural characteristics. 
At low temperatures. particularly in the uper-cooled region, 
the orientational correlations are enhanced and the system 
seems to be evolving towards the continuous random network 
which characterises the structure of low-density amorphous 
ice , made by vapour deposition onto a cold substrate plate 
at < 100 K. At ambient pressures there appears to be a limit, 
the homogenous nucleation temperature, to the stability of the 
super-cooled phase which is -45°C for H2o and -40°C for 
D20. Special techniques using water droplets in emulsions 
have been developed to study deeply super-cooled D20 water 
over a temperature regime extending down to -30°C. The 
main diffraction peak, Q0(T), changes sy tematically to lower 
values as shown in Fig. l; the corresponding density chan­
ge is given in the inset. The nature of the eventual transition to 
the ice phase remain controversial and several different theo­
ries have been advanced. The situation is puzzling because 
the glass-transition temperature and the upper limit to the sta­
bility of bulk amorphous ice are at much lower temperatures, 
in the region of 140 K. 

Water/ice in mesoporous sol-gel silicas 

The properties of water are substantially modified when the 
liquid is contained in the voids of a mesoporous solid. 
Neutron diffraction tudies of water in sol-gel silicas have 
shown that the water readily super-cools between -15 and 
-25°C (depending on the pore size) and sub equently 
nucleates to produce cubic ice rather than the hexagonal ice 
formed in the bulk phase. The super-cooled liquid phase 
shows enhanced hydrogen-bonding over bulk water at the 
same temperature indicating that the confinement has a 
direct effect on the hydrogen-bond structure and the nuclea­
tion process. Unfortunately, sol-gel derived silicas have 
rather broad pore-sized distributions and a poorly defined 
pore topology. 
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Figure I: The diffraction patterns for D20 water in MCM silica showing the 
deep super-<:ooling and transition to cubic ice. 

Water and ice nucleation in M41 S 
silicas 

Only recently, a new form of ordered mesoporous silica has 
become available. It has a well defined geometrical structure 
based on a regular array of cylindrical pores with narrow 
pore-size distributions and diameters typically in the range 
25-35 A. The MCM silicas have different geometries 
categorised as M41S (hexagonal) and M48S (cubic) and are 
shown schematically in Fig. 2. These new silicas provide a 
superb means of extending the investigation of water in 
confined geometries and have produced some remarkable 
and unexpected results. 

Neutron diffraction measurements indicated that the 
water confined in MCM silicas super-cooled to even lower 
temperatures, down to - 45°C, before nucleation, as shown 
in the variable temperature plot of Fig. I . Furthermore, the 
liquid phase could be re-gained by re-heating the sample to 
just above the nucleation point and showed no hysteresis. 
This behaviour is totally different to that observed in the pre­
vious studies and represents a reversible phase transition bet­
ween two states that are both metastable with respect to the 
bulk phase! The MCM silicas therefore provide a suitable 
system for the production of liquid water at temperatures 



a) 

hexagonal MCM-41 

b) 

cubic MCM-48 

Figure 2: The geometry of mesoporous MCM silicos: a) hexagonal, 
b) cubic. 

well below those normally available and open up new possi­
bilities for studying liquid water under extreme low tempera­
ture conditions. 

Characteristics of confined water 

The reasons for this unusual behaviour are thought to depend 
on the interaction of the water molecules with the surroun-

Hefe. 

ding pore walls which have a low density of surface silanol 
groups. The largely hydrophobic surface causes an effective 
isolation of the water volume from the surrounding solid 
matrix. The hydrogen-bond connectivity is expected to be 
well developed with a disordered tetrahedral geometry such 
that the structure could be more accurately described as a gel 
network than a molecular liquid, as shown schematically in 
Fig. 3. 

Clearly, it will be interesting to study other characteristics, 
such as the dynamics, of this 'strange' form of liquid water. 
This investigation also has implications for the properties of 
water at other more complex interfaces, particularly in a 
biosciences context. 

Water has a relatively simple molecular conformation invol­
ving just three atoms but the complexities of its collective 
behaviour remain a major challenge for current scientific 
understanding. 

Figure 3: A schematic model of /ow-temperature water based on the struc­
ture of /ow-density amorphous ice. 
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Proliferation of ice XII 
in water's phase diagram 

I M. M. KOZA , A. TOLLE , F. FUJARA (UNIV. DORTMUND}, 

I H . SCHOBER, T . HANSEN (ILL) . 

Water possesses a large number of crystalline phases. The latest phase which has been discovered is ice XII. Originally produced 
within a narrow band of pressure and temperature ice XII turns out to be a rather prolific form of water. It competes successfully 
with other crystalline and amorphous phases along production routes at low temperature and high pressure. 

Although, water has been the object of extensive experimen­
tal and theoretical investigation it still rewards us with new 
and unexpected properties. This has been demonstrated 
recently by the discovery of polyamorphisrn [l ], i.e. the exis­
tence of two different amorphous phases of water, and by the 
identification of a twelfth crystalline ice-phase (ice XII) [2]. 
Having been observed in different regions of water's phase 
diagram the two phenomena were originally thought to be 
disconnected. 

Ice XII is produced at about 0.55 GPa and 260 K. It provides 
the first example of a four-connected network which is built 
up by seven- and eight-rnembered rings [3]. These rings are 
arranged such that they lead to the densest crystalline water­
phase known so far which does not show hydrogen bond 
interpenetration. 

Polyamorphism is experimentally confined to much lower 
temperatures. At T below 150 K common crystalline hexago­
nal ice Ih can be compressed into a high-density amorphous 
state (HDA) by the application of pressure exceeding 1 GPa. 
HDA can be recovered at ambient pressure below 80 K. 
Upon heating HDA transforms into a low-density amorphous 
phase (LDA). While the microscopic structure of HDA is 
still a matter of speculation there are strong experimental 
indications that LDA consists of a random network of fully 
connected water tetrahedra. LDA can be maintained at 
ambient pressure up to T = 140 K before it crystallises into a 
cubic phase le of nearly equal density. 

In the past, HDA has often been found to be contaminated by 
crystalline phases. As these phases could not be properly 
indexed in a diffraction experiment, they were given only little 
attention. Our recent study, performed on the instruments 
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Figure I: The phase diagram of water. • represents the region in which 
ice XII has been observed by Lobban et al. (T = 260 K, p = 0.55 GPa) [2]. 
Please note that this region is fully surrounded by the stability range of ice V. 
The inset sketches the pressure induced transition line of lh (red line) as 
studied by 0. Mishima [I]. The green area indicates the region in which 
ice XII is successfully formed. Horizontal arrows indicate that lh transforms 
by compression below 150 K to ice XII or high-density amorphous state 
(HDA) and above 150 K to ice Ill/IX. The orange area displays the 150 K 
boundary studied by 0. Mishima for HDA which is equally observed for 
ice XII. 



D20 and D2B at ILL, reveals that all contaminations corres­
pond to the recently detected ice XII modification . This 
implies that ice XII forms under identical thermodynamic 
conditions as HDA, i.e. at temperatures T below 150 Kand at 
pressures p above l GPa. By properly choosing the compres­
sion rate it is possible to favour the production of either ice 
XII or HDA. Under rapid compression the formation of 
ice XII dominates, whereby compression rates exceeding 
l GPa/rnin lead to pure bulk ice XII samples. 
When increasing the temperature beyond 77 K, the forma­
tion of ice XII does not only compete with HDA but also 
with other crystalline phases. Above 150 K no ice XII forma­
tion has been observed in our experiments . Ice XII, there­
fore, is rather prolific in water's phase diagram existing in at 
least two topologically unconnected regions. The study of 
the formation of ice Ih to ice XII contributes valuable clues to 

a) b) 

c) d) 

the understanding of water amorphisation under pressure. 
Crystallisation implies a reorganisation of water's hydrogen 
bond network and not merely its deformation. The latter is 
sufficient for amorphisation. A molecular reorganisation 
requires a high molecular mobility as provided by a thermo­
dynamic mechanical instability or a melting process. The 
instability or melting may be followed either by recrystallisa­
tion or amorphisation. Moreover, since the structure of ice 
XII has been established as the first example of a non-self­
clathrating network built up by seven- and eight-membered 
rings of water molecules it may help us to deduce some 
structural characteristics for HDA. It may even be possible to 
model the structure of HDA by putting disorder into the 
molecular network of ice XII. This process has been success­
fully performed on the Ih network leading to a model struc­
ture for LDA. 

Figure 2: Transition of ice XII towards hexago­
nal ice upon heating. The upper le~ photograph 
a) shows ice XII as recovered from the pressure 
cell at low temperature. In contrast to high-den­
sity amorphous ice it has a milky appearance. 
The following photographs show the Poking of 
ice XII as it transfonns ta the lower density fonns 
cubic ice and hexagonal ice (b-d). 
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Observation 1t en insertion 
Fe11 Ti 
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Recently discovered new hard magnetic materials are made of rare-earth element and transition-metal intermetallics whose proper­

ties are optimised by insertion of light element within the crystal structure (H, C, N). These elements are inserted in the interstices 

of the crystal structure. The understanding of the gas-solid reaction process is crucial for achieving new hard magnetic material with 

optimum magnetic properties. High intensity kinetic neutron diffraction, such as that available by the D20 diffractometer, has been 

used to investigate in situ the reaction of the Nd Fe 11 Ti with nitrogen gas. The location of N atoms is determined unambiguously, the 

gas-solid reaction characterised and the stability domain of the new Nd Fe 11 TiN type phase has been revealed. 

The study of the physical properties of the rare-earth (R) 
transition-metal intermetallic (T) compounds is a major field 
of research in solid-state physics. Some of these compounds 
are industrially used such as SmCo5 or the d2Fe14B phases 
which are produced for permanent magnet purposes. The 
requirements for such applications are good intrinsic magne­
tic properties, i.e. high Curie temperature, magnetisation and 
anisotropy field combined with a suitable microstructure 
generating a high coercivity. To fulfil these requirements, 
research has turned towards alloys compo ed mainly of the 
ferromagnetic 3d elements, iron or cobalt, thus leading to 
high magnetisation and Curie temperature: their association 
with rare-earth elements may induce strong uniaxia1 aniso­
tropy. Since the discovery of Nd2Fe 14B in 1983, many stu­
dies have been devoted to iron-containing materials leading 
to new series of intermetallic compounds such as R(FeT)12 
which crystallise in the ThMn 12 structure type (space group 
14/mmrn). 

More recently, it wa reported that R2Fe 17 compounds can be 
interstitially modified with N atoms by means of a 
heat treatment in ammonia . Gas-solid reac-
tion has become a new method for producing 
interstitially modified R-T compounds with C or 
N atoms. ew high-performance hard-magnetic 
materials have been obtained such as Sm2Fe 17N3 
and Sm2Fe 17C3 which are the most promising in 
terms of possible permanent magnet applications 

. This technique was transferred to R(Fe,T)12 
compounds oon after . Among the R(Fe,T) 12 
compound , R = Nd and T = Ti, V or Mo showed 
the be t magnetic properties after absorption of 

Figure I: Neutron thermodiffraetogram of the reaction of 
NdFe 11 Ti with nitrogen gas at ambient pressure. The final phase 
is a-Fe plus an amorphous phase containing Nd, N and prob­
ably some Fe. 

20 40 

N atoms . Significant improvement of the magnetic 
features of the NdFe 11 Ti phases can be achieved by insertion 
of nitrogen atoms. An increase of the saturation magnetisa­
tion is observed as well a a spectacular increase of the Curie 
temperature which goes from 547 Kin dFe 11 Ti to 740 K 
in NdFe 11TiN. The saturation magnetisation increases from 
16.8 µ8 per formula unit in NdFe 11 Ti to 19.2 µ8 in 
NdFe 11 TiN. 

The Nd sublattice contribution to the magnetocrystalline ani­
sotropy changes of sign upon N insertion in the RFe12-xMx 
structure. Finally, whereas the magnetisation of NdFe 11 Ti is 
not aligned along the c-axis of the structure, the NdFe 11 TiN 
phase exhibit a strong uniaxial anisotropy field of about 8 T. 
The control of the gas-solid reaction process is crucial in 
order to obtain materials with optimum magnetic properties. 

The in situ neutron diffraction was carried out on the high­
flux two-axis diffractometer D20, using a position-sensitive 
3He microstrip gas-detector covering an angular range 
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of 160°. The Nrgas pressure was kept constant at ambient 
pressure during the measurements so that the pressure at 
the sample was constant throughout the whole measurement. 
The nitrogenation and nitrogen disproportionation behaviour 
of NdFe 11 Ti was investigated by in situ neutron powder diffrac­
tion at temperatures between 100°C and 800°C. The neutron 
diffraction diagram recorded at each step is given in Fig. 1. 

The nitrogen content and lattice parameters were measured 
as a function of temperature and time. The amount of 
interstitial nitrogen atoms is estimated to be 0.7 atoms per 
formula unit. Anisotropic cell expansion occurs upon N 
insertion. The lattice parameters a and c increase by 0.8% 
and 2% respectively, leading to a relative cell-volume increase 
!).VN of about 3.7%. 

The interstitial modification starts at a temperature of 360°C 
and is complete at 440°C. A decrease of the Bragg intensities 
and an increase of the background occurs simultaneously to 
the peak shift, which means that interstitial modification and 
decomposition reactions overlap. The experiment demons­
trates that in NdFe 11 Ti the shift of the Bragg peaks due to the 
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Figure 2: Crystal structure of the NdFe 11 TiN phase. The Ti atoms are partly 
ft/ling the Fe Bi site. 

insertion of N atoms continues until a temperature of 440°C 
is reached. The nitrogen atoms are located in the rare earth 
neighbourhood in a pseudo-octahedral site 2b drawn in 
Fig. 2. 

These sites are surrounded by two rare-earth and two iron 
atoms. After 5 hours at 450°C the decomposition reaction is 
finished. Figures 1 and 3 clearly evidence that the product of 
the nitrogen disproportionation is a mixture of a- Fe an 
amorphous phase, which is stable up to temperatures of 
800°C. 

Incomplete interstitial modification may result in an inhomo­
geneous distribution of the N atoms within the crystal lattice, 
causing inhomogeneous magnetic properties. Excessive 
nitrogenation for too long times or at too high temperatures 
may lead to the destruction of the crystal structure and, 
in consequence, of the hard magnetic properties 171 . We 
found that the N atoms fill s only the 2b sites in the R(Fe,T)12 
structure and no other interstitial sites are significantly occu­
pied. This means that the decomposition reaction is not 
dependent on the occupation of other interstitial sites. 
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Figure 3: Details of the neutron diffraction pattern evidencing the peak shi~ 
induced by the insertion of N atoms within the crystal structure and the appea­
rance of a-iron Bragg rePection due to the decomposition of the NdFe 11 TiN 
phase. 
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We report the first study of the structure and dynamics of single-wall carbon nanotubes using elastic and inelastic neutron scattering. 

Good agreement between structural information derived from local techniques (electron microscopy, Raman spectroscopy) and 

macroscopic techniques (x-ray and neutron diffraction) is found by taking into account a Gaussian distribution of tubes' diameter in 

the sample. The phonon density-of-states of single-wall nanotubes is also shown and constitutes the first study of the dynamical pro­

perties of this system in the whole energy range. 

Because of their tremendous potential for future technologi­
cal applications, carbon nanotubes are presently one of the 
most exciting molecular systems. Their exceptional electro­
nic and mechanical properties make them the best candidates 
for future nano-scale electronic devices and composite mate­
rials having the strongest strength resistivity for minimum 
weight. But beside these two principal applications, an incre­
dible theoretical and experimental work is actually done in 
nanotubes sciences covering almost all scientific fields. 
Chemistry, theoretical and applied physics, as well as biolo­
gy and biomechanics expect this new material to be the solu­
tion for future developments and advances. 

The structure of perfect single-wall carbon nanotubes 
(SWNT) is that of a graphene sheet rolled up into a cylindri­
cal shape so that they are only composed of sp2 carbon 
atoms. They usually self-organise into bundle-like 2D crys­
tals with hexagonal symmetry containing tens to hundreds 
parallel tubes (called "bundles" in the following) [l] . The 
physical in-plane properties of graphene are transposed to 
SWNT along their cylindrical axis and are modified depen­
ding on the way the graphene sheet has been rolled. 
Therefore, a large number of their physical properties can be 
tuned depending on their structure, e.g. , diameter, helical 
pitch and two-dimensional packing. Moreover, it has been 
recently suggested [2] that the peculiar dependence of the 
transport properties (electronic conductivity and heat capa­
city) of this material with temperature could be related to low 
energy intra and inter-tube excitations, and to an orientatio­
nal disorder of the tubes in the bundles leading to a lack of 
intertube atomic correlation. Up to now, only a few Raman 
and infrared active modes have been studied, and no infor­
mation on modes for which the frequencies are smaller than 
20 me V have ever been collected. Fortunately, recent 
advances in the production techniques allow to synthesise 
SWNT in sufficient quantity and quality for inelastic neutron 
scattering experiments. We present in the following a com­
plete neutron scattering study of single-wall carbon nanotube 
that correlates structural information (especially tube diame­
ter and 2D packing) derived from neutron diffraction to 
dynamics measured in the whole energy range by the use of 
two different experimental apparatus. 

Figure I displays the diffraction diagram of a 300 mg powder 
sample recorded at room temperature on the neutron high­
flux diffractometer D20. The organisation of the tubes into 
bundles is evidenced by the presence of peaks in the low­
scattering wave-vector range (Q < 2 A-1). The most intense 
one is located at 0.44 A-1 and corresponds to Bragg reflec­
tions on the ( 1 0) planes of the 2D hexagonal lattice. For a 
correct interpretation of the diffraction diagram, we develo­
ped a detailed numerical study of the diffraction response of 
a SWNT bundle [3,4]. By taking into account the finite size 
of the lattice as well as a distribution of tube diameters in the 
sample, one can study the influence of the structural parame­
ters on the diffracted signal. The best agreement between cal­
culations and experiments was obtained for a mean tube dia­
meter of 13.4 A and a distribution of 2 A. The number of 
tubes per bundle was estimated to be of the order of 40. 
These results are in good quantitative agreement with those 
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Figure I: Raw diffraction diagram (red line) of a single-wall carbon nanotube 
sample fitted by a set of 8 lorentzians (dotted curves). The /ow-Q peak at 
0.44 A-1 is characteristic of the 2D packing of the tubes and is related to 
Bragg reffections on the ( I 0) plane of the lattice (top le~). A~er removing the 
low-Q background and the graphite and nanoparticles contributions (located 
around 1.8 A-1) the coherent part of the signal due to the bundles is com­
pared to calculation of numerical bundles with 40 tubes of 13. 4 A diameter 
(full line inset). 



deduced from local characterisation techniques. We derived 
the generalised phonon density-of-states (GDOS) from the 
one phonon coherent cross-section measured at 300 Kon the 
time-of-flight spectrometer IN6 (full symbols) and at 5 Kon 
the IN l Be-Filter analyser spectrometer (open symbols). The 
singularities in the GDOS spectrum are characteristic of 
modes for which the dispersion curves present flat behaviour. 

We compare in Fig. 2 the GDOS of the same SWNT sample 
used for diffraction experiments (Fig. 2b) with that of a stan­
dard graphite sample (Fig. 2a). Both graphite and SWNT 
GDOS spectra display five bands located around 58, 80, 100, 
180 and 200 meV, while two additional bands in the nanotube 
spectrum are observed at 36 and 22 meV (Fig. 3a). These 
differences and analogies can be explained a follows: in 
graphite, normal modes involving in-plane and out-of-plane 
motions are decoupled. This is no more the case in SWNT for 
which out-of-plane modes with motions in the radial direction 
involve a mixing of out-of-plane bond bending and in-plane 
bond bending and bond stretching. It i thus expected that the 
main differences in the GDOS between graphite and SWNT 
occur at low energy where modes with a dominant out-of­
plane radial component dominate the dynamics. According to 
this, the 22 and 36 me V bands are attributed to radial modes 
for which the frequencies are calculated to be inver ely pro­
portional to the tubes diameter. As an example, the A I g radial 
breathing mode is Raman active and provides a powerful tool 
to probe the diameter of the tube in the sample under study. In 
Fig. 3a, we compare the profile of the 22 meV band with the 
Raman signature of this mode (dotted line) where each well 
defined peak corresponds to a fixed tube diameter. From the 
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Figure 2: Generalised phonon density-of-states of a) graphite and b) single­
waif nanotubes derived from time-of-ff ight measurements ((,/fed symbols) 
at 300 Kand from three axis Be-Filter analyser experiments (open symbols) 
at 5 K. 

envelope of these contributions and from the width of the cor­
responding band in the GDOS spectrum we derived a mean 
diameter and a diameter distribution that were found to be in 
good agreement with those deduced from diffraction experi­
ments and calculations. Finally, the detailed analysis of the 
0-12 me V range (Fig. 3b) reveals, in addition to the obvious 
contribution of other low energy excitations, a linear beha­
viour of the GDOS with energy from O to 3 me V. This range 
corresponds to acoustic modes for which the contribution to 
the density of states is sensitive to the dimensionality of the 
system. This linear behaviour can be tentatively as igned to 
the dominant contributions of intertube modes in the 2D pac­
king of the bundle. A possible reason for this enhancement 
could be related to an orientational di order of the tube in the 
2D lattice of the bundle. Preliminary studies of the temperatu­
re dependence of the GDOS shows changes in the low fre­
quency profile at low temperature that can be assigned to free­
zing of orientational fluctuation . 

Finally, neutron diffraction was used to derive a statistical 
picture of the purity and structure of our sample. 
Consequently, inelastic neutron scattering experiment could 
be performed and were shown to be efficient to derive the 
GDOS of SWNT where additional information about vibra­
tional modes are clearly ob erved with regards to Raman 
data. A real effort in the synthesis (monodisperse sample ) 
and in modelisation is now required in order to interpret 
unambiguously these data. A first step consist also to separa­
te the low energy intra and inter-tube excitations. For that, a 
special sample containing mostly isolated tubes is actually 
prepared, and further time-of-flight experiments are planned. 
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Figure 3: Low energy parts of the generalised phonon density-of-states of 
graphite (red) and single-waif nanotubes (green).The energy of the radial brea­
thing modes as measured in Raman spectroscopy (dashed blue line) is in good 
agreement with that of the main low-frequency peak observed at 22 me V 
peak in the generalised phonon density-of-states of single-waif nanotubes. 
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The fractal geometry of rocks 

■ A. P. RADLINSKI (AUSTRALIAN GEOLOG I CAL SURVEY ORGANISATION , CANBERRA), 

■ E. Z . RAD LI NSKA (THE AUSTRALIAN NATIONAL UNIVERSITY, CANBERRA), 

■ M . AGAMALIAN , G . D . W I GNA L L (OAK R I DGE NATIONAL LABORATOR Y } , 

■ P. L I NDNER , 0. G. RANDL (Ill) . 

Neutron scattering has been used to study the fractal microstructure of sedimentary rocks. The results have proven to be useful in 
prospecting for oil. "Immature" shales, which have the right geochemical characteristics to produce oil but have not yet generated, 
typically have a high fractal dimension, like the rocks in this study. By contrast, in "mature" oil-bearing rock, the fractal dimension for 
large pores drops to nearly 2, reflecting a smooth interface between the grain-surface-covering mobile bitumen and the pore space. 

Sedimentary rocks are formed from a mixture of organic and 
inorganic debris deposited in an aqueous environment, 
buried and compacted at elevated temperatures over geologi­
cal periods of time. The fractal structure of these systems is 
of great interest to oil industry because it could indicate a 
rock's oil-producing potential. 

The small-angle scattering technique (SANS), using cold 
neutrons, has been applied to a hydrocarbon source rock 
Ul 16, originating from the Urapunga 4 well in the 
MacArthur Basin, Northern Territory, Australia 11 I. 
A series of SANS experiments have been performed using 
the instrument D 11 at ILL at the wavelength of 14 A, as well 
as with the ORNL facility at 4.75 A. Recent progress in neu­
tron scattering instrumentation at ORNL allowed the micro­
structure of rocks to be studied well beyond the conventional 
limit and into the range of ultra small angle scattering 
(USANS). In particular, the ORNL ultra-small angle neutron 
scattering (USANS) facility 11 I can probe Q-ranges down to 
Q ~ 2· 10-5 A-1 (momentum transfer Q = 47tA.-1 sin0, scatte­
ring angle = 20). 

Figure 1 shows a combination of SANS data taken on the 
ILL and ORNL SANS instruments, along with USANS data 
I -1 I. It may be seen that all three data sets overlap smoothly 
with no adjustable parameters and the differential scattering 
cross section in the log-log representation can be approxima­
ted by a straight line above Q = 2· 10-4 A-1. Detailed analysis 
of the data in Fig. 1 shows that the pore-rock fabric interface 
is a surface fractal with dimension Ds = 2.82 over three 
orders of magnitude of the length scale and ten orders of 
magnitude in cross section. To our knowledge, these data 
represent the largest range to date over which fractal beha­
viour has been observed in a natural system. Such an extent 
of fractal microstructure in a rock is remarkable, when corn-

pared with the limited size range over wrucb the fractal 
properties are usually observed (typically one order of 
magnitude) l ➔ I. 
Trus study extends the widest fractal length range previously 
observed in sedimentary rocks, which covered 2 decades in 
length scale and 7.5 decades in intensity "], and shows that 
sedimentary rocks are in fact one of the most extensive frac­
tal systems found in nature. 
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Figure I: SANS and USANS data from sedimentary rock showing that the 
pore-rock interface is a surface fractal (D5 = 2.82) over three orders of magni­
tude in length scale and ten orders of magnitude in cross section (intensity). 



The fractal character of the scattering cross-section eventual­
ly breaks down at scales larger than several micrometres. 
This is reflected in a flattening out of the scattering curve in 
Fig. l for smallest Q-values. In real space, the fractal dimen­
sion can be quantified by counting the frequency of structu­
ral features of given size on scanning electron microscope 
(SEM) images of the rock. Figure 2 illustrates statistical data 
for SEM images of rock U 116, with the breakdown of fractal 
properties at the scale of 4 micrometres clearly observed as a 
sharp change of slope. 

In conclusion, a "mature" (oil bearing) sample would have 
its fractal dimension decreased compared to the immature 
sample. Also, due to the decrease of contrast (bitumen-filled 
pores as opposed to water filled pores), the scattering intensi­
ty at a given Q-value is smaller for mature samples that have 

! Slope= - 0.9 

1 
~ 10-2 

• 
l Q-3 '-----'--'--'-L-----'------'--.,_,___,_-'--'-'_.__.____.__, 

Feature size, l 0-6 (m) 
10 

Figure 2: Variation of the average number of SEM features per unit length 
(NIL) with feature size obtained from SEM images of the cleaved surface of 
sedimentary rock U 116. Note the breakdown of fraetality (05 = 2.8 to 2. 9) 
for length scales larger than 4 micrometres. 

generated hydrocarbons than for immature samples. 
Therefore, the technique has the potential to distinguish the 
source rocks that have produced hydrocarbons from those 
that have not. 

As observed in Physical Review Focus !hi, "The constancy 
of the fractal dimension over so many scales is astounding, 
considering what a messy, heterogeneous material sedimen­
tary rock appears to be ... This study will enhance the idea 
that you can describe rock with simple concepts ... There will 
be certain bona fide uses of fractal concepts, and one of them 
will be in the geological sciences". 

Peter Undner (centre) and his collaborators aligning a sample on DI I. 
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Decompositio 
in Ni-AI-M 

nd microstructure 
and Ni-Ti alloys 

G . KOSTORZ , J. HECHT , M. KOMPATSCHER , J .- M. SCHNEIDER AND 8 . SCHONFELD (ETH ZORI CH), 

B . DEMt (ILL), 
J. KOHLBRE CHER AND W. WAGNE R (PSI VILL IGEN). 

Nickel-rich alloys are technologically useful, especially as high-temperature structural materials. They often contain submicroscopic, 

finely dispersed precipitates. The properties of this two-phase microstructure, especially the (meta-}stability and evolution of the pre­

cipitate population, are of considerable interest. Small-angle neutron scattering experiments were performed on Ni-alloy single crys­

tals containing aluminium and molybdenum or titanium to follow closely their phase separation paths. The analysis of the anisotropic 

scattering patterns of Ni-Al-Mo single crystals yields a detailed description of the average precipitate morphology. Thus, a separation 

of the influence of interfacial energy and elastic strain energy of the precipitates during decomposition becomes feasible.The complex 

decomposition process of binary Ni-Ti alloys involves a sequence of metastable states which can be distinguished by small-angle neu­

tron scattering. The transformation from the metastable state to the stable hexagonal phase was also followed in-situ. 

Ni-base alloys are widely used in structural applications 
owing to their good mechanical properties and their resistan­
ce to corro ion. Especially, Ni superalloys exhibit high 
mechanical strength at temperatures exceeding 1300 K 
owing to the presence of an internally ordered phase of hard, 
structurally coherent precipitates embedded in the Ni-rich 
matrix. Although the technological development of superal­
loys is quite advanced, there i still a general need to better 
understand the basic physical processes controlling micro­
structural changes and long-term stabilisation of decompo ed 
states with favourable properties. In the present experiments, 
small-angle neutron cattering (SANS) has been employed to 
characterise the microstructure of Ni-Al-Mo and to investi­
gate the decomposition sequence in Ni-Ti. 

The formation of coherent ordered precipitates from supersa­
turated Ni-rich solid solution in i-Al-Mo is strongly 
influenced by temperature and overall composition as the 
solid solubility of both alloying elements varies sharply with 
temperature. Additions of Mo modify the lattice parameter 
mismatch between matrix and coherent precipitate 
Strain fields are built up during precipitate growth and may 
slow down the decomposition kinetics. The strain fields, cou­
pled with the anisotropic elastic properties of the two phases, 
lead to non-spherical precipitate shapes and a preferred 
arrangement of precipitates along <100> crystallographic 
directions. 

Experiments on Mo single crystals with Ni-12at.%, Al-2at.% and 
i-l0at.% Al-Sat.% (during ageing, for up to 10 hat 973 K 

and 1073 K) were performed on the SA S instrument DI l 
with neutrons of a wavelength of 6 A. With advancing 
decomposition, the two-dimensional cattering patterns 
recorded on the D 11 detector show an increasing anisotropy. 
For large scattering vectors (Q ~ 0.05 A.-1 where 
Q = 41t sinM., 0 is half the scattering angle, and A the wave­
length of incident neutrons), the scattering intensity mainly 
represents the tail of the scattering function of the average 
precipitate. From transmission electron microscopy it is 

known that the precipitates are cuboidal in hape. The small­
angle scattering of such objects can be described by a one­
parameter analytical expression able to pass continuously 
from a sphere to a cube. Comparison with experimental data 
shows that, as decomposition proceeds, cuboidal precipitates 
progressively approach the shape of a perfect cube. Figure I 
illustrates the results obtained for one of the crystals. The 
average particle shape is found to correspond to the particle 
outlined in Fig. I b . The evolution of the particle shape 
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Figure /: a) Measured SANS pattern of a Ni-lOat%Al-5at% Mo single 
crystal (face-centred cubic) a~er ageing at I 073 K for 3 h. The incident beam 
was parallel to the < I I O> surface normal of the sample. The dotted lines 
represent lines of equal intensity as calculated for a cuboidal precipitate 
(Fig. I b). b) Best-fitting cuboidal shape. 



a) Nl-12.0 at.% TI b) Nl-11.7 at.% Ti c) Ni-11.2 at.% Ti 
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J 
Figure 2: SANS patterns of Ni-rich Ni-Ti single crystals (face-centred cubic) homogenised at 1440 K and annealed in-situ for a) 46 min at 12 40 K, b) I 0 min at 
I 220 K, c) 43 min at 1200 K. The patterns were symmetrised to highlight the dominating features. The inddent beam was parallel to the < I I 0> surface normal 
of the sample, the horizontal axis is along < I 00>. 

and size gives information on the competition between inter­
facial energy and elastic strain energy. This allows macrosco­
pic properties to be interpreted on the basis of microstructu­
ral parameters. 

The decomposition sequence in Ni-rich Ni-Ti is more com­
plex than in Ni-Al-Mo, as intermediate (metastable) states 
appear during phase eparation, whereas the table ordered 
hexagonal phase Ni3 Ti is observed only after extended 
ageing above about 1200 K. Previous SA S studies had 
indicated that the metastable precipitates may pass through 
two successive regimes with Ti concentrations of about 18 
and 22 at.% . The coexistence of these metastable states 
and the subsequent formation of the stable hexagonal phase 
are still to be explored in more detail. 

In situ SANS investigations were performed to follow the 
decomposition progressively within individual amples. 
Polycrystals were investigated at SINQ/PSI (Villigen, 
Switzerland) with a heatable (up to 1020 K) sample holder, 
while single crystals were measured at D 1 1 with a special 
furnace (up to 1470 K) for SANS, built in collaboration with 
the ILL. With this furnace, rapid temperature changes and in 
situ solid-solution treatments at high temperatures become 
fea ible. 

Polycrystalline Ni-Ti quenched in water after homogenisa­
tion treatment at 1440 K develops a SANS interference peak 
upon ageing at 900 K; this peak reflects the alignment of the 

coherent metastable precipitates along <l 00>. After an initial 
rapid increase of the integrated SANS intensity (the integra­
ted intensity yields the total amount of Ti in precipitates), a 
temporary slowing down i ob erved between I and 5 h for 
Ni- l l.3at. % Ti. Plateau in the temporal evolution of the 
integrated intensity of such alloy confirm the succession of 
two states 

For single crystals at temperatures near and slightly above 
the suggested coherent miscibility gap, an unexpected result 
was obtained, as shown in Fig. 2; the metastable states still 
prevail , a indicated by the strong SANS intensity along 
< 100>, and are still present after 1 h. After some time a new 
feature progressively dominates the scattering pattern. Sharp 
intensity streaks start growing along the < 111 > directions. 
They are due to the formation of platelet of the stable hexa­
gonal phase. The direct formation of the hexagonal phase 
without the preceding appearance of metastable states was 
observed just below the incoherent sol vu line. 

These SANS investigations are accompanied by high-tempe­
rature, high-resolution x-ray diffraction close to fundamental 
and superstructure Bragg peaks as well as by transmission 
electron microscopy. The interplay between local atomic 
ordering and decomposition in the presence of coherency 
stresses will thus be clarified, and the results may be used in 
the numerical modelling of high-temperature stabil ity and 
strength of superalloys. 
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He-bubble growth in a martensitic steel 
for fusion reactors 

■ R. COPPOLA (ENEA, CASACCIA) , 

■ G . CI COGNANI, R. P. MA Y (ILL) , 
■ M. MAGNANI (ENEA, BOLOGNA), 

■ A. MOE SLANG (FZ KARLSRUHE Y). 

Small-angle neutron scattering has been employed to study the growth of He bubbles in a martensitic steel developed for fusion reac­

tor technology.The He-bubble volume distribution functions obtained from our small-angle neutron scattering data show that a uni­

form distribution of small bubbles (about IS A) evolves during high temperature annealing within a few hours into a bimodal one with 

an additional population of larger bubbles (approximately I 00 A). Transmission electron microscopy can give insight into the mor­

phology and size of He bubbles in the range from 20 to 50 A. However, quantitative information cannot be derived, because only a 

small fraction of bubbles are visible by transmission electron microscopy. 

One of the problems to be solved in the design of a future 
fusion reactor is the choice of the most adequate structural 
materials. Dramatic changes in both mechanical properties 
and rrticrostructure are expected especially in the first wall 
(the element that is closest to the plasma), due to the very 
high neutron irradiation and the thermal stresses expected 
11 J. Fast neutrons and a particles produced by the fusion 
reaction induce radiation damage in the materials and lead to 
helium accumulation in the first wall. Helium is not soluble 
in solids and it precipitates by forming bubbles, whose growth 
causes the swelling and consequent embrittlement of the 
components. The growth of He bubbles under high-energy 
neutron irradiation is therefore one of the key factors deter­
rrtining the lifetime and the reliability of structural materials 
for fusion reactors steels. For a better understanding of the 
growth mechanism of He bubbles, and the influence of tem­
perature on their formation, evolution, and size distribution 
should be determined. 

To simulate the effect of the radiation from the fusion reac­
tion on the first-wall components, and in particular helium­
bubble fonnation, one can irradiate steels with accelerated 
a-particles. As shown in Fig. 1, the experimental observation 
of the bubbles using transrrtission electron rrticroscopy (TEM) 
is difficult because of their tiny sizes (typically l O A), and 
because the electron beam is defocused by the martensitic 
matrix. Small-angle neutron scattering (SANS), on the other 
band, is a particularly appropriate technique for this study, for 
several reasons. Neutrons have a wavelength that is of the 
order of the size of these particles, they penetrate easily relati­
vely thick samples (up to several rrtillimetres). Finally, becau­
se they have a spin, they sense the magnetisation of the steel; 
this property can be used to enhance the contrast of the (non­
magnetic) He bubbles with respect to the steel matrix. 

We investigated 11 41 the martensitic steel F82H 1. The 
samples were homogeneously implanted at 250°C with 400 
atorrtic parts per million He, using 104 Me V a-particles at 
the cyclotron facility at the FZ Karl sruhe. They were then 

1 composition: 8.0 Cr, 0.10 C, 0.16 Mn, 0.16 V, 2.0 W, 0.02 Ta wt% 

Figure I: Helium bubbles in F82H a~er implantation of 400 appm He at 
T;0 = 250°C (from Ref [7]). 

heat treated (at 525°C, 825°C and 975°C) for two hours in 
high vacuum. These implantation conditions are representati­
ve of the effect of helium in fusion reactors. Of course, there 
are other rrticrostructural effects, such as cavities, loops, 
segregation, etc., produced by neutron irradiation (that we 
may study in future). 

One non-implanted sample for each temperature served as a 
reference to isolate the SANS signal due to the He bubbles 
from that of the structural changes induced by the thermal 
treatment. A further non implanted sample was heated at 
250°C for 5 days to simulate the heat effects of the implanta­
tion process. 

The SANS measurements were carried out on the instrument 
D 11 at the ILL with a sample-to-detector distance of 1.46 m 
and a wavelength A. of 6 A. A horizontal magnetic field was 



applied perpendicular to the incoming neutron beam in order 
to fully align the magnetic moments in the sample. Since the 
He bubbles are non-magnetic inhomogeneities imbedded in a 
magneti sed matrix , we observe the cattering from two 
phases of different scattering density. In thi study, we main­
ly use the stronger signal in the direction perpendicular to the 
magnetic field, where the magnetic scattering adds to the 
nuclear contribution. 

The contribution of He bubbles of different sizes lead to 
relatively featurele s scattering curves; therefore it is diffi ­
cult to vi ually extract quantitative information from them. 
Using the method described in reference , the data were 
transformed into volume distribution functions D(r) defined 
as D(r) = (r) r3, where (r) is the number per unit volume 
of bubble (a sumed to be spherical) of radius r. 

The djstribution functions for the three different annealing 
temperatures are shown in Fig. 2. The large error bands 
(dashed area in Fig. 2) in the volume distribution function 
arise both from the uncertainty in background subtraction 
and from the limited Q range investigated. However, such 
uncertainties do not affect the relative values we found. The 
He bubble volume fractions V, determined by integration of 
the D(r)s, are reported in Tab. 1 together with the average 
bubble radii Rb. 

At lower temperatures (Fig. 2a and b) we ob erve basically 
one well defined peak centred around 15 A corresponding to 
a den e population of bubbles of small size. This value vali­
dates the estimation of 16 A obtained by TEM 

r 

Annealing 
V Rb temperature 

2so0c 0.0015 15 
825°( 0.0079 5 
975°c 0.0123 5* 

Table I: He bubble volume fraction, V. and average radius, Rb (A), from SANS 
analysis (* with a secondary bubble population around I 00 A). 

At 975°C (Fig. 2c), a second distribution of bubbles, one 
order of magnitude larger, appears. The density of both 
bubble populations is almost one order of magnitude larger 
than at 825°C. 

The bubbles of large size present at 975°C contribute a high 
scattering intensity at smaller Q-values than those explored. 
Thls accounts for the larger error band found for the di tribu­
tion associated to this temperature. There is an increase of a 
factor 5 in the relative value of the bubble volume fraction 
from 250°C to 825°C and of about 50% from 825°C to 
975°C (see Tab.I ). 

We conclude that the thermal treatment is responsible for the 
growth of larger bubbles at the expen e of the smallest ones 
and by coalescence of the He atoms initially implanted in the 
matrix. The latter are "invisible", because individual atoms 
cannot be resolved by SANS; for this reason the integrated 
intensity in Fig. 2 increases with temperature. 

Nevertheless, SANS turned out to be an essential tool for the 
quantitative characterisation of the bubble-growth mechan­
ism in these steels. 
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Figure 2: He-bubble volume distribution functions ( arbitrary units proportional to bubble volume per unit volume vs. bubble size in A) obtained from the SANS 
data: a) 250°C, b) 825°C and c) 975°C. The dashed areas represent the 80% confidence band. 
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Reflectivity ana y is of Ni nanoclusters 
in ion-implant d fused silica-glass 

R . SIEBRECHT (ILL AND RUHR-UNIV . BocHUM) , 

C . MONDELLI (ILL), 

G. BATTAGLI N, E . (ATTARUZZA AND F . GONELLA (INFM VENICE} , 

F. D ' ACAP ITO (INFM GRENOBLE AND ESRF) , 

P. MAZZOLDI (INFM PADUA) . 

Ion implantation is a useful technique to obtain composite materials such as metal nanocluster composite glasses (MNCGs), formed 

by nanometer-size metallic clusters embedded in silicate glasses. Due to quantum and dielectric confinement effects, these compo­

sites exhibit several effects such as an enhanced optical Kerr susceptibility, which can be important for application in all-optical swit­

ching devices. Moreover, MNCGs obtained by ion implantation of transition elements are important for their magnetic properties 

itself. Neutron reflectometry was used as a non-destructive method to determine the in-depth metal cluster density distribution and 

to roughly estimate the cluster size. The data analysis under a multilayer sample approximation gives realistic results: this suggests the 

possibility to use neutron beams to study very diluted systems such as MNCGs. 

Ion implantation of metal elements in glass substrates can 
lead to the formation of nanometer-radius colloidal particles 
in a thin surface layer. The formation of nanoclusters 
depends on the chemical reactivity of the pair "implanted 
atom-dielectric host". Metal nanoclu ter composite glasses 
(M CGs) exhibit an enhanced intensity-dependent refracti­
ve index due to the optical Kerr effect: this feature could be 
exploited in all-optical switching device technology, with the 
aim to process light signals without conversion to electronic 
form. Thus allowing to operate such a device in fast time 
regimes (tenths of pico seconds). Moreover, MNCGs obtai­
ned by ion implantation of transition elements are important 
for their magnetic properties: when the size of magnetic par­
ticles is in the nanometer range inside a non-magnetic 
matrix, surface effect are dominant. These affect the magne­
tic properties significantly, in terms of both oxidation and 

depth profile RBS 

anisotropy effects. For this range of magnetic particle size, 
the composite material offers new technological possibilities, 
for example in the field of magnetic recording substrates for 
high-density information torage. The knowledge of the 
cluster size distribution, as well as the patial correlation 
function , is important in order to relate the morphological 
characteristics to the physical properties. 

The investigated samples are amorphous fused silica-glass 
slides implanted sequentially with Ni+ ions at two different 
energies and (nominal) fluxes, namely, 180 keV (1.7- 10 1 7 

ions/cm2

) and 70 ke V (6-10 16 ions/cm 2

). Only gla s slide 
without voids were chosen to serve as substrates for implan­
tation. The double implantation leads to a flatter depth distri­
bution of the nickel atoms, as suggested by simulations 
The average in-plane clu ter distribution is constant over the 
whole sample area, which is known from transmission 
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Figure I: The experimental in-<Jepth nickel distribution measured with Rutherford backscattering spectroscopy (RBS), left, and re~ectivity, right 



electron microscopy measurements during former experi­
ments. The experimental in-depth nickel distribution, as 
measured by Rutherford backscattering spectrometry is 
reported in Fig. 1 on the left side. The retained implanted 
dose was about 2.5-10 17 ions/cm2. Grazing incidence x-ray 
diffraction on these samples gives evidence for fee nickel 
nanoclusters. To learn about the sample's magnetic proper­
ties a non-destructive method, sensitive to the depth-depen­
dent magnetism is needed. In our case polarised neutron 
reflectivity with spin analysis comprises all the demanded 
qualities, making it to the method of choice. The analysis of 
spin dependent reflectivity data enables one to reveal quanti­
tatively the nuclear and magnetic depth profile at the same 
time. evertheless, due to the relatively low total amount of 
magnetic material in the sample the scattered magnetic 
signal may be difficult to sort out from the data. Thus, in a 
first step one has to confirm that it i possible to reconstruct 
the nuclear non-magnetic depth profile for such a sample 
with unpolarised neutron reflectivity. 

We performed neutron reflectivity measurements on the dif­
fractometer ADAM . The data were taken at the instrumen­
tal wavelength of 'A,= 4.41 A and over a Q-range of 0.1 A. 
Figure 2 show the reflectivity curve (open circles). The fit to 
the data is given by the solid line. The basic hypothesis for 
the fit was to take into account the lateral homogeneity of the 
potential. The depth variation of the potential in the z-direc­
tion, roughly proportional to the local metallic element den­
sity, was approximated by potential slabs of different scatte­
ring-length den ity and thickne s. On the right side of Fig. I 
the potential obtained from the fit is depicted: two maxima 
are clearly visible, in agreement with the simulation results. 
The peaks are both shifted of about 350 A toward the surface 
with respect to the positions in the simulation, because of the 
surface erosion effect of the incident ion beam during the 
sample preparation. This result is in agreement with the 
Rutherford backscattering spectrometry measurements 
shown on the left side of Fig. I. 
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Figure 2: Rerectivity measurement (open circles) taken on ADAM 
(?., = 4.41 A), solid line fit to the data. 

Furthermore, the roughness of the slabs in the fit can be rela­
ted to the mean size of the clusters which is sketched in 
Fig. I. In fact, due to the high local nickel concentration, Ni 
clusters are expected to be very close one to each other. 
Under this assumption, we obtain reasonable values of the 
cluster size for all the implanted regions, except for the dee­
pest part, where a very large value was found for the rough­
ness. Considering the low nickel concentration in the tail of 
the in-depth distribution, we interpret this result as due to a 
large average distance among the metallic clusters. 

This unpolarised reflectivity experiment is the first step to set 
a more general approach to M CGs using neutron-based 
techniques, to study their magnetic properties. We clearly 
demonstrated that with this technique it is possible to reveal 
the non-magnetic nuclear depth profile. This re ult is in 
agreement with precedent Rutherford backscattering spec­
trometry measurements. The first neutron reflectivity experi­
ments with polarised neutrons and spin analysis on similar 
samples with magnetic implantations were performed 
recently. The data obtained looks promising and data treat­
ment i currently in progress. 
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Magnl!tic ordering in a single 
46 A thick Ho[00.1 J film 

I V. LE I NER AND R. S ! EBRECHT (ILL) , 

I D. LABERGERIE , CH . SUTTER, AND H. ZABEL (UNI V. 80CHUM) . 

We report on magnetic ordering in an epitaxial Ho single film with a thickness of 46 A. Using the ADAM diffractometer at ILL, we 
were able to investigate the evolution of the first magnetic satellite of the Ho magnetic helix in the temperature region between I OK 
and T N. As compared to bulk Ho, the Neel temperature T N is reduced from 132 K to I OS K. Simultaneously, an increase of the turn 
angle a for the magnetic moments from one layer to the next is observed, implying a shorter period for the spin helix. 

Due to new advances in thin-film deposition techniques it is 
possible today to grow ultra-thin epitaxial magnetic films 
with very high structural quality. This allows to raise the 
question of how the bulk magnetic properties are modified in 
thin films either due to dimensionality effects or due to 
proximity with other material layers. Information on nanofa­
bricated magnetic films is of high importance for the design 
and functionality of magnetic nanostructures integrated in 
new electronic devices. The most complete information on 
such ultra-thin structures comes from neutron scattering. For 
revealing antiferromagnetic or incommensurate spin struc­
tures, neutron scattering is unique. However, known as a bulk 
probe, its applicability to thin films has to be proven. In this 
context, we have studied the magnetic phase-transition in 
single ultra-thin Holmium films. The strong magnetic 
moment of Ho and its long-range magnetic order yield inten­
se magnetic peaks at small Q-values, thus, making Ho a per­
fect model system for scattering experiments in the ultra-thin 
regune. 

In the bulk, Holmium exhibits an incommensurate spin helix 
below the Neel temperature, T N, of ~ 132 K. Between 20 K 
and 132 K the magnetic moments order ferromagnetically in 
the hexagonal basal plane. From one plane to the next, the 
average orientation of the magnetic moments encloses a tum 
angle a, setting up a magnetic spiral along the direction nor­
mal to the planes. The turn angle is about 30° at 20 K and 
increases continuously to 50° with rising temperature up to 
the Neel temperature. Below 20 K the magnetic moments 
lock into a commen urate magnetic cone structure with a 
turn angle of 30° in the basal plane and a ferromagnetic corn-

ponent normal to the planes. In Fig. 1, the phase diagram is 
schematically reproduced, which is the result of magnetic 
neutron scattering [1-3] and resonant magnetic x-ray 
scattering experiments at the Ho - Lu and Lm absorption 
edge [4-6] . 

In magnetic scattering experiments the helical magnetic 
structure gives rise to magnetic satellite reflections at distance 
± 't* around the allowed Bragg peak along the c* direction. 
't* in units of c* is related to the tum angle a via a= 180°-r *. 

Using resonant magnetic x-ray scattering at the Ho - Lm 
absorption edge, the minimum thickness which can be studied 
is around 200 A. Below this value the charge background from 
the Laue-oscillations of the nearby Bragg-reflection becomes 
too strong and buries the magnetic (00.2 ± 't*) reflections [7]. 
Using neutron scattering, we have now succeeded to study the 
magnetic phase-transition in a single Ho(00. l) film which has 
a thickness of only 46 A. The epitaxial Ho film was grown on 
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Figure I: Schematic phase diagram of bulk Holmium. 
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a sapphire substrate with the use of a Nb and Y buffer layer. 
The Ho film was capped with an Y and Nb layer to prevent it 
from oxidation. The embedding of Ho between Y layers 
ensures symmetric tructural and magnetic boundary condi­
tions. The film thickness was determined from x-ray reflecti­
vity measurements; the out-of-plane roughness was found to 
be ~ I 0 A. For the magnetic scattering experiments we use 
the ADAM reflectometer at the ILL because of its high flux , 
low background and high Q-resolution. These features are 
essential for studying weak satellite reflections close to the 
(00.0) Bragg peak. Throughout the experiments we used a 
wavelength of 4.41 A. Figure 2 shows the magnetic 
(00.0+r *) peak from the Ho film with 46 A thickness. With 
increasing temperature the peak hifts to higher Q values due 
to an increasing turn angle. At the same time the intensity 
drops due to a decreasing order parameter. For this thin film 
we measure a Neel temperature of only I 05 K which is 

0.20 0.25 
't • ( C •) 

3000 
• 10 K 

• 25 K 

2500 • 40 K 

• 55 K 

• 70 K 
2000 

c- 85 K 
·;;; 

90 K C: • 2 
C: 

95 K 1500 • 
• lO0 K 

1000 

considerably lower than in the bulk. The inset shows the 
order parameter as a function of temperature. Below 20 K, 
we could not observe a transition to a commensurate magne­
tic structure. The magnetic order in the ultra-thin Ho film 
remains incommensurate, in agreement with results obtained 
previously from Ho/Y superlattices . Looking at the length 
of the magnetic helix at= 20 K, we find r * = 0.25 Jc*, i.e. an 
increase of the turn angle to 46° (as compared to 30° found 
for bulk Ho). 

We have demonstrated for the fir t time that it is possible to 
study the magnetism in such ultra-thin films by investigating 
the magnetic ordering in Ho films as thin as 46 A using a 
high-re olution neutron reflectometer. The neutron results 
indicate that even thinner samples can be investigated with 
reasonable counting statistics and underline impressively the 
importance of neutron cattering for the investigation of 
nanostructured magnetic systems. 
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Figure 2: Radial neutron scans of the (00.0+r*) magnetic satellite peak for the 46 A thick single epitaxial Ho(00. I) film for different temperatures. The peak shifts 
to higher scattering vectors due to an increasing turn angle of the Ho spin helix with increasing temperature. Simultaneously the intensity decreases due to a loss 
of long-range magnetic--0rder with increasing temperature. In the inset the magnetic--0rder parameter is plotted as a function of temperature. 
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Magnetic off-specul 
andG 

neutron scattering 
effect 

V . LA UTER -PA SYUK (UNIV. MONCHEN AND JINR 0UBNA), 

B . TOPER VERG (ILL AND PNPI ST . PETER SBURG), 

H.J. LAUTER (Ill) , 

0. NIKONO V (ILL AND JINR DUBNA), 

E . KRAVTSOV, M . A. MIL YAEV, L . ROMASHEV AND V . UST INOV (IMP EKATERINBURG) . 

Complete polarisation analysis of neutron reflection and simultaneous measurements of polarised neutron off-specular scattering 

have been employed to verify atomic-spin arrangements in Fe/Cr multilayers, a typical representative of systems showing the giant 

magnetoresistance (GMR) effect. The quantitative theoretical data analysis shows that in the GMR region small column-like antiferro­

magnetic domains exist, arranged perpendicularly to the film surface through the whole multilayer depth. The domains may provide an 

efficient spin-flip mechanism for electron scattering, a crucial ingredient for the GMR effect. 

The understanding of a wide range of exciting properties of 
artificially superstructured magnetic materials including giant 
magnetoresistance (GMR) , oscillating interlayer exchange 
coupling , and non-collinear magnetic ordering 
requires unambiguous micro copic information on the atomic­
spin arrangement in those materials. In a set of experiments on 
magnetic Fe/Cr multilayers we demonstrate that such informa­
tion can only be obtained if two conditions are fulfilled. Firstly, 
the interface quality of the sample must be so high, that off-spe­
cular scattering originating from magnetic and non-magnetic 
roughness at the interfaces is negligible. Secondly, the data col­
lection in specular reflection mode (with complete polarisation 
analy is) must be combined with polarised neutron off-specular 
scattering measured in a broad range of incident and outgoing 
angles, so that a model can be compared over a necessary broad 
off-specular region. This wide map over the specular and off-
pecular region should be obtained for both, pin-flip (SF) and 

non spin-flip (NSF) scattering in order to separate unambi­
guously the true specular signal from the SF off-specular signal, 
which may appear also along the specular line. These two 
conditions together with the numerical analysis allowed us to 
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Figure I: Intensity mop of specular (R+) and off-specular scattered neutrons 
from the Fe/Cr multilayer at H = 5. 48 kG as a function of a;0 and ~nal, the 
incident and outgoing scattering angle, respective~. The colours reffect the 
scattered intensity on a log-scale. The horizontal colour lines crossing the pic­
tures are background effects. (Wavelength used: 4.4 A) 

establish a detailed description of the microscopic spin-arrange­
ment. The central issue is that the off- pecular SF-scattering 
arises from small column-like antiferromagnetic domains 
oriented perpendicular to the film surface. So, our interpretation 
does not confirm the picture of laterally uniformly magnetised 
Fe-layer with non-collinear or canted angle tructure published 
before e.g. in . Our finding is important due to the fact that 
the presence of domains cause spin-dependent electron scatte­
ring which accounts for the GMR-effect. 
The spin-resolved polarised neutron reflectrometry (PNR) 
experiment from a superlattice [Cr(9 A)/ 57 Fe(68 A)] x 12 
grown by molecular beam epitaxy on an Al2Orsubstrate was 
performed on ADAM with its new multidetector. The magne­
tic field H was applied parallel to the sample surface. 
The very good quality of the sample is visible in Fig. I which 
shows the scattered intensity from this multilayer for H = 5.48 kG 
parallel to the sample surface in the saturation regime. The 
reflectivity was measured beyond the second structural Bragg­
peak. No off- pecular scattering is observed within the 
experimental accuracy around these Bragg-peaks at 
<Xj = a,= 0.029 rad and 0.058 rad. This picture represents the 
sample with ferromagnetic magnetisation in the Fe-layers, 
having interface free from non-magnetic roughness or magne­
tic interface disorder within the accuracy of the measurement. 
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Figure 2: Intensity map as in Fig. I but for the field H = 0.428 kG for 
R+ = R++ + R•- . 



This last statement is very important, becau e samples with 
this quality are unique and allow us to separate the effects of 
interface disorder from other magnetic effects. 
In Fig. 2, for the lower field of H = 0.428 kG, additional inten­
sity is observed with respect to Fig. 1 going through the two 
half-order positions at a= 0.0145 rad and a= 0.0435 rad. At 
this field the sample shows the GMR-effect. This additional 
intensity is off-specular scattering distributed along lines per­
pendicular to the reflectivity curve forming a superstructure 
Bragg-sheet. However, in contrast to the usual case when the 
Bragg sheet crosses the specular line at the Bragg peak position 
no appreciable enhancement of the intensity at the superstruc­
ture position was observed. Thus, the object giving rise to off­
specular scattering must be smaller than the lateral coherence­
length. Furthermore, the off- pecular scattering is asymmetric, 
where it approaches the axes near O'.in = 0 and O'.final = 0. 
The intensity along the first superstructure Bragg-sheet is cut 
before reaching O'.in = 0 or O'.final = 0. On one side the intensity is 
cut at O'.final nearly zero and on the other side at O'.j0 ~ 0.005 rad. 
These angles are related to the critical angle of the Fe-layers 
which depends on the polarisation direction of the neutrons 
with respect to the magneti ation direction of Fe; this shows, 
without spin analysis, that off-specular scattering consists of SF 
neutrons. With this unusual, but effective method, SF neutrons 
can be determined. R in the figure caption relates to reflectivity 
with the polarisation of the neutrons parallel ( +) or anti parallel 
(-) to the external field. 
The spin-flip effect is also shown in Fig. 3 which was obtained 
under the same experimental conditions as Fig. 2 but with an 
analyser placed between sample and detector and centred at the 
position of the specular beam. Only NSF neutrons are transmit­
ted by the analyser. The footprint of the analy er covers only a 
certain angular band of neutrons in transmission scattered from 
the sample, the width of which is marked in Fig. 3 by the 
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Figure 3: Intensity map as in Fig. 2 but with analyser. The arrows indicate 
the specular line in one spin state (transmission; R- ) and the specular line 
in the opposite spin state (reffected;R-+);the region between the dashed lines 
shows the working area of the analyser in transmission. 

dashed lines.This band is already sufficient for a polarisation 
analysis. The scattering along the half-order Bragg-sheets 
crosses the reflectivity curve and consists purely of SF-scatte­
ring as can be deduced by comparing figs. 2 and 3. 
In our model, the disorder leading to off-specular scattering has 
a lateral correlation length smaller than the lateral neutron 
coherence length, which is estimated to be in the order of a few 
tens of microns. Furthermore, the perturbation must have anti­
ferromagnetic character due to the location at half-order Bragg­
sheets. Therefore, antiferromagnetic domains are assumed. The 
domains extend in the perpendicular direction throughout the 
film thickness as evidenced by the width of these off-specular 
Bragg-sheets. The off-specular SF-scattering together with the 
NSF-specular scattering is calculated with the superrnatrix for-
malism and presented in Fig. 4. 
This antiferromagnetic domain model can describe correctly the 
off-specular scattering appearing as Bragg-sheets through the 
half order magnetic Bragg-positions reproducing the details like 
the asymmetry in the lower Q Bragg-sheet and with all the 
details at the border of the picture. In addition, our model cor­
rectly reproduces the relative intensitie between first and 
second Bragg-sheet as well as the off-specular scattering inten­
sities between the half order Bragg- heets. The average size of 
the antiferromagnetic regions is around ~3000 A. 
The high quality of the sample and the complete mapping of 
the off-specular scattering has allowed identifying unambi­
guously the origin of the spin-flip off-specular scattering. This 
model of antiferromagnetic domains is quite in contrast to the 
usually used model of homogeneously magnetised layers stac­
ked into a sequence with magnetisation direction varying bet­
ween alternative Fe-layers, . The new interpretation 
may lead to reconsidering electron scattering in these type of 
samples for a more exact description of the GMR effect. 
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The Mn12-acetate spin cluster 

I. MIREBEAU, M. HENNION (LLB}, 
H. (ASALTA (ILL), 
H . ANDRES, H . U. GUDEL (UNIV. BERN} , 
V. IRODOVA (INST. KuRCHATO V Moscow), 
A. (A NESCH I (UNIV. FIRENZE) . 

Mn 12-acetate is a ferrimagnetic spin cluster with total spin S = I 0, providing the first and most well known example of macroscopic 

quantum tunnelling of magnetisation. By inelastic neutron scattering we separated the energy levels corresponding to the splitting of 

the ground state. We could measure accurately, and for the first time in zero field, a very small energy term, responsible for the quan­

tum tunnelling process. 

The study of molecular nanomagnets, besides its great theoreti­
cal interest, could help to determine the size limit for information 
storage. The most attractive clusters consist of a few (typical1y 
I 0-20) paramagnetic ions coupled by exchange interactions at 
the borderline between quantum and classical behaviour. Among 
them, Mn12-acetate (Mn1z-ac) i the best-studied spin cluster so 
far, providing the fir t experimental evidence of macro copic 
quantum tunnelling . The cluster has a plate-like shape, with a 
total pin S = 10, and a uniaxial anisotropy. Its magnetisation 
relaxes between two equivalent sublevels of the ground state 
(M = ± I 0) separated by an energy barrier. Above I 0 K, it relaxes 
by thermal activation like a superparamagnet. Below 2 K, the 
magnetic rever al i governed by a quantum process yielding a 
spectacular effect, regular steps in the magnetisation curve 
The quantum tunnelling which occurs within the S = 10 ground 
state is governed by extremely small high-order terms of the ani­
sotropy energy. To understand it better, we have studied the ener­
gy sublevels of the ground state by inelastic neutron scattering. 
The S = 10 ground state arises from a ferrimagnetic coupling bet­
ween eight Mnlll ion (S = 2) and four MnlV ions (S = 3/2). It is 
split by crystal fields in 21 sublevels (- 10 ~ M ~ 10). Using 
high-energy resolution, we separated all the sublevels of the 
S ground-state. We could show the presence of high-order spin 
interactions unambiguously. The main result is the accurate 
determination in zero field, of a very small non-diagonal term 
in the spin Hamiltonian (hereafter called transverse term). Its 
presence has been searched for by many theoretician and expe­
rimentalists to explain the tunnelling effects. 
A powder sample: 

[Mn 12(CD3COO) 16(020)4012] • 2CD3COOD • 4D2O 
was synthesised using deuterated solvents. The crystal structure 
was checked between 10 and 290 K by neutron diffraction on the 
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Figure I: Energy spectra at three temperatures (raw data, averaged in 
Q-space). The intensity units are the same but the scales differ for all spectra. 
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Figure 2: Energy sublevels of the S = I O ground state versus the transverse 
coefficient B1. 

diffractometer G6. l at LLB. The first inelastic measurements up 
to 13 meV, were performed on the cold three-axis spectrometer 
4Fl at LLB . The present ones with a higher energy resolution 
were made on the time-of-f]jght spectrometer INS at ILL. The 
experimental pectra are hown in Fig. 1 for three temperatures. 
At T = 1.5 K, a well defined excitation is observed at 1.24 me Von 
the sample energy gain ide (w > 0). It is readily attributed to an 
excitation from the lowest energy-level (M = ± 10) to the first 
excited level (M = ± 9). As the temperature increases, higher 
energy levels are populated o that new excitations appear on 
both sides of the pectrum. At 23.8 K, we distinctly observe 7 
well separated peak on each ide of the spectrum, together with 
much smaller ones at about± 0.2 me V (see inset of Fig. 1 ). 
The magnetic neutron cross-section was analysed quantitati­
vely by using the spin Hamiltonian already proposed to inter­
pret electron paramagnetic resonance , magnetisation and 
optical infrared experiments. Due to the neutron election 
rule , only the transitions with 11M = 0 or ± 1 are allowed. 
When only the diagonal terms are considered, the S = 10 mani­
fold plits into 11 ublevels corresponding to M = ± 10, ± 9, 0. 
In this case, the± M degeneracy of the e levels is not lifted and 
when all possible state are populated we expect nine transi­
tions (from M = ± 10 to ± 9 and so). Seven of these transitions 
are clearly ob erved on the spectrum at 23.8 K. The non­
equivalent energy-spacing between them arises from the 41h 

order diagonal term. The transverse term induces a mixing of 
energy states with different M that becomes more and more 
effective on approaching the top of the barrier. It is shown in 
Figure 2 where the energy levels Ei are plotted versus the trans­
verse coefficient B!. The energies of the highest excited states 
strongly depend on B! and the degeneracy of some levels is 
lifted. Figure 3 (top) shows the calculated inten ities at 23.8 K 
for three B! values. The position, hape and inten ity of the 
low energy peaks are strongly modified, whereas the other 

peak remain unaffected. Only B! value in a very narrow range 
could explain the low energy features found experimentally. 
We find that B! = ± 3.0(5) • 10-5 cm-I gives the best agree­
ment with the data. To compare with experiment (Fig. 3 bot­
tom) we added a small quasielastic background, probably due 
to hydrogen. The agreement with the calculation is excellent. 
The main result of the experiment is the precise determination 
of the coefficient B! of the transverse term. This term is very 
small, but important since only components which do not 
commute with the longitudinal magnetisation could be respon­
sible for the tunnelling. The fourth order coefficient found 
here is the lowest order term allowed by the tetragonal sym­
metry. It allows tunnelling between sublevels with 11M = ± 4, 
as observed in the magnetisation. This could explain the domi­
nant tunnelling process. Other tunnelling transitions between 
sublevels 11M = ± I are also observed by magnetisation, and 
cannot be understood in the expression of the anisotropy with 
tetragonal yrnrnetry. It suggests that other origins than aniso­
tropy also contribute to the tunnelling, like dipolar coupling, 
hyperfine interaction or spin-phonon mechanism. 
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Figure 3: Top: intensity calculations for three values of Bt focusing on the 
low energy peaks. Bottom: Energy spectrum. The corrected experimental data 
are shown by red dots. The intensity calculation (purple line), hydrogen back­
ground (green dashed line), elastic intensity (blue dashed line) and the sum 
of all components (red line) are also shown. 

The above picture mostly relies on the assumption a "single 
spin" ground-state. This simple picture which neglects the 
inner features of the cluster, describes the low-energy excita­
tions within the ground state quite well. Very recently a micro­
scopic description of the Mn 12-ac was proposed , which 
attempts to describe both low and high-energy excitations 
observed by neutron scattering. Our new experimental results 

combined with previous results at higher energie , could 
be a crucial checkpoint for further theoretical work. 
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Chirality in CsMnBr-3 - vidence for a new 
universality class of phase transitions 

■ V . P. PLAKHTY, E. MoSKVIN (PNPI GATCHINA ST. PETERSBURG), 

■ J. KULDA (ILL), 

■ D. VIS S ER (UN IV . WARWICK COVENTRY) , 

■ J. WOSNITZA (PHYSIK. INST. UNIV . KARLSRUHE), 

■ R. K. KREMER (MPI STUTTGART). 

Using polarised neutrons we have observed spin chirality in the frustrated triangular-lattice antiferromagnet CsMnBr3. We were able 

to determine both the critical exponent ~c = 0.43(2) describing the average chirality in the ordered phase below the Neel tempera­

ture T N = 8.37 Kand the crossover exponent$( = 1.27(9) corresponding to the dynamical chirality above T N. These results provide 

the first experimental proof of the new chiral universality class of phase transitions predicted by theory. 

An important feature of phase transitions is their universality, 
which means that the critical behaviour of physically differ­
ent systems depends only on the number of the order-para­
meter components and on the spatial dimensionaljty of the 
system. Each unjversality class has a particular set of expo­
nents which characterises its critical behaviour. The order 
parameter of frustrated triangular-lattice antiferromagnets, as 
well as of helimagnets includes, in addition to the ordinary 
spin variables, SR, the spin chirality, C = [SR, x SR2], which 
describes whether the spin structure is a right- or left-handed 
one. According to Kawamura 111, the chirality results in new 
universality classes. The conventional critical exponents are 
modified and, moreover, two new exponents, ~e "' 0.45 for 
the average chirality below the Neel temperature (T N) and 
Ye"' 0.77 for the chiral susceptibility above T N are expected 
to appear. 

Since the observed values of the conventional critical expo­
nents fit different scenarios l 2 1] Kawamura's conjecture is 
under considerable discussion. However, the chiral expo-

CsMnBr3 (domain A) 
I 

nents, were never determined experimentally, in part because 
of the absence of a suitable technique to produce a single­
domain crystal. The original motivation of the present expe­
riment was the proposition by Maleyev 14 I, suggesting that 
above the Neel temperature the dynamical chirality, i.e., the 
projection of the crural field on the sample magnetisation, 
results in an inelastic polarisation-dependent cross section 
that is odd in energy transfer. Its temperature dependence 
would be described by the crossover chiral exponent, 

~e = ~e + Ye• 

A convenient representant of planar (XY) frustrated triangu­
lar-lattice antiferromagnets is CsMnBr3 whose structure is 
displayed in Fig. 1. The magnetic moments of the mangane­
se ions lie in the hexagonal plane. The chirality is characteri­
sed by the sense of their rotation when passing from a man­
ganese atom to the next one along one of the crystallographic 
axes in the basal plane. Figure I gives an example of 
domains with spin rotations in the clockwise (A) and coun­
ter-clockwise (B) sense. 

CsMnBr3 (domain B) 

Figure I: The clockwise (A) and counter-clockwise (B) chiral domains in the magnetic structure of CsMnBr3. 



The dynamical chirality has been inve tigated at 
Q = (1/3, 1/3, 1) using the cold neutron three-axis spectrome­
ter IN 14. A crystal of about 3 cm3 has been mounted in a 
4 Tesla horizontal cryomagnet with field parallel to the hexa­
gonal axis. The difference between the scattering intensities 
of neutrons with incident polarisation parallel and antiparal­
lel to the applied field, Af(co) = Ji(m)-J!(co), has then been 
measured. A typical spectrum exhibiting the antisymmetric 
variation with the energy transfer is shown in the in et of 
Fig. 2. 

An empirical function, a squared Lorentzian multiplied by 
the energy transfer, 

Af(m) = Smf3/[f2+(m-mo)2]2 (1) 

convoluted with the re olution function bas been used to fit 
these data. According to Ref. the value of the chiral cross­
section characterised by S should depend on: 

't = l(T-T )/TNI as S = -r-~c (2) 

A logarithmic plot of S versus 't is shown in Fig. 2. From the 
slope at 't ~ 0.1 one obtains the value of the chiral crossover 
exponent $c = 1.29(7) which is in good agreement with 
Kawamura's calculated value 1.22(6) for the XY model 
At lower 't, the slope decreases, apparently due to the inverse 
correlation length becoming smaller than the resolution 
width. 
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Figure 2: Critical behaviour of the dynamical chirality ( above TN) in magne­
tic field applied along the scattering vector and along the hexagonal axis. Inset 
the polarisation-<Jependent component of the energy spectra. 
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In the cour e of the experiment it turned out that in the orde­
red state, below T N = 8.37 K, different populations of left­
and right-handed domains can be frozen in. Their proportion 
depends, in a random manner, on the cooling history. In the 
case of unequal populations again a difference in the 
(1/3,1/3,1) Bragg-peak intensity is observed between the two 
incident neutron polarisations, parallel and antiparallel to the 
guide field (about IO Gauss) along the scattering vector. Thi 
part of the study was carried out using polarised thermal neu­
trons on the IN20 spectrometer (k = 2.662 A- 1, Si 111 analy­
ser and PG filter to remove any 2nd order contamination). 
The sum of the cattered intensities for the two polarisations 
is proportional to 't 2~ with the expected exponent 2P "'0.42. 
The difference signal, displayed in Fig. 3, provide the criti­
cal exponent Pc"' 0.43(2), being in excellent agreement with 
Kawamura's theory 

Combining the two measured critical exponents, Pc and $c, 
the experimental value for the chiral susceptibility exponent, 
Ye "' 0.86(9), can be derived. All these results provide sup­
port to Kawamura's predictions of a new universality class of 
chiral phase transitions. 
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Figure 3: Critical behaviour of the average chirality below TN. Inset the dif­
ference in ( I /3, I /3, I) Bragg peak intensities I+, /-, due to unequal chiral 
domain population. 
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High-precisi n d t rmination of 
the antiferromagnetic form-factor of Cr3+ 

P. j . B ROWN (L O U G HB OROUG H U NIV E RSI T Y AN D I LL) , 

A . H I LL I ER , H . HUMBL O T , E . LE L IE V RE-BERNA A N D F. TA SS ET (ILL), 

J. DRE YE R (SPSMS , DRFMC , CEA GRE NO BLE), 

j. 8 . FOR S YTH (CLARE N DON LABORATOR Y , O X F O RD) . 

Cryopad II in conjunction with a 3He neutron-spin filter has enabled us to measure the form-factor of the Cr3+ ion in Cr20 3 out to 

sin0/A. = 0.75 A-1. These new measurements supplement those obtained in a previous experiment in which the limit in sin0/A. was 

restricted by use of IN20 to a maximum of 0.5 A- I.These measurements provide the first high-precision determination of an antiferro­

magnetic form-factor with high enough resolution to draw conclusions about the asphericity in the magnetisation due to 3d electrons. 

The form-factors of magnetic ions in ferromagnetic and 
paramagnetic materials have been extensively studied using 
classical polarised-neutron flipping-ratio measurements and 
in favourable cases these measurements can be very precise 

. Such form-factors are much more difficult to measure in 
antiferromagnetic structures because in antiferromagnets the 
neutron scattering cross-section is not often polarisation 
dependent; the classical method is then not applicable. As a 
consequence, very few measurements of antiferromagnetic 
form-factors have been made. In the few cases where such 
measurements have been undertaken they have given very 
interesting results . The antiferromagnetic form-factors 
are more sensitive than ferromagnetic or paramagnetic ones 
to the effects of covalency. This is because the overlap of 
positive and negative tran ferred spin on the ligand ions leads 
to an actual loss of moment rather than to it redistribution. 
Up to now no preci e mea urements of the form factor have 
been made in antiferromagnetic structures in which the per­
iodicicty of the magnetic and nuclear structures are the same 
and in which magnetic atoms of opposite spin are related by 
a centre of symmetry. In such structures, the magnetic and 
nuclear scattering are superimposed, making their separation 
difficult. Additionally, the magnetic and nuclear structure 
factors are in phase quadrature o that there is no interferen­
ce between them to give a polarisation-dependent cross-sec­
tion. The newly developed technique of spherical neutron 
polarimetry allows a precise measurement of the magne­
tic scattering in such structures, and this can be exploited to 
determine the antiferromagnetic form-factor. 

The technique of neutron polarimetry which we have develo­
ped using Cryopad consists in choosing a direction for the 
incident neutron polarisation and determining the direction 
of polarisation of the beam scattered by the sample with a 
chosen momentum and energy transfer. In the present experi­
ment we are looking at elastic Bragg scattering so that the 
energy transfer is zero. It is convenient to choose three ortho­
gonal direction (x,y,z) for the incident polarisation: z per­
pendicular to the scattering plane, x parallel to the momentum 
transfer vector, and y completing the right-handed Cartesian 

et. The components of the scattered polarisation parallel to 
the same three directions can be designated P11x, P11y, P11: 

where the subscript u indicates the direction of incident pola­
risation (x, y or z) . 

Cr2O3 provides a well known example of an antiferromagnet 
for which magnetic and nuclear scattering appear in the same 
Bragg reflections and are in phase quadrature. The compo­
nents of scattered polarisation in this case can be written 

P.u =~ Pxy =O Px: =~ 

Pyx =O Pyy =l Py: =0 

P:x =-~ P0 ,=0 P;:.: =~ 

Where fi = ( l-y2)/( I +y2) and ~ = 2my y/( 1 +y2) 

y is the ratio between the magnetic and nuclear structure-fac­
tors, and my the projection of the magnetic-moment direction 
on the plane perpendicular to the momentum transfer. There 
are two possible 180° domains for which my is of equal 
magnitude but opposite in sign. If the volumes of crystal 
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Figure I: The experimental values of the magnetic form-factor measured 
at the hO. f Bragg repections of Cr203-The smooth curve is the spirK!n~ free 
ion form-factor for Cr3+ normalised to 2.5 µa, 



belonging to the two domains are v+ and 
v-, the domain ratio is defined as: 

T] = (v+ - v-)/(v+ - v-) 
and the non-zero off-diagonal terms in the 
polarisation matrix become : 

Pxz = T] ~ and Pzx = -T] ~-

We have already measured the ratios y of 
all reflections of the form hO. e with 
sin0/A. < 0.5 A-1 using Cryopad II on 
I 20 . These measurements, which 
were made on two crystals of different 
sizes in three different degrees of domain 
imbalance, gave amazingly con istent 
results which enabled the lower angle part 
of the Cr3+ form factor shown in Fig. I to 
be determined with high precision. It is 
not, however, possible to extend these 
measurements to higher sin0/A. using 
IN20 since the highest useable incident 
wave-vector is 4.1 A-1. 

We have recently, however, been able to 
extend our measurements to higher 
momentum-transfer by installing Cryopad 
on the hot-source polarised-neutron dif­
fractometer D3 and using the newly avai­

Figure 2: Cryopod installed on DJ showing the 3He spin filter in the magnetically isolating enclosure 
"Cryopol". 

lable 3He neutron-spin filter to allow polarisation analysis of 
the diffracted beam. The experimental arrangement is shown 
in Fig.2. 
At the higher sin0/A. values the magnetic scattering becomes 
very weak and it is impractical to carry out the full polarisa­
tion analysi . However, if the domain ratio is high and is 
determined using the lower angle reflections, then it is suffi­
cient to measure just the Px: and P:x components of scattered 
polarisation. These are linearly rather than quadratically 
dependent on y and may be corrected for deficiencies in the 
transmitted polarisation u ing the Pyy component. Using this 
method we were able to deduce the magnetic structure-factor 

of 14 h0.treflections with si n0/A. between 0.5 and 0.75 A-1. 

Their contributions to the Cr3+ form-factor are shown in Fig. I 
and are magnified in the inset. 

We were able to fit the low angle data to the Cr3+ free atom 
form-factor by assuming a chromium moment of 2.5 µ8. The 
rather low value suggests that here is significant covalent 
transfer to the oxygen ligand . 

These lower angle data fit rather well onto a smooth curve. 
The higher angle data are scattered above and below the 
curve corresponding to a spherical distribution of moment, 
this scatter contains information about the deviations 
from spherical symmetry and can be used to determine the 
distribution of unpaired electrons amongst the different 3d 
orbitals . 
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Kohlrausch relax random magnets 

P. MANUEL AND R. C YWINSKI ( U NIV. S T. A NDREWS}, 

R. I . BE WLEY (1515, R UTHERFORD A PP LETON LAB., CH ILTON}, 

P. S CH LE GER, B . F ARAGO (ILL). 

Whilst the nature of the glass transition is one of the outstanding problems in physics, the spin-glass transition introduces an additio­

nal degree of complexity through the orientational disorder of the magnetic spins. It is believed that the clue to the nature of the glass 

transition in spin glasses lies in the spin dynamics above and close to the glass temperature, yet for the last twenty-five years there has 

been considerable debate and controversy surrounding the nature of the time dependent spin correlation function in such disordered 

magnetic systems. Using the amorphous random anisotropy magnets a-Er7Fe3 and a-Er7Ni3 as model systems, we have used the neu­

tron spin-echo technique to map the evolution of the dynamical spin correlations as a function of temperature. Interestingly, the func­

tional form of the time dependent spin correlations closely follows the stretched exponential form first recognised by Kohlrausch 150 

years ago, and points to distribution of relaxation rates which broadens considerably as the glass temperature is approached from 

above. 

In 1847, Kohlrausch discovered that the decay of the resi­
dual charge on a glass Leyden jar followed a stretched expo­
nential law defined by Q(t) = exp(-(ffit)~)- Since then, this 
functional form of relaxation has been found to describe 
a remarkably wide range of physical processes, including 
phenomena as diverse as the frequency dependence of the 
complex dielectric constant and the intermediate I ight 
scattering function in microgel olutions. The Kohlrausch 
form, which is often associated with a broad distribution of 
relaxation times, 't , is also believed by many authors to be 
characteristic of the time-dependent paramagnetic spin-cor­
relation function, <S(Q,t)S(Q,0)>, in highly disordered 
magnets such as spin glasses and random anisotropy sy -
terns. Extensive numerical simulations of such random 
magnets, particularly those by Ogielski , have suggested 
that not only 't but also the exponent~ is temperature depen­
dent, taking a value of unity at high temperatures ( 4T g) and 
slowly decreasing to 1/3 as the spin freezing or glass tempe­
rature, T g is approached. However, several theoretical 
models predict that the spin correlation function should ins­
tead follow a power-law time dependence. Experimentally it 
has proved extremely difficult to distinguish between these 
two models, and the controversy regarding the functional 
form of the spin dynamics of disordered magnets remains 
largely unresolved. 

Neutron spin-echo i a particularly powerful tool with which 
to investigate such dynamic . Indeed, it offers the possibility 
of measuring the pin correlation function directly in the 
time domain, rather than in the frequency domain as offered 
by more conventional inelastic neutron scattering techniques. 
Moreover, the time window covered by the spin-echo tech­
nique is of the order of IQ-8- 1 Q-12 s. This window not only 
effectively bridges the gap between AC susceptibility 
methods (IQ-LI Q-6 ) and conventional neutron scattering 
techniques ( I 0-10_ I Q- 13 s), but is also of precisely the same 
order as predicted for relaxation times in spin glasses and 
random anisotropy systems close to Tg. 

We have performed a series of neutron spin-echo measure­
ments on two amorphous random anisotropy magnets, 
a-Er7Fe3 and a-Er7Ni3. Neither the iron nor the nickel car­
rie a magnetic moment in these amorphou alloys, whi lst 
the inherent topological di sorder give ri se to crystalline 
electric fields which are almost random from erbium ite to 
erbium ite. Consequently, single ion anisotropy, rather than 
exchange dominates, and the magnetic ground state is highly 
disordered . In the present context these random anisotropy 
alloys have the particular advantage that, although displaying 
spin-glass-like properties, they have a much higher concen­
tration of magnetic spins than the canonical dilute spin 
glasses such as CuMn. This feature, together with the relati­
vely large erbium magnetic moment, ensures a sizeable 
magnetic cross section. 

The samples were prepared at the University of St. Andrews, 
Scotland, using a melt-spinning technique in which molten 
alloy is ejected onto a rapidly rotating copper wheel, achie­
ving cooling rates of the order of I Q6 K • s-1. The resulting 
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Figure I: The normalised spin correlation function Pnse = S(Q,t) I S(Q,O) 
at Q = 0.12 A-1 for a-Er,Fe3 measured by neutron spin-echo for several 
temperatures. The solid lines represent fits of the Kohlrausch stretched 
exponential function, Q(t) = exp(-{th:)/3 to the data. It should be noted that 
the data are inconsistent with a simple power law dependence upon time. 



amorphous ribbons have a typical width of 2 mm and thick­
ness of 20 µm, and are up to several meters in length. The 
spin-echo measurements were performed using the IN 11 
spectrometer with a wavelength of 4.64 A, allowing relaxa­
tion times from 5.75 • 10-12 s to 3.7 • 10-9 s to be sampled. The 
instrumental resolution was determined using spectra collec­
ted from the respective samples at 1.5 K, at which temperatu­
re all magnetic spins can be assumed to be static. 

Figure 1 shows the measured time-dependent spin-correlation 
function at Q = 0.12 A-1 for the a-Er7Fe3 sample at several 
temperatures up to 2Tg (For this sample Tg = 32 K as deter­
mined by AC susceptibility). The neutron spin-echo signals 
were found to be Q-independent within experimental error. 

In most paramagnetic metals the spin-spin correlation func­
tion is generally of a simple exponential form, and characte­
rised by a single relaxation time, t. On a plot such as that of 
Fig. 1, such a relaxation process would appear as a simple 
rapidly depolarising exponential. As the relaxation rate, t, 
changes with temperature the spectra would conserve the 
same shape but be displaced laterally with respect to one 
another. However, in the case of the spectra obtained from 
the a-Er7Fe3 sample we observe instead a slow depolarisa­
tion associated with a very broad distribution of relaxation 
times. Moreover, we find that the functional form of the 
spectra is well described by the Kohlrausch stretched expo­
nential form rather than a simple power law. Fitting the 
Kohlrausch form to the spin-echo spectra obtained from 
a-Er7Fe3 allows the exponent ~ and relaxation time 't to be 
extracted. The temperature dependence of these two parame­
ters is shown in Fig. 2 and 3. 

Our neutron-spin echo measurements of the evolution of the 
spin correlations in the a-Er7Fe3 random anisotropy system 
are in broad agreement with the theoretical predictions of 
Ogielski I JJ . Not only is the time dependence of the correla-
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Figure 2: The temperature dependence of the exponent fJ as a function of 
temperature. The dashed line is a guide to the eye. 

tions well modelled by the Kohlrausch stretched exponential 
form Q(t) = exp(-(t/1:)~), but the exponent~ also decreases 
with decreasing temperature, approaching 1/3 at T g as pre­
dicted. The temperature dependence of the characteristic 
relaxation time, 't, shown as a modified Arrhenius plot in 
Fig. 3, indicates that the spin relaxation arises from a simple 
activation process. However, two activation regimes, corres­
ponding to two different activation energies, can be distin­
guished. The crossover point between the regimes coincides 
with the glass temperature T g = 32 K. It is likely that whilst 
the high-temperature regime is dominated by the single ion 
random anisotropy of the rare earth ions, below T g exchange 
interactions begin to play an important, but still not domi­
nant, role. It may be possible in future experiments to inves­
tigate this crossover in greater detail by judicious substitu­
tion of the rare earth ion to vary the relative balance of 
exchange to anisotropy. 

Neutron spin-echo has therefore provided a unique and 
invaluable insight into the nature of spin dynamics in 
disordered spin glass-like magnets as To is approached, and 

" it has thereby helped to resolve a long-standing controversy. 

We have shown convincingly that it is the 150 year-old 
Kohlrausch model, rather than a simple power law depend­
ence, that provides an appropriate description of the dynamic 
spin correlations, at least in the limit of strong random 
anisotropy considered here. A picture emerges of a broadly 
distributed relaxation process in which the width of the 
distribution of relaxation times broadens considerably (i.e. ~ 
decreases) as the temperature is lowered. Correspondingly, 
the mean relaxation time, 't, increases as the glass temperature 
is approached. However there is also evidence that both 
~ and t continue to evolve below To, although here it might 

" be expected that t is associated with quite different activation 
processes to those evident above Tg. 
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Figure 3: The temperature dependence of the logarithm of the mean relaxa­
tion time -r. Note the change in slope of the plot, indicative of a change in 
the associated activation energy, at Tg = 3 2 K 
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Sublattice intel'actions 
in the MFe4"18 compounds 

j. A . P AIXAO ( U NIV. OF ( OIMBRA), 
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B. LEBECH (R1s0 NAT . LAB . ), 
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lntermetallics between transition (3d) and rare-earth (40 elements are vital for many technologies, including those of permanent 

magnets. However, understanding these interactions at the fundamental level is difficult. We report here a study of stoichiometric 

MFe4Al8 (M = rare-earth and uranium) single crystals. Conflicting explanations of the magnetic interactions of these material have 

been reported in the past. By using polarised neutrons we have characterised the Fe and M metal magnetism, and their temperature 

dependence. A further key to their understanding is provided by resonant magnetic scattering of photons (at the ESRF) which char­

acterises the conduction-electron states. 

Interaction between elements with d and f magnetism are 
crucial to many technologies. The richness of their beha­
viour, as well as the difficulty in establishing detailed 
models, can be traced partly to the lack of a clear hierarchy 
of interactions. In addition to the magnetic 3d and 4f states, 
there are the conduction electrons, which are important in 
defining the nature of the long-range magnetic order. The 
MFe4Al8 compounds, about which there are many conflic­
ting reports in the literature, including the uggestion that 
these materials are pin glasses, provide an interesting test 
case. Using a combination of neutron and synchrotron tech­
niques, including the use in both cases of polarisation analy­
sis, we have established not only magnetic structure as a 
function of temperatures, but also how the different sublat­
tices interact with one other. This then provides a benchmark 
for theories addressing these important problems; indeed, 
one theoretical paper has already appeared. 
Since the early work on these systems some 20 years ago 
it has been recognised that the strongest magnetic interac­
tions are between the Fe atoms and that, at the stoichiometry 
MFe4Al8, it is principally antiferromagnetic in nature. (With 
further replacement of Fe for Al , up to MFe 10Al2 the mate­
rials are high-temperature ferromagnets and have potential 
applications). The tetragonal unit cell is shown in Fig. I. 
The M atom is surrounded by 8 Fe atoms. If the latter have an 
perfect AF configuration, then the molecular field at the M 
site is zero. 
Bulk measurements show the rare-earth materials to be pure­
ly antiferromagnetic, and Fe Mos bauer studies establish 
that the Fe ordering is between 150 and 180 K for all com­
pounds. The use of DI 0, together with single crystals, allowed 
us to identify the initial ordering only of the Fe sublattice (at 
170 K in the Dy material) as incommensurate and probably 
cycloidal in nature. This was confirmed by using the neutron 
polarimeter (IN20-cryopad), which showed that the envelope 
of the Fe modulation is circular. The wavevector is 
qmag = [0.13, 0.13, 0] and has little temperature dependence. 
As the temperature is lowered, there is a long-range ordering 
of the rare-earth component . This starts in DyFe4Alg at 
T Dy - 50 K. At the lowest temperature about 60% of the rare­
earth moment is ordered; the configuration at - 15 K is 

u Fe 

Figure I: One unit cell of the crystallographic structure of the MFe,iA/8 series. 
Shown also is the unusual magnetic conpguration of the UFe,iAla compound. 
Weak ferromagnetism due to a moment of0.47(3) µ8 on the U atom is com­
plemented by an almost antiferromagnetic conpguration of the Fe sublattice 
with moments of 1.08(2) µp,. The Fe moments are canted by 16 ° in zero peld 
by their interaction with the U sublattice. This canting angle increases with a 
magnetic peld applied in the basal plane. Both sublattices order at ~ 15 0 K 

shown in Fig. 2. A careful examination of this cycloid with 
the neutron polarimeter (IN20-cryopad) shows that the Fe 
and Dy cycloids are turning in opposite direction , but with 
the same q wavevector. At lower temperatures the ellipticity 
of the Dy sublattice changes sign and higher-order harmo­
nics (up to 7th order) from the rare-earth moments are seen; 
however, the envelope of the Fe cycloid remains circular at all 
temperatures. The higher-order harmonics distort the envel­
ope of the rare-earth cycloid and may be viewed as establi­
shing ferromagnetic interactions between the rare-earth 
atom . At the same time, the disordered component of 
the rare-earth moments develop short-range ferromagnetic 
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Figure 2: The complex cydoidol magnetic configurution found in the rare-earth arnpounds - here shown for Dyfe+AJ8 at 15 K Four unit ce/ls are shown. The magnetic moments are 
OMUyS confined to the ab plane, with their propagation l'tOVeVectDr q,oog = [0.13, 0.13, OJ. Notice that the Fe and Dy cycloids tum in apposite directions. At lvNer temperature ad<fltianal 
higher-order harmonics in the diffioctian pattern are observed and signifi' a further cfistortion of the emelope of the Dy c.ydaid. The Fe moment is "' I µ& whereas the Dy moment is 
"' 6 µ& The remaining Dy moment (to make up the free-m moment of 9 µ~ a>ntributes to ~rromagnetic cf,ffuse scattering within the ab plane. 

correlations. This inherent instability of the rare-earth sublat­
tice mean that it can be easily modified in a field, an applied 
field of 0.5 T is sufficient to induce a large moment within the 
rare-earth sublattice. However, the interaction with the Fe 
sublattice, which remains antiferromagnetic to very high 
field, confines the directions of the rare-earth moments to the 
basal plane. It is this unusual behaviour that led previous 
authors to claim the materials were spin glasses. 

The development with temperature of the ordered rare-earth 
moment in both the Dy and Ho compounds is shown in Fig. 3. 
The I 10+ satellite reflection arises from both the Fe and 
rare-earth sublattices o that it is sensitive to the coherent 
interference between the two. The different temperature 
dependencies may be explained by a temperature-indepen­
dent phase- factor between the modulations of the rare-earth 
and Fe sublattices. 
The final piece to the puzzle is the behaviour of the conduc­
tion-electron states. This has been examined by performing 
re onant x-ray magnetic scattering experiments on the 
Dy L edges at the ESRF ID20 beamline using Lhe same crystal 
a for the neutron studies. These x-ray experiment focus on 
the Dy 5d electrons that belong to the conduction band. We 
have found that they initiaIJy polarise at T N ( 170 K); i.e. their 
interaction with the Fe 3d states is sufficiently strong that they 
are immediately polari ed at T N rather than T Dy ~ 50 K. 
Important change in their polari ation occur at T Dy, which are 
related to change in the band splitting of the 5d states 

In comparison with the rare earth compounds, the interac­
tions in UFe4A18 are quite different. Previous reports on this 
material were also confusing, but again single-crystal experi­
ments at Ris~ and D3 led to a clear-understanding of the 
magnetic configuration, which is hown in Fig. l. Here the 
antiferromagnetic modulation vector is [000] so that no new 
peaks occur; the unit cell is thus easier to represent, but the 
interactions are more complex than in the RFe-lAl8 com­
pounds. 

Sandratskii and Kiibler have considered this configura­
tion and shown that many of its feature can be explained by 
taking account of the larger (than in the rare earths) spin­
orbit coupling and hybridi ation between the Fe 3d and U Sf 
electrons. The local symmetry at the Fe site, which define 
the directions for the Fe moments, gives rise to their canting. 
UFe4AI8 is more anisotropic than the RFe4AI8 systems, sho­
wing interesting hysteresis behaviour when a field is applied 
within the basal plane . These effects, and the fact that 
both sublattices order at the same temperature, are a conse­
quence of hybridisation between them 

The present measurements illustrate the power of single­
crystal neutron and x-ray techniques (in both cases using 
polarisation analysis) to unravel complex sublattice magnetic 
interaction in compound containing d and f electrons. They 
also demon trate the profound difference in behaviour bet­
ween the rare-earths and actinides in an isostructural series. 
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Ternary fission as a testing ground 
for conservation laws 
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M. MUTTERER , j . VON KALBEN , S. R. NEUMAIER (INST. KERNPHY S IK , DARMSTADT) , 

G. DANILYAN, V . PAVLOV, V. CHVATCHKIN (/TEP , Moscow), 

W . H . TRZASKA (DEP . PHYSICS , jYVASKYLA) , 

V. NESVISHEVSKY, 0 . ZIMMER (ILL) . 

The correlations between neutron spin and the momenta of the outgoing fission fragments and ternary charged particles have been 

investigated in ternary fission of actinide nuclei induced by cold polarised neutrons. These correlations challenge the validity of fun­

damental conservation laws like time reversal and space parity. While probing time reversal invariance an unexpectedly large effect 

has been discovered whose mere size appears to rule out violation of time reversal invariance as being responsible for the observa­

tion. On the other hand parity non-conservation for ternary fission has been clearly established. This has interesting implications for 

the process at hand. Furthermore, surprising features of the left-right asymmetries in the emission of fission fragments relative to the 

incoming polarised beam are catching the eye with the sign of the asymmetry depending on the direction of emission of the ternary 

particles with respect to the reaction plane. These new findings have attracted interest from theoreticians but a generally accepted 

theory is still missing. 

Time Reversal Invariance 

In an ILL report of 1988, it was suggested by 
K. Schreckenbach that ternary fission might be a nuclear 
reaction well suited to test Time Reversal Invariance (TRI). 
In ternary fission three charged particles how up in the final 
state of a scissioning nucleus. Besides the two main fission 
fragments (FF) a third charged particle, usually an a-particle 
or a triton, is emitted. In most cases the ternary particle (TP) 
is ejected roughly at right angles relative to the fission axis 
defined by the two FFs receding in opposite directions. The 
suggestion was that, in analogy to test ofTRI in the decay of 
free polarised neutrons, also in ternary fission induced by 
polarised neutrons a triple correlation between neutron spin 
A A 

<J and the momenta of both, the momenta of FFs pLF and the 
momenta of TPs Prp could be investigated. The observable 
proposed to be studied is: 

B = 8-.[pLFXPrp]. (!) 

with all vectors being normali ed to unit length and with pLF 
being the momentum of the light fragment by convention. 

B run from - I to + 1. The correlation observable B i odd 
under time rever al and even under the parity operation. Any 
non-zero expectation value <B> for the correlation could 
indicate a violation ofTRI. 

So far two fi sion reactions have been analysed on the polar­
i ed beam facility PFl: m u (n, f) and mu (n , f). Two 
independent reaction chambers were mounted sharing the 
neutron beam. The mea uring principle is different in the two 
chambers. One of the chambers was developed in Gatchina. 
It relies on fast ionisation chambers to detect any charged 

fission fragments 
MWPC 

PIN-diodes 
ternary particles 

Figure I: The experimental setup used on PF I. 

n-beam 



particle . It could be demonstrated that the novel technique 
works sati factorily and first results were obtained. The 
second chamber was built in Tiibingen. In the following, 
mainly re ults from thi latter chamber are reported. 
A sketch of the experimental setup is given in Fig. I. The 
longitudinally polarised neutron beam hits the fissile target 
and both, the fission fragments and the ternary particles are 
observed perpendicularly to the neutron beam. The frag­
ment and ternary particle detector are likewise positioned 
at right angle relative to each other. This geometry was 
chosen to give the search for a non-vanishing expectation 
value <B> maximum sensitivity. The detectors for the two 
fragments to be registered in coincidence are multi wire pro­
portional counters (MWPC). The ternary particles are iden­
tified by PI diodes of rectangular shape (3 x 3 cm2). With 
these pn-junctions a-particles are di tinguished from tritons 
by inspecting the risetimes of the current signals in the 
diodes. 

A total of up to 40 diodes are grouped into two arrays of 
20 diodes each and mounted above and below the reaction 
plane defined by the neutron beam and the fission axis 
(Fig. I). To get rid of instrumental asymmetries the spin flip 
technique is employed. A current sheet placed in the polari-
ed neutron beam with the current being switched at a rate of 
I Hz serves as a very efficient spin flipper. The technique 
allows to determine from the count rate differences for the 
two spin helicities directly a quantity D, called the correla­
tion coefficient, which is linked to the expectation value <B> 
to good approximation by D = 3 • <B>. 

Since from theory the ab olute size for a non-vanishing cor­
relation <B> due to the violation of TRI is expected to be in 
the 10-7 range, the experiment had to aim at large count rates 
and long measuring time to reach statistically significant 
result . With a polarised beam flux of 6 • l 08 n/cm2, and 
5 mg of highly enriched mu or 235U isotopes, count rates of 
I 06 coincident fission fragments per sec. and 3 • I 02 ternary 
event per sec. are reached. Beam times allocated so far to 
these experiments were 2 cycle . 
In the following all resu lts are quoted in terms of the correla­
tion coefficient D calculated from the raw data. Any correc­
tions are only to increase the modulus of D. For the two reac­
tions under study the values found for D are 
D = - (l.81 ± 0.10). 10-3 for the mu target and 
D = + (0.52 ± 0.06) . I 0-3 for the mu target. 

A first surprise in the e results comes from the sizes of the 
coefficient D and, hence, also the expectation value of the 
observable B which are huge, at least in comparison to expec­
tations. This raises doubts whether it is really a violation of 
TRI which is becoming manifest in the present experiments. 
A further surpri e is the change in sign for D (and <B>) for 
the two reactions studied. Probably, this points to a change in 
sign of the polarisation of the two compound nuclei which 
depends on the relative orientations of target and neutron spin 
in the capture tate. Physically it is the spin of the compound 
nucleus and not the neutron spin which steers the correlation. 
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Figure 2: Dependence of the correlation on energy of the ternary particle 
for mu and 235LJ. 

Offhand it is argued that some initial or final state interac­
tions between the partner of the reaction might be re pon­
sible for the observations. However, so far it is not clear 
which intricate mechanism could be at work and bring about 
the above correlations. 

To gain more detailed information on the characteristics of 
the triple correlation, the dependence of the coefficient D has 
been evaluated as a function of both, fragment mas es and/or 
energies and ternary particle energies. As shown in Fig. 2, a 
very strong variation of the correlation is disclosed as a func­
tion of ternary particle energy. For both reactions studied the 
modulus of the correlation coefficient D increases with the 
energy of the ternary particle. The pronounced effect appears 
to be difficult to reconcile with initial state interactions. 
More details on the experiment are given in and 

Parity Non-Conservation 
and Left-Right Asymmetries 

It is a remarkable feature of the target and detector assembly 
ketched in Fig. I that, upon turning around the spin & of the 

incoming neutron into a plane at right angles to the beam 
direction, experiments with completely different physic can 
be performed. Two clas es of experiments may be distingui­
shed for neutron beams polarised perpendicularly: either 
probing parity non-conservation (PNC) or measuring left­
right asymmetries (LRA). For the neutron spin pointing 
towards the fragment detectors the pseudoscalar ob ervable 

I\ I\ 
APNc = CJ·pLF (2) 

and its expectation value <Ap c> can be analy ed. The ter­
nary particle is only required in this ea e to be in coincidence 
with the FFs and, hence, to identify ternary fission. A non­
zero expectation value <ApNc> is an unambiguous signature 
for PNC. As with the triple correlation experiments, from the 
difference in count rates for the two spin orientations from 



the flip technique a PNC coefficient ap c is derived from 
which the quantity of physical interest <APNc> is calculated 
through the relation aPNC = 3 • <APNc>- The result obtained 
for the m u (n, t) reaction is 

ap c = (0.32 ± 0.08) · 10-3. 

Thus, simjlar to binary fission, where PNC was discovered 
more than twenty years ago also in ternary fission parity 
is non-conserved. But more striking is the fact that the PNC 
coefficient for ternary fission established here has the same 
ize within experimental uncertainty as the one known since 

long for binary fission. This property of ternary fission was 
already di closed in former work at ILL by a group from 
ITEP, Mo cow . This has interesting implications for the 
ternary process whlch are discussed el ewhere 

In the second class of experiments the neutron spin is requi­
red to face the TP detectors. For thjs choice of the polari a­
tion the left-right asymmetry of fragment emission may be 
investigated with the observable: 

I\ I\ I\ 
ALRA = <J. [pn XpLF] (3) 

and the corresponding expectation values <ALRA>- In eq. (3) 
p is the unit vector of neutron momentum. The LRA is to be 

II 

traced to an interference effect between incoming s- and 
p-wave of the neutron. Again from the count rates of the 
spinflip technique an LRA coefficient aLRA is deduced 
which is related to the expectation value <ALRA> through 
aLRA = 3 · <ALRA>- It should be stressed that similar to the 
PNC studie also here it ha only to be made sure that a TP 
has been emitted in coincidence with two fragments. 

In the LRA experiment another strange observation was 
made. Referring to Fig. I the sign of the LRA coefficient for 
fragments from ternary fission is found to depend on whether 
the TP is ejected upwards or downwards, i.e. parallel or anti­
parallel to neutron spin, whlle the modulus of the asymmetry 
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is virtually the same for the two directions of TP emission. 
The modulus is determined for the mu (n, t) reaction to be: 

laLRAI = (0.56 ± 0.17) · I 0-3 

Yet a different type of PNC and LRA experiments is perfor­
med by inspecting the ternary particles instead of the fission 
fragments . Formally, this is simply achieved by replacing in 
eqs.(2) and (3) the FF momentum p F by the TP momentum 
II L 
Prp· In contrast to the fragments , the PNC and LRA coeffi-
cients measured for the ternary particles are all compatible 
with nil. This demonstrates that the main fission fragments 
and the light ternary particles are not on an equal footing. 

Conclusion 

Apart from the P C effects, all of the other results quoted 
are new. They are intriguing not only because they were not 
anticipated, but also because even after their discovery no 
concept for a possible mechanism behind the triple correla­
tion and the curious left-right asymmetries has been proposed 
so far. It is not clear whether the characteristics of the 
ternary disintegration process of a fissionjng nucleus or viola­
tions of conservation laws are responsible for these results. 

Finally, it should be mentioned that, beyond the panoply of 
correlatjon studies described, in the course of experiments 
some l 09 ternary and multiple particle events were collected 
and registered on tape, and this huge data base enables the 
detruled investigation of yields and energetic properties of 
quaternary fission . In quaternary fission two light charged 
particles in addition to the two main fission fragments are 
formed in the decay of a heavy nucleus. However, quaternary 
fission should be the topic of a separate report. 
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Testing the tionality of the 
neutron's gravitational d inertial mass 
G. VAN DER Zouw AND A . ZEILINGER (UNIV. WIEN), 

P. H0GH0j, R . GAHLER , P. GELTENBORT, j . BUTTE R WORTH (ILL) . 

In classical physics the gravitational and the inertial mass of a body are the same up to a proportionality constant.This forms the basis 

of the General Theory of Relativity. The observation of gravity-induced phase shifts was one of the earliest successes in the field of 

neutron interferometry and demonstrates, in the quantum limit, the influence of the gravitational potential on systems described by 

quantum mechanics. However, after corrections, these experiments did not confirm the equivalence of the neutron 's gravitational and 

inertial mass. Because all earlier experiments were carried out with one type of neutron interferometer only, we have repeated them 

with our interferometer for very-cold-neutrons at ILL. We can now confirm the equivalence of the neutron's gravitational and 

inertial mass, excluding at the same time earlier experimental results on a 1-o level. 

By dropping masses off the tower of Pisa, Galileo Galilei for 
the first time demonstrated that all bodie subject only to the 
gravitational force of the Earth fall the same way, when star­
ting from the same position with the same velocity. In 
Newton's theory of gravity thi is explained phenomenologi­
cally by the fact that the gravitational mass and the inertial 
mass of a body are proportional to each other and therefore 
cancel in the equation of motion. Einstein's General Theory 
of Relativity promoted this phenomenon to a ruling prin­
ciple, called the weak equivalence principle, stating that an 
accelerating system is indistingui hable from a system in a 
gravitational field. 
It is interesting to ask what happens when the equivalence 
principle is applied to a system, uch as the neutron, which is 
clearly governed by the laws of quantum mechanics. The 
present consensus is that the principle of proportionality bet­
ween gravitational and inertial mass also holds for quantum 
mechanical systems, but not the classically equivalent prin­
ciple of equal paths . In practice this means that the quan­
tum system can be described by a Schrodinger equation that 
contains the gravitational potential. 

Until 1975 there had been no experiment that demonstrated 
directly the effect of this gravitational potential in the quan­
tum limit, i.e. in the limit where Planck's constant is different 
from zero. In that year Collela, Overhauser and Werner 

grating 3 

(COW) demonstrated what has come to be known as gra­
vity-induced quantum inte,ference. In their experiment a 
neutron interferometer made out of a ilicon ingle-crystal 
was rotated about its optical axis, resulting in a difference in 
height and thus in gravitational potential energy between the 
two paths the neutron can take ( ee Fig. I). 

The potential difference causes a phase shift given by 
21rnz;m g 

</J =--- AgA.sina. 
h 2 

In this equation m; and m8 are the inertial mass and gravita­
tional mass of the neutron , respectively, h is Planck's 
constant, A is the area enclosed by the interferometer, g is the 
local gravitational acceleration, as measured by a classical 
device, A. is the neutron de Broglie wavelength and a is the 
tilt angle. By comparing the measured value of m;mg with, for 
instance, m7 known from other experiments, one can test the 
proportionality of gravitational and inertial mass. The origi­
nal COW experiments and subsequent, more sophisticated 
versions of it, howed beautiful agreement with theoretical 
prediction within the error of I%. 

However, years later it was pointed out by Bonse and 
Wroblewski and by Horne , independently, that a cor­
rection for dynamical diffraction effects inside the silicon 
slabs, ignored in the original calculations, leads to a discre­
pancy between theory and experiment of the order - 4%. 

grating 2 grating 1 

Figure I: When a neutron interferometer (here seen from above) is rotated around its optical axis by an angle a the neutron wave in one path travels at a 
greater height than in the other, causing a phase shift between the two waves due to the difference in gravitational potential energy. This phase difference is measured by 
interferometry. At the same time the overall envelope of the interference pattern, as shown in the "magnification", shifts by the same amount as the fringes, 
representing the bending of the classical trajectories. 
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Figure 2: Two interferograms at tilt angles +2 mrad and - 2 mrad showing 
the count-rate as function of the rrst grating position. The displacement of 
the sinusoidal pattern between the top and the bottom graph corresponds 
to a gravitational phase difference of about 19.6 rad (modulo 21c). 

This discovery was followed by a series of new experiments, 
of which the recent experiment by Littrell et al. is the 
most advanced. It nevertheless still shows a -1.0 ± 0.1 % 
deviation from theory. 
It is important to note that all these experiment were carried 
out using essentially the same neutron interferometer. Recent 
experiments by Peters et al. u ing an atomic fountain 
interferometer show no significant discrepancies on a level 
of 7 parts in I 09, so the neutron results are most likely due to 
an unknown systematic effect. To verify this hypothesis, to 
be sure that no fundamental property of the neutron was 
overlooked, we carried out a series of COW experiments 
using a different type of instrument, namely our interfero­
meter for very cold neutrons (VC ) at ILL 
This interferometer is based on the principle that for VCN, 
we can use micro-fabricated quartz glass refractive gratings 
as beam splitting elements, in tead slabs of silicon crystal. 
Because of the large neutron wavelength of about 100 A and 
its large length (1.016 m) our interferometer is also about 50 
times more sensitive to gravity than the COW one. 
Up to this year, however, we had not been able to measure all 
parameters in our experiment with high enough accuracy to 
clearly distinguish between theoretical prediction and earlier 
experiments. Especially, the uncertainty in the spectrum of 
our neutron beam contributed to the experimental error of 
about 1 % . This is too large to distinguish between theory 
and earlier re ults. 
This year we started a new series of measurements, but 
in tead of the full available neutron spectrum, we used 
only a narrow band that is well-defined by a multi-layer 
based filter (,1.V,l == 0.1) made at ILL. This not only 
decreases the error from the measurement of the spectrum, 

but, also makes it possible to measure over a larger range of tilt 
angles a, which also results in a better accuracy. It, of course, 
reduces the already low count-rate further to about 0.1 n/s. 
The experiment itself consisted of two independent series of 
measurements. In the first series we measured the gravitatio­
nal phase hift itself by taking interferograms at different tilt 
angles. An interferometer (as shown in Fig. 2) mea ures the 
intensity as a function of a gravity-independent phase shift: 
the position of one of the gratings. A change in tilt angle 
causes this sinusoidal pattern to shift, which directly gives 
the difference in gravitational phase. The second series of 
measurements consisted of an accurate time-of-flight measu­
rement of the spectrum detected by the same detector at the 
same position as during the first series . 
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Figure 3: (Top) Measured gravitationally induced phase shi~ plotted as func­
tion of the difference in tilt angle. Each point represents one set of interfero­
grams as in rg. 2. The line is the theoretical prediction. (Bottom) Measured 
phase shi~ minus theoretical prediction. One typical errorbar is indicated. 

In Fig. 3, we show our final result . The graph shows the dif­
ferences in gravitational phase as a function of the difference 
in tilt angle. Comparing with the theoretical prediction, cal­
culated from the pectrum measurement, we find no discre­
pancy on the level of accuracy of about 0.4%. In other words, 
within the measurement error we have experimentally 
demonstrated that the gravitational and the inertial mass of 
the neutron are the same in the quantum limit. At the same 
time thi result excludes all earlier results from single-crystal 
interferometers on the 1-cr level. We thus could clarify a 
long-standing issue in the field of neutron interferometry. 
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Excitations of superfluid helium 
in porous media 

■ B. FA K, 0. PLANTE VIN (CEA GRENOB L E), 

■ H. R . GLYDE, N . MULDERS (UNI V. OF DELAWARE) , 

■ G. CO ODENS (LLB SACLAY) , 

• H . SCHOBER (ILL) . 

The elementary excitations of superfluid 4He, characterised by the phonon-roton dispersion curve, have been studied in great detail 

over the last forty years since the first observation of the roton in a pioneering neutron-scattering experiment in Stockholm in 1957 [I]. 

The interest today is turning towards the effect of disorder and confinement on these excitations, when e.g. helium is immersed in 

porous media. The key word is here "dirty bosons". We have studied the microscopic dynamics of superfluid 4He in porous media 

using the IN 12 and IN6 spectrometers at the ILL. These measurements suggest that the modifications of the macroscopic properties 

(specific heat, superfluid fraction) are related to the existence of two-dimensional (2D) excitations rather than to modifications of the 

three-dimensional (3D) bulk excitations, such as the roton. 

The porous media used in this investigation are aerogel and 
Vycor. Aerogel is a highly tenuous structure of irregularly 
connected silica (SiO2) strands with a large distribution of 
pore sizes and porosities ranging from 85 to 99.5%. Vycor 
can be considered as a network of wom1-like channels in sili­
ca with a rather well defined diameter of about 70 A and a 
porosity of about 30%. When superfluid helium is immersed 
in these media, the macroscopic properties are modified due 
to confinement and/or disorder [2]. In aerogel, the superfluid 
transition temperature T5 is lowered from that of the bulk 
(T ,._ = 2.17 K) by only a few mK, while the critical exponent 
s in the expression for the temperature dependence of the 
superfluid fraction ps(T)/p = (l-T/T5) ~ is modified, indica­
ting a possible change in the universality class. In Vycor on 
the other hand, T5 is lowered to 1.95 K, whiles is the same as 
in the bulk. 

Our measurements on 4He in aerogel show that the 3D bulk­
like excitations are the same as in bulk superfluid helium. 
In particular, the temperature dependence of the roton energy 
(Fig. 1) and the roton width is the same in aerogel as in bulk. 
There are no observable deviations from the bulk behaviour 
that could explain the differences in the macroscopic 
properties. 

However, additional intensity is observed slightly below the 
roton energy, as illustrated in Fig. 2 for different filling frac­
tions. The intensity of this low-energy mode saturates quite 
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Figure I: Temperature dependence of the roton energy measured for 
different aerogels on IN 12 (red and green) and IN6 (blue). No deviations are 
found from bulk 4He (line). 

rapidly with filling fraction, in contrast to the bulk mode 
whose intensity increases linearly with filling. This suggests 
that the low-energy mode is propagating in the first liquid 
layers near the substrate (the two first layers are solid). 
Similar excitations have been observed in thin films of 
helium on graphite surfaces [3,4J, but the present result is the 
first observation of layer modes in aerogel. The dispersion of 
the layer mode is similar to that of the bulk roton, as shown 
in the inset of Fig. 2, but with a lower energy. 
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Figure 2: Dynamical structure-factor for superfluid 4He in 87% porous aero­
gel at T = 0.5 K for different percentage pllings measured on IN 12. The thick 
blue line shows the 2D layer mode. The inset shows the energy of the bulk 
3D roton and the 2D layer mode. 

Layer modes are also observed in our measurements on 
helium in fully filled Vycor. The energies of these modes are 
smaller than that of the bulk roton, and consistent with the 
observed specific heat and ps(T)/p at low temperature . The 
3D phonon-roton excitations are very similar to bulk helium, 
as shown in Fig. 3, with the same energy and width, and the 
same temperature dependence. With increasing temperature, 
the intensity of the main (roton) peak decreases. In bulk 
liquid 4He, the intensity of the roton scales approximately 
with the superfluid fraction p5(T)/p and disappears at 
T 1,, = 2.17 K , where p/p = 0. Above T 1,,, only a very broad 
contribution is seen. We find that the roton intensity of 
helium in Yycor does not scale with p/p in Yycor. 
Specifically, there is a clear peak at T = 1.99 K, which is 
above the superfluid tran ition temperature T5 = 1.95 K in 
Yycor. The peak has disappeared by T = 2.3 K. Theoretical 
work uggests that the roton intens ity should scale with 
the Bose condensate fraction n0(D rather than p (T). 

The results in Yycor suggest that if the intensity scales with 
no(T), then the Bose-Ein tein condensation temperature 

(BEC) T BEC must lie above the superfluid transition tem­
perature Ts in Yycor. In other words, T5 and T BEC may be 
separated in Yycor. 
There are sound physical reasons to believe that such a 
separation due to disorder is possible. Neutron scattering 
mea urements of the condense fraction of helium in Yycor 
are needed to clarify this intriguing possibility . 
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Figure 3: Comparison of the dynamical structure factor of superfluid 4He 
in Vycor (plled circles) with bulk helium (lines) at different temperatures meas­
ured on IN6 for a wave-vector slightly smaller than the roton wave-vector . 
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Giant tunnellin 
and deuter· 

of hydrogen 
a-manganese 

A. I. KOLESNIKOV, V. E. A NTONOV, V. K. fEDOTOV (I55 P RAS CHE RNOGOLOVKA), 

A. j . D IANOUX, B . D ORNER, A . HE WAT, A . 5 . IVANOV (ILL), 

G. G ROSSE, F. E. WA GNER ( TU MUNCHEN). 

A neutron diffraction investigation of a-MnH0.07 showed that hydrogen atoms randomly occupy interstitial positions which form 

dumb-bells, 0.68 A long. Together with the high-energy optical bands, pronounced peaks at 6.3 and 1.6 meV were observed in the 

inelastic neutron-scattering spectra of a-MnH0.07 and a-MnD0_05. Our data show that these peaks originate from the splitting of the 

vibrational ground-state of hydrogen and deuterium atoms due to their tunnelling between the adjacent sites forming a dumb-bell. 

The intensity and the energy of the tunnelling peak are anomalously high compared to those in metal-hydrogen systems studied ear­

lier. Hydrogen tunnelling in a-MnHx is one of the very few quantum effects observed at temperatures as high as I 00 K. 

Apart from their technological importance, metal-hydrogen 
systems have repeatedly been found to exhibit unique pheno­
mena not observed in other materials. The study of these 
phenomena helps in understanding fundamental a pects of 
quantum and solid-state physics. The special geometry of the 
hydrogen positions in the complex structure a-phase of man­
ganese gives rise to an unusually pronounced tunnelling effect. 

A recent high-pressure study showed that the solubility of 
hydrogen in a-Mn can be increased up to a few atomic per­
cent . The crystal structure of a powder sample of MnH0.07 
synthesi ed under high hydrogen-pressure was studied by 
neutron diffraction, using the D lB diffractometer at ILL and 
the high-resolution Fourier diffractometer HRFD at JINR 
(Dubna) . The cubic unit-cell of the a-Mn structure, space 
group I43m, contain 58 atoms located on the four crystallo­
graphically inequivalent si te 2a, 8c, 24g1, and 24g2. A profi­
le analysis of the diffraction patterns of MnH0_07 showed that 
hydrogen randomly occupies interstitial positions 12e 
(0,0,0.538) inside distorted octahedra of manganese atoms 
on 24g 1 and 24g2 sites, as schematically shown by the dra­
wing in the upper right corner of Fig. 1. These sites form 
dumb-bells positioned rather far apart, at the centres of the 
edges and faces of the unit cell of a-Mn with a = 8.9403 A, 
see the upper left drawing in Fig. 1. Because of the small dis­
tance of 2f = 0.68 A between the I 2e sites in a dumb-bell ; 
each dumb-bell can accommodate only one hydrogen atom. 
An occupancy of half of the 12e sites corresponds to an 
H/Mn atomic ratio of x = 6/58 "' 0. I 03. In the studied 
MnH0_07 sample hydrogen therefore filled about 70% of the 
accessible interstices. 
An inelastic neutron-scattering study of a-MnHo.o7 at 
90 K with the KDSOG-M spectrometer at JINR revealed a 
band of optical hydrogen vibrations split into three peaks, in 
accordance with the low site symmetry of the hydrogen posi­
tions, and also a strong peak at 6.4 meV which was tentative­
ly attributed to the splitting of the vibrational ground-state of 
hydrogen due to tunnelling between the adjacent l 2e site . 
Further results of inelastic neutron cattering studies strongly 

corroborated the assumption of the tunnelling origin of the 
6.4 meV peak. These results are partly publi hed in Ref. 
and include the temperature and the neutron momentum­
tran fer dependences of the spectra of a-MnH0_07 at 5-200 K 
measured with the TFXA at ISIS, MARI at ISIS and IN6 at 
ILL and the spectra of a-MnO0_05 at I . 7-180 K measured 
with the IN6 and IN lBeF ILL-spectrometers. 
A representative inelastic neutron-scattering spectrum mea­
sured with TFXA is shown in Fig. I at the bottom. The peaks 
of the fundamental H optical modes in a-MnH0_07 are obser­
ved at 74, 107 and 130 meV, in reasonable agreement with 
the KDSOG-M data. The intensity of the peak at 6.2 meV 
decreases with increasing temperature and at 200 K the peak 
exhibit relaxation behaviour. 

Figure 2 shows the difference between the inelastic neutron­
scattering spectra in energy gain of an a-MnO0_05 sample 
and a sample of pure a-Mn which were measured with IN6 
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Figure I: The a-MnHo.07 solid solution. On the right two adjacent positions 
I 2e portly occupied by hydrogen (open circles O 9 and I 0) and their nea­
rest environment of two tetrahedra formed by manganese atoms on positions 
24g1 (blue circles I to 4) and on positions 24g2 (black circles O 5 to 8); 
the Mn atoms I~. 5, and 6 form a distorted octahedron around the H atom 
on position 9. On the left the arrangement of dumb-bells of/ 2e positions in 
the unit cell of a-Mn. Bottom: The inelastic neutron-scattering spectrum mea­
sured at 23 K with the TFXA spectrometer at /SIS. 
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Figure 2: The differences between the inelastic neutron-scattering spectra of 
a-MnDo.osHo.oos and a-Mn measured in energy gain with the IN6 spectro­
meter at ILL The curves are shifted along the y-axis. The a-MnD0_05 sample 
was contaminated with about O.Sat % H which manifested itself by the peak 
at 6.3 meV. The peak at 1.6 meV is due to Sat% D. 

under the same conditions. The positions of these H and D 
peaks agree with roughly estimated values, t.~ = 5 meV and 
t.~= 1.5 me V, for the splitting of the hydrogen and deuterium 
vibrational ground-state due to tunnelling. These values fol­
low from the relation 

t.o::: (1/2) neoaexp (- meoaf2/n,) 
if one substitutes the measured energies hw~ = 73 meV and 
nwS = 51 meV of Hand D local vibrations along the line 
2C = 0.68 A which connects the I 2e sites in a dumb-bell; m is 
the mass of the H or D atom. 

The intensity of the 6.3 me V peak of hydrogen in a-Mn mea­
sured with MARI as a function of momentum transfer, Q, 
can also be described fairly well by the Q-dependence cha­
racteristic of tunnelling peaks 

S(Q,Wtun) oc[l/2- sin(2CQ)/(4CQ)] exp(- Q2u2). 
The value of u2, the effective mean-square displacement of 
H atoms, obtained by fitting was 0. 162 A2. 

The temperature dependences of the integrated intensities of 
the H and D tunnelling peaks are shown in Fig. 3 and can be 
well explained by a Boltzmann thermal population of the 
corresponding ground-states (solid curves in Fig. 3). 

The most remarkable features of the hydrogen tunnelling 
peak in the inelastic neutron-scattering spectrum of 
a-MnHo.07 are its occurrence in a very large temperature 
interval up to I 00 K, its anomalously large integrated intensi­
ty compared to that of the optical hydrogen band and it ano­
malously high energy of 6.3 meV. This energy i about 
30 times higher than that of tunnelling splittings found for 

I V. E. AN TONOV ET AL., SCRIPTA MATER IALI A 34 ( 1996 ) 1331 I 

hydrogen in other metals . Hydrogen tunnelling in metals 
was observed earlier only at temperatures below lO K, and 
this is the first time that deuterium tunnelling in metal was 
measured using neutron spectroscopy. 
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Figure 3: The temperature dependences of the tunnelling peak intensities 
for hydrogen (blue symbols) and deuterium ( red symbols) in a-Mn obtained 
from the INS spectra collected in the regime of neutron energy gain a) and 
loss b). The spectra were measured with the spectrometers IN6, ILL (circles), 
MARI, /SIS (triangles) and TFXA, /SIS (squares). The solid lines represent the 
Boltzmann thermal population factors, exp(- L1olk8 T)/[ I + exp(- L1olk8 T)] 
for the upper ground-state (Fig. Ja) and I ![I + exp(-t1olk8T)J for the lower 
ground-state (Fig. 3b). The dashed line in Fig. 3b is the dependence: 
I /[exp(L1o/ksT) -/]+I valid for phonons and harmonic oscillators. 
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Emmanuel Farhi (right) shows the 'virtual' ILL to visitors 
during the French science week "La Science en fete". 

"A hit, a very palpable hit"*, 
Alan Leadbetter in his lecture about glass. 

*Shakespeare, Hamlet act 5 ( 160 I) 

The ILL thesis students (from left) Darius Sullivan, 
Charlotte Anderson, Jorg Holzinger, Alexandre Sicard 
enjoy the break during the clip session. 

Recollection of the old days: Pierre Chieux, 
Jean-Louis Soubeyroux, CNRS Grenoble, 
and Jacques Bouillot,Annecy. 
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Workshops and Meetings 

in which ILL played a major role in the organisation 

Frontiers in SAXS and SANS 

Powder-diffraction 
instruments review 

Informal workshop on 
'Inelastic Scattering with the 
Neutron Resonant Spin Echo 
(NRSE) Technique' 

'Clip session' of thesis 
students 

5th EU Residual Stress 
Standards Steering Committee 
Meeting (RESTAND) 

organised by B. Deme (ILL), 
0. Diat, Th. Naraynan (ESRF), 
Th. Zemb (CEA Saclay) 

organised by A. Hewat (ILL) 
and C-H. De Novion (LLB Saclay) 

organised by R. Currat (ILL) 

organised by G. Brotons 

organised by T. Pirling 

ESRF 12-13 Feb. 99 

ILL 22-23 Mar. 99 

ILL 23 Jui. 99 

ILL 23 Nov. 99 

ILL 9-10 Dec. 99 



Frontiers in SAXS and SANS 

Small-angle scattering is a well established tech­
nique to characterise structures ranging from nano­
scopic (10 A) to microscopic (a few microns) scales. 
The combination of small-angle x-ray scattering 
(SAXS) and small-angle neutron scattering (SANS) 
provides complementary (contrast) structural infor­
mation in numerous systems belonging to bard, 
soft, as well as biological matter. On the 12-13 
February 1999, the workshop frontiers in SAXS and 
SANS gathered 120 scientists at the ILL for a com­
prehensive overview of the state-of-the-art instru­
ments existing at ESRF and ILL. 
The first session was dedicated to the current status 
of the instruments, whereas the other sessions dis­
cussed the present limits in spatial and time resolu­
tions presenting recent developments in optics, 
detectors and sample environments, and emphasis- Exciting discussion during the poster session of the small-angle workshop; from left: Marie 
ing the need for further improvements. The closing Fore~ Montpellier, Olivier Dhez and Olivier Dia~ both ESRF 
session demonstrated the power of small-angle 
scattering as applied to two different situations involving the 
triple isomorphous substitution method in SANS of biologi­
cal samples and the use of SAXS in polymer processing. 

Furthermore, the workshop stressed the usefulness of bring­
ing both x-ray and neutron communities together for joint 
endeavours. 

Powder-diffraction Instruments Review 

On 22-23 March 1999, the scientific council's review 
of powder and liquids/amorphous materials diffraction 
(www.ill.fr/dif/powder-review) hosted 50 participants. There 
were sessions dedicated to individual instruments, D2B, D20, 
D4, and the two CRGs: DIA and DlB, and sessions on 'conti­
nuous versus TOF neutron sources', 'synchrotrons versus neu­
trons', and 'data-acquisition and software'. 
The final report congratulated the ILL on its world-class ins­
truments, with O2B, D20 and D4 being the best in their cate­
gories. Nevertheless, it was found that the total capacity for 
powder diffraction at ILL is smaller than it should be, taking 
into account the size of the community and the scientific 
results. However, at present, the situation is aggravated by the 
shut-down of 020. The report concluded that the first priority 
was, of cow-se, to repair D20, but that high priority should be 
given to improving the efficiency, especially of D2B and D4. 
DIA, at present scheduled half time, should remain available 
for powder diffraction at least until the definitive repair of D20. 
A new powder diffractometer would be desirable, but the cha­
racteristics of such a machine requires further discussion. 

The D4C upgrade, providing 10 times more flux, should be 
finished by the end of this year. It was recommended that 
the upgrade of O2B, presented within the ILL 'Millennium 
Programme', should become the first priority to allow the 
routine use of D2B in its highest resolution mode. The 
need for a dedicated full-time strain scanner was emphasi­
sed, totally independent of DIA, with more space, for 
example behind DlB. 

The general discussion concluded that x-rays are better for 
structure determination, but neutrons are preferable for the 
refinement to obtain quantitative and precise data, e.g. atomic 
positions of oxygen in oxides. This is specially true for ins­
truments on continuous sources due to the great stability of 
their neutron flux, e.g. D4. Finally, data acquisition and refi­
nement software is increasingly important, with the need for 
neutron laboratories to develop and maintain software such as 
FullProf and CCP14 in a collaborative network. 

'When shall we three meet again. In thunder, lightning, or in rain?""; from 
left: David Martin, ISIS,John Loveday, Edinburgh, and Adrian Barnes, Bristol. 
*Shakespeare, Macbeth, act I ( 1606) 



The Neutron Resonant Spin Echo (NASE) Technique 

On 23 July an infonnal work hop on Inelastic Scattering with 
the Neutron Resonant Spin Echo (NRSE) Technique was held 
at the ILL attended by 20 participants interested in the NRSE 
technique and its potential applications for inelastic scatte­
ring. The specific objectives of the meeting were as follows: 
- to assess the scientific case for developing a spin echo et-up 
optimised for inelastic work (study of excitation linewidths, 
anharmonic frequency shifts, and others), 
- to define the optimum characteristics of such a set-up, in 
terms of energy and momentum transfer range, energy and 
momentum resolution, luminosity, polarisation characteri ties), 
- to review the principles and capabilities of the NRSE 
method and its technical requirements in the context of 
inelastic scattering in the light of the instrumentation efforts 
in this area currently underway at HMI, FRM-II and LLB, 
- to discuss the opportunity of developing a NRSE et-up on 
a polarised-beam three-axis spectrometer at ILL (first on the 
test instrument IN3, later to be transported as an option onto 
IN20, IN14, IN22) and to explore possible collaborations in 
that direction. 

After various pre entations the workshop participants 
discussed the feasibility of developing a spin-echo set-up 

Discussion of the NRSE set-up on IN]; from le~: Roland Giihler, Philippe 
Malbert, Roland Curra~ Bruno Dorner and Arno Hiess. 

dedicated to inelastic scattering on the test instrument IN3. 
It was generally felt that: 
- the resonant technique appeared better suited in order to 
take advantage of the increase in luminosity associated with 
the use of focusing geometries, both the resonant and preces­
sion techniques should address, at some stage, the question of 
how to properly correct for second-order dispersion effects 
resulting from the local curvature of the dispersion surface. 
- a NRSE et-up on IN3 will serve a useful purpose if it 
becomes operational in 2001 at the latest. 

"Clip Session" of Thesis Students 

On 23 November, ILL's thesis students invited to 
a clip and poster ses ion. Since the students work 
in variou disciplines this gathering gave the 
opportunity to exchange ideas and to help to know 
each other better. During the session "Physique en 
Clips" in December 1999, Guillaume Brotons was 
awarded the prize for the best short presentation 
by the Grenoble section of the French Physical 
Society (SFP). 

Guillaume Brotons (right) discusses 
his results with Heinrich Stuhrmann, 
IBS Grenoble. 

5th EU Residual Stress Standards Meeting 

On 9-10 December the ILL hosted the 5th EU Residual Stress 
Standards (RESTAND) Steering Committee meeting, chaired 
by Professor A.G. Youtsos (Petten). Engineer and scientists 
from various institutions and companies participated: HMI, 
ILL, ISIS , Petten, Ri ~. Studsvik, the Universities of 
Cambridge, London (Imperial ColJege), Salford, and AEA 
Technology, British Aerospace Airbu , Rolls Royce, Schunk 
Kohlen tofftechnik, Sintec Kerarnik, Volkswagen. They have 
embarked on an EU contract to establish European standards 
for the mea urement of residual stress using neutron diffrac­
tion. This i done by comparing measurements on standard 
amples provided by industry to the neutron laboratories. In 

addition, developing strategie and procedures for measure­
ments and analysi of data are discussed. 

Since many large European companies are participating in 
this effort, we expect that the new standard will encourage 
greater interest in neutron diffraction by industry. Moreover, 
this will help neutron centres to better understand the needs of 
commercial applications. The RESTAND contract is a follow 
up of the international VAMAS-TWA20 working group to 
promote the u e of neutron strain scanning; ILL hosted the 
inaugural meeting of VAMAS in 1995. 
These initiatives are particularly timely in view of the propo­
sal (by a consortium of UK Univer ities to EPSRC) to 
construct a dedicated neutron strain scanner at ILL, building 
on the present in trument on DIA (see al o AR97, p. 87). 
This i one of the ILL's Millennium programme projects, on 
which work will start in 2000. 



"And Jose Dianoux said, 'Let there be light' 
... and there was light".* 

Giovanna Cicognani, Luigi Cristofolini, Univ. 
Parma, Jerome Combet, Jose Dianoux 
(from left) setting up a light scattering 

experiment on IN I 0. 

* Genesis eh. I, v. I 

Working for IN I J's upgrade: Frederic Marchal 
(left) and Jerome Locatelli. 

"Life is just one damn thing after another."* 
Paul Martin (left) sorting out furnace problems on DI A 
for Maria Jesus Martinez Lope, ICM Madrid,Teresa 
Fernandez-Diaz and Clemens Ritter (from right). 

*E. Hubbard 'Philistine', Dec. /909 P.32 

Pierre Palleau adjusts the crystal analysers 
(pyrolithic graphite) on IN I. 
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With the advent of the new millennium, the ILL has prepared a programme of instru­
ment renewal. Proposals for new methods and instrument upgrades were made by ILL 
users and ILL scientists during the last year. Feasibility studies have been undertaken, 
as described in the following. After discussions through ad-hoe committees 
(Instrument Subcommittee and Scientific Council), S projects were approved by the 
last Steering Committee. These projects include: the construction of the thermal 
LADI instrument and the implementation of a strain scanner in collaboration with the 
British associate; the development of a fast detector for SANS experiments, the 
rebuild of the 03 diffractometer and the upgrade of the IN20 neutron optics. This 
phase of the ILL Millennium Programme, which should start in 2000, is a first step to 
bring the ILL instruments suite up to users expectations. The Millennium Programme 

will later be extended to other instruments and general infrastructure of the ILL. 

Other instrumentation projects are well under way, such as the new INS spectrome­

ter, the time-of-flight option on IN IS and the upgrade of the IN 13 CRG instrument. 
New methods are also tested and exploited. The development of instrumentation and 
techniques is an essential activity at a facility such as the ILL; the outstanding results 
achieved last year have been made possible by the dedication of the whole staff from 
technicians and engineers to scientists. 



Review of developments 

Some notable developments accomplished in 1999, but which are not mentioned in the articles 
on the following pages, are reviewed below. 

■ The new neutron guides Hl 7 and H18 which supply the new diffractometers D 16 and D 17B, respecti­
vely, were commissioned in November 1998. Flux measurements show that the flux on Hl 7 is 5 to 12% 
higher than on the identical Hl6 guide, and the flux on Hl8 is 27 to 45% higher than on the new HI 7 guide 
(note the supermirror coating is only on the horizontal surfaces of the guide). 

The Hl 7 and Hl8 guides have the same geometry as the Hl4 to H16 guides, section of 200 x 30 mrn2, cur­
vature radius of 2700 m, length 25 m from the rear plate in the swimming pool. The natural nickel coated 
H17 guide is followed by the 10 m long straight H171 guide with a section of 150 x 30 mrn2. The H18 
guide has a natural nickel coating on the vertical faces and a m=2 nickel-titanium supermirror coating on 
top and bottom. The last 3 m have m=3 supermirror coating on top and bottom and are converging to 
150 X 30 mm2. 

■ The 'upgrade of PFl on H113' started in 1998. The Hl 13 guide is of a non-conventional design with 
cross section varying over its length such as to improve its transmission properties. The guide in the out­
of-pile has a geometry diverging from 200 x 60 mm2 to 200 x 90 mm2, curvature radius of 4000 m, leng­
th of 72 m from the rear plate in the swimming pool and m = 2 nickel-titanium superrnirror coating on the 
total surface. The housings in the neutron-guide hall are ready to receive the glass elements. The delivery 
and mounting of the superrnirror-coated glass-elements by the University of Heidelberg is scheduled for 
the next winter shutdown. The project is co­
financed by the Universities of Heidelberg 
and Munich. 

As compared to the old PFl station on H53, 
on Hl 13 the gain in neutron flux can be 
doubled due to the superrnirror coating. 
Further gains can be achieved by installing a 
focusing device (which is not yet financed) 
and by dedicating the beam to PFl without 
having further instruments upstream, so that 
an overall gain of more than ten times can be 
expected. The missing parts will be installed 
during the long shut-down end of 1999, and 
the new beam-position will be properly 
equipped in the course of the year 2000. As 
most neutron-particle physics experiments 
are statistics limited, this new installation 
should give some additional impetus to the 
field. Multiple rePections looking into the new supermirror guide HI I 3 (during installation 

in August 1999). 



■ The new detectors of the liquids diffrac­
tometer D4C were as embled during 1999 
and first tests are foreseen in spring 2000. 

■ D16, the upgraded 2-axis diffractometer 
for medium-resolution work on biological 
materials, was fully commissioned during 
1999. First results of experiments carried 
out on Dl6 are presented in the scientific 
highlights. 

■ D17B, the new reflectometer, was par­
tially commissioned during 1999. The ins­
tallation of the monochromator mode, 
including polari ed neutrons , is under 
completion during the winter hutdown 
(Dec. 1999/Jan. 2000). 

■ The position-sensitive detector (PSD) of 

Commissioning D 17B. From le~ to right Loi'c Pojou, Bob Cubitt, Eric Be/oeuvre, EMBL, 
Andre Gabriel, EMBL, Frederic Descamps. 

D20 i currently under repair. After the breakdown of D20's detector, the microstrip-gas-chamber detec­
tor-plate were inve tigated by Auger electron spectrometry. This showed that the anode transformed 
from chromium to chromium oxide while working at high voltage. The fact that this oxide appear only 
on the anodes but not on the cathodes suggests an electrolytic reaction in the glass or on it surface. Due 
to the reduction of the width of chromium on several anode strips, discharges appeared which led to the 
progre sive destruction of the anodes. This electrochemical effect is now controlled by an enforced clea­
ning of the glass surface and/or the replacement of chromium strips by strips of gold. This will allow the 
reconstruction of the detector with a longer lifetime. A prototype of the new microstrip-gas-chamber detec­
tor-plates has been tested and all plates are delivered. After mounting these plates into the PSD hou ing, 
followed by a heat treatment under vacuum, the PSD will be filled with the detection gas and brought into 
the reactor hall after the first reactor cycle. Before adjusting and calibrating the PSD's electronics the pro­
tection has to be mounted. D20's re-operation is foreseen for June 2000. 

■ The time-of-flight spectrometer IN4C saw its first user experiments during the last cycle of '99 using 
the low-energy range. During the first half of 1999, the optimisation of the operational parameters, align­
ment, focu ing and chopper speeds has been carried out over the full available wavelength range. Most 
recent efforts are concentrated on the minimisation of the background, eliminating parasitic scattering and 
search for the best resolution conditions. Unfortunately, the performance of the instrument is severely limited 
by the safety restrictions concerning the background choppers. The loss of flux due to the limited trans­
mission of the Al-shield is mo t severe at longer wavelengths (> 2.5 A), while the imposed speed limit of 
10,000 rpm require to operate with a 1/2 peed ratio (background choppers/Fermi chopper) at short wave­
lengths ( < 2 A), with a corre ponding loss of intensity on sample, as well as degraded background conditions. 
The maximum flux on sample was found to be of the order of 1.4 -105 n/cm2/s (at A= 1.1 A). 

The replacement of the actual background choppers with discs - that should allow the oppression of the 
safety restrictions - is in progress and the installation of the new chopper i foreseen for July 2000. 
Meanwhile, we have planned to install a secondary diaphragm before the monochromator position in order 
to try to improve the energy resolution that seems to be degraded due to the broadening of the incident 
divergence caused by the 9 cm thick Al-shield. 

■ A circular 3He detector for forward scattering with a central hole for the direct beam is close to completion. 
It will cover an angular range of approximately 3 to 9°. After beam te ts and checks of the electronics it 
will be mounted on the instrument at the beginning of 2000. 

■ The rebuild of the primary spectrometer INSB, the time-of-flight instrument, is going ahead as foreseen. 
The choppers are under design, the magnetic bearings and the supermirror guide are ordered. 



An image-plate Laue diffractometer 
for physics and chemistry 

■ C. WILKINSON (KINGS COLLEGE LONDON}, ■ M. DE BOISSIEU (LTPCM/ENSEEG GRENOBLE}, 

■ G. j. MCINTYRE , j. A. COWAN (ILL}, ■ 0. NIMZ (FREIE UNIVERSITAT BERLIN}, 

■ D. A .A. MYLES (EMBL) , ■ P . 5CHOBINGER-PAPAMANTELLOS (ETH ZORICH) . 

Test experiments on LADI have shown that a Laue diffractometer adapted to difficult sample environments would 
be a powerful tool for physics and chemistry, offering rapid collection of complete diffraction data from new mate­
rials, from weakly scattering samples, and through phase transitions. 

A detector employing neutron-sensitive image-plates is com­
paratively cheap, offers high spatial resolution, has good 
homogeneity, a large dynamical range and extended linear­
ity, and can be constructed to subtend very large angles at the 
specimen. When used with the Laue technique to exploit the 
full flux of a white neutron beam, such a detector allows col­
lection of single-crystal diffraction data 10 to 100 times fas­
ter than on a conventional monochromatic diffractometer, 
with only a modest loss in precision. The image-plate LAue 
Diffractometer (LADI) was constructed by the ILL and 
EMBL to exploit these advantages [l]. It is now in schedu­
led operation on a cold-neutron beam giving good structural 
information for macromolecular crystallography [21. 
An image-plate Laue diffractometer on a thermal-neutron 
beam would also have wide application in the small unit-cell 
problems of physics, chemistry and mineralogy. The possi­
bility to observe complete volumes of reciprocal space rapid­
ly will allow, for example, structural studies of small or 
weakly scattering crystals in an acceptable time, or comple­
te data collections as a function of temperature or pressure of 
structural or magnetic phase transitions, which often result in 
complex incommensurable structures. 
LADI has occasionally been moved to the thermal beam H22 
for test experiments on problems in physics and chemistry. 
Some recent highlights are given below. 

Quasi-crystals 
The structure of a quasi-crystal can be described in a six­
dimensional (6D) space where translational periodicity is 
recovered. The 6D periodic lattice is divided into two 3D 
spaces: physical space, also called parallel space, and the 
complementary perpendicular space. The 6D lattice is deco­
rated by a set of 3D atomic objects lying in perpendicular 
space. The reciprocal lattice observed by diffraction can also 
be described by a 6D lattice, defined by Qparallel and Qperp 

and is consequently infinitely densely packed in the observa­
tional 3D physical space. Fortunately the intensity of reflec­
tions falls off as IQlpe~, which allows reasonable resolution 
of quasi-crystal reflections, sufficiently so that the first 
known quasi-crystal structures could be solved by x-ray 
powder diffraction using isomorphous replacement [3 . 
Further detail comes from single-crystal diffraction, espe­
cially by exploiting the contrast of the different relative scat-

tering powers of the constituent elements by neutrons vis-a­
vis x-rays to detect chemical order in the structure. 
Despite the projection of the diffraction pattern into 2D in 
the Laue technique, the high flux, large dynamic range, large 
detector surface, and uniform resolution of LADI should 
prove to be a useful tool for study of quasi-crystals. Figure I 
shows the full image of one Laue diffraction pattern of the 
new magnetic icosahedral phase Zn6M3 Y. The five-fold axis 
is readily identified, and the enlarged region in inset hints at 
the detail that we will be able to extract routinely from such 
patterns. The unique area of the pattern is outlined in bold, 
and is repeated several times in the pattern, but with different 
wavelengths contributing to the different reflections. 
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Figure I: Laue diffraction pattern from icosahedral Zn6M3 Y obtained in 
two hours on LAD/ at the end of the thermal guide H22. The Pve-fold axis 
is indicated. 

Hydrogen bonding in a large cyclodextrin 

Synchrotron x-ray data of the cycloamylose: 
(C6H 1005)10 + 23.5H2O 

showed that two of the ten glucose units are flipped by 180° 
around the glycosidic bond to give a distinctive boat-shaped 
structure with narrow slit-like cavities. Hydrogen bonding 
involving the hydroxyl O atoms undoubtedly plays an impor­
tant role in stabilising the orientation of the flipped glucose 
units, but the positions of the hydroxyl H atoms could not 
be localised from the x-ray data, possibly due to dynamic 
disorder. 
Just two and a half days of data collection from a very small 
(for neutron diffraction) crystal of volume 0.2 mm3 at room 



Figure 2: Part of the 3D Fourier map of the cycloamylose 
(C6H 1005) 10 + 23.5Hi0, showing the hydrogen atoms in the neighbourhood 
of the ffipped glucose unit (3).Yel/ow, white and red on the stick model denote 
carbon, hydrogen and oxygen atoms repectively. The (red) negative isocon­
tours correspond to hydrogen atoms. 

temperature on LADI on H22 yielded some 2000 unique 
reflections from which the positions of the hydroxyl H atoms 
and the direction of hydrogen bonding could be unambi­
guously determined (Fig. 1). In addition, the H atoms in a 
water-mediated bridge between two cycloamylose mole­
cules could be located. Neutrons are competitively comple­
mentary to x-rays! 

The modulated structure of La 2Co1.7 

LADI gives a complete survey of reciprocal space, so that 
any additional reflections present, which are not predicted in 
a conventional monochromatic data collection strategy, 
become evident. 
In the idealised atomic structure of La2Co1.7 the Co atoms 
would form chains along the c-axi ; however the c lattice 
parameter ( 4. 13 A) is too short to accommodate two Co 
atoms of radius 2.37 A in close contact. Previous studies 
uggested that the Co atoms do form continuous chains with 

inter-atomic spacing of 2.37 A, but with only weak correla­
tion between the chains, to give rise to planes of diffu e scat-
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Figure 3:Laue diffraction pattern ofLa2Co1.1 at /5 K 

tering perpendicular to c . Laue diffraction patterns from 
LADI revealed that the planes of diffuse scattering are in fact 
satellites corresponding to a charge density wave with pro­
pagation vector 0.113a* + 0.203c*. Six domains are formed 
in the hexagonal crystal to produce a twelve-fold prism of 
satellite reflections around each fundamental reflection posi­
tion, which is seen in projection in the Laue pattern (Fig. 3). 
Modelling the intensities of the satellite and fundamental 
reflections shows that the charge-density wave does indeed 
arise from the lack of space for two Co atoms to be in close 
contact along the c axis. The Co atoms lie at incommensura­
te positions along c, and adjust to the long-range 3-D lattice 
by leaving inclined planes of vacancies perpendicular to 
0.113a* + 0.203c*. 
An image-plate Laue diffractometer (Fig. 4) for use with dif­
ficult sample-environments is one of the projects proposed in 
the ILL's Millennium Programme. This instrument will 
cover studies such as magnetism, charge (nuclear) density 
waves, high-pressure studies and structural phase-transi­
tions. When (even small) single crystals of a material are 
available, it will offer more detail than powder diffraction in 
the preliminary investigation of new materials. It will provi­
de a tool for development of new diffraction experiments and 
will be complementary to existing ILL diffractometers. 

Light baffle 

IP.Cylinder 
positioning motor 

IP.Cylinder 
encoder ~~==!==~===-iiot==, 

Image-plate 
scanning motor 

Figure 4: A schematic of the proposed thermal-beam Laue Diffractometer . 
The main difference compared with LAD/ is that the detector cylinder will 
be vertical ta allow free access for different sample holders such as cryo­
stats, furnaces, magnets or pressure cells. 
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Progress on the INSC upgrade 

■ A. HIESS, R. CUR RAT (ILL), 

■ F. j. BERMEJO (CSIC MADRID) . 

ILL's first fully optimised thermal-neutron three-axis spectrometer INSC is soon to be installed on site and will 
be operational in the year 2000. Here we report on the progress made during the design and prototyping phase 
of the project. 

The following objectives have motivated the current upgrade 
[I] of the thennal three-axis spectrometer IN8: 

(a) the monochromatic flux at the sample position is expec­
ted to increase more than six times [2] as a result of using 
large double-focusing monochromators (3], short distances 
and a wider neutron beamtube, 

(b) the background level will be reduced by adopting a beam 
geometry with a horizontal virtual source, 

(c) more flexibility will be gained by enlarging the range of 
accessible scattering angles. 

The IN8C project has been undertaken by the ILL in colla­
boration with Spanish scientific partners, who subcontracted 
the design study and the manufacturing of the primary pro­
tection, monochromator mechanics and optical elements to 
Spanish industry. On the other hand, the reactor-related ele­
ments, the installation on site as well as the monochromator 
crystals are under ILL's responsibility. The primary casema­
te of IN8C, the new beamtube Hl0 and the new platfonn for 
the diffractometer D15, which is situated above IN8 in the 
reactor hall, have already been manufactured and the instal­
lation on site will start during the winter shutdown 
1999/2000. The manufacturing of the monochromator drum 
makes progress and its construction will continue into 2000. 

The instrument is equipped with three double-focusing 
rnonochromators (PG002, Cu200 and bent perfect Sill I) 
mounted on a rotating exchanger. A new design concept for 
the focusing mechanics has been explored by TEKNIKER, 
Eibar, Spain. Fig. 1 shows the proposed design. The first two 
faces ( one shown in light blue in Fig. I) consist in 9 x 11 ele­
ments of (W x H) 25 mm x 17 mm which will build up an 
active area of (W x H) 233 mm x 197 mm. The horizontal 
and vertical curvatures can be varied independently. The 
Cu200 crystals will have an anisotropic mosaicity of 30' 
horizontal and 10' vertical, realised by the "onion peal 
method" recently developed by ILL's Neutron Optics 
Laboratory. 
The crystals will be glued on a so-called transfer plate, which 
will clip onto the reference plate of the monochromator 
mechanics. The fixed horizontal curvature of the Si 111 face 
(shown in red in Fig. 1) will be realised by bending a sand­
wich of several perfect Si blades [4] of (W x H) 
260 mm x 17 mm. We use 11 "benders" to realise a variable 
vertical curvature. The use of perfect crystals together with 
the large active area requires high mechanical precision. 

Figure I: Proposed design of the three-face monochromator of /NBC. 

To gain experience with such a novel monochromator 
mechanics and to identify possible problems with the design, 
a prototype has been built recently. It consists in the outer­
most 3 x 3 ( out of 9 x 11) elements for the PG002 and the 
Cu200 faces, and in 2 (out of 11) "benders" for the Sill 1. 
The overall precision for the 3 x 3 elements including zero 
position repeatability and absolute positioning precision 
is< 0.03°, well within specifications. The repeatability in the 
positioning of the Si face is also< 0.03°. Only the error in 
the linearity of the positioning is higher (0.1 °), but it is 
possible to account for this effect in the instrument control 
programme. 

The precision on the Si horizontal curvature has been deter­
mined mechanically. The deviation from a perfect circular 
bending appears to be 5 mm in a radius of 8000 mm i.e. 
smaller than 0.1 %. The performance of the Sil 11 "bender" 
has been checked on the spectrometer IN3 at ILL. One single 
bender has been installed as an analyser instead of the standard 



IN3 PG002 analyser. We performed energy scans using a 
vanadium cylinder at the sample position. We find that the 
elastic intensity with the Si bender reaches about 50% of the 
intensity with the PG002 analyser (normalised to identical 
active area), and the energy resolution is slightly better with 
Si 111 than with the PG002 analy er. This is consistent with 
the performance of the other Si analysers in use on ILL 
three-axis spectrometers instrument 
A 2D multi-detector ha been u ed to verify the focusing 
properties of the analyser in monochromatic focusing mode. 
The image in the detector is harper than with a PG002 
analyser. 

The clip system to fix the cry tal on the focusing mechanics 
works with high precision and appears to be reliable. Further 
tests will be performed to check if it also allows compensa­
ting for the misorientation of the crystals after gluing (by re­
machining the back face of the transfer plate ). 

Given those promising result from the prototype, the manu­
facturing is now under progress. The future of IN8C will be 
bright! 
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The first time-of-flight spin echo 

B . FARAGO, G . EHLERS {I LL ), 

G . KALI {HMI B ERLIN}, 

A . W 1SC HNEWSK I (fZ ]ULICH). 

IN I 5 was operated for the first time in time-of-flight mode and has shown an excellent instrumental resolution. 
As well as proving the feasibility of the neutron spin-echo technique on a pulsed source, it offers even more flexi­
bility: a larger than ever dynamical range in one single run and variable monochromatisation . It is especially well 
suited for the study of relaxations in the small-angle range. 

IN 15 is a joint venture between the ILL, HMI Berlin and FZ 
JUlich to push further the limits of neutron spin-echo spec­
troscopy. Substantial progress 
has been already achieved by rea-
ching 350 n ec Fourier time (or 
the equivalent ub neV energy 
resolution) . This November 
we passed a new milestone, for 
the first time IN 15 has been ope­
rated in time-of-flight mode. This 
mode of operation is not only a 
feasib ility test for future pulsed 
source , but can offer some real 
advantages depending on the 
physical problem tudied. 
The main advantages of neutron 
spin-echo are that a) the energy 
resolution is decoupled from the 
monochromatisation of the inco-
ming beam b) the intermediate 
scattering function S(Q,t) i the 
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At a given wavelength with a now routinely applied configu­
ration (double echo) 11] three orders of magnitude in time 
can be covered. This range can be further extended by chan­
ging the wavelength due to the strong t ~ A.3 dependence. 
While thi possibility has been exploited already both on 
IN 11 and INl 5 I+ I, in practice typically two or maximum 
three wavelengths were used because for each wavelength 
the instrument has to be tuned and calibrated, which is rather 
time consuming. 
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Figure 2: Resolution surface for all time channels and precession currents 
For clarity it was not plotted against Q and time (see Fig. 3). 

In the TOF version of IN 15 the usual velocity selector is 
replaced by four choppers. The first three (triple chopper) pro­
duce a neutron pulse with variable monochromatisation (2-
15% FWHM). The fourth chopper selects a wavelength band 
and avoids frame overlap. In fact the time-of-flight enables 
only the use of a wide range of wavelength, the energy 
analysis is still made by the spin-echo technique. By the time 
the neutrons reach the detector the neutron pulse is spread 
and the detector is continuously counting. The wide wave­
length band with the t ~ A) dependence covers an even larger 
dynamical range in one single run. 
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To produce the echo group we have to ensure that the magne­
tic field integral in the two arms of the spectrometer is 
identical to 10-5 precision, and we have to operate the three 
flippers (rt/2 - rt - rt/2) for all wavelength. The symmetry 
condition once satisfied does not depend on the wavelength 
as long as all currents contributing to the field integral are 
constant. On the other hand the three flippers at any time 
have different wavelength neutrons just crossing them, so 
their action must depend on time. This was achieved by fast 
power supplies which have programmable current profiles, 
synchronised to a trigger from the choppers. The profiles 
were adjusted to produce the desired action rt or rt/2. This 
sounds not too difficult, however, for a given precession field 
we need to optimise at least 12 other correction currents. 
Thus it was not evident that a common set can be found 
which will work for all wavelengths. 
In the test configuration the choppers were turning at a repe­
tition rate of about 13 Hz and with a nominal wavelength 
band of 6-19 A. Due to the cut-off of the neutron guide, in 
practice only the 7-19 A band proved to be useable. The TOF 
electronics was set up to 128 time channels allowing 128 
S(Q,t) curves to be measured. 
As a fust test the symmetry between the two sides was scan­
ned (phase current) at a fixed precession field, to see if the 
echo group is found for all wavelengths. Figure 1 shows a 2D 
image of the scan with a horizontal cut at the time channels 
corresponding to 9 and 15 A. As expected the centre of the 
echo group is at the same position for all wavelength. 
Encouraged by this success the instrumental resolution was 
measured at 8.2 scattering angle on the usual standard gra­
phite elastic scatterer. For better visibility, the resolution sur­
face is shown in Fig. 2 at different precession currents and 
time channels. As can be seen even at the longest wavelength 
(time channel = 128) the resolution drops only to about 0.5. 
Finally for the real test we measured a polymer melt sample 
(15% protonated PEO in the deuterated PEO matrix at 
T = 140°). Figure 3 shows the S(Q,t) map as measured at one 
single detector position. The colouring gives an idea about 
the decay. There is a very favourable match between the 
wavelength dependence of Q and instrumental resolution. 
Indeed at a given scattering angle long wavelength yields 
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Figure 3: S(Q,t) map in Q,t space as measured at one given detector angle on the PEO test sample. 



small Q and long Fourier time and vice versa. In the case of 
polymer melt dynamics the relaxation time increases very 
fast about 1/1 -Q4 so the resolution is well matched to thi 
physical problem. 
A further advantage is that at low Q (long wavelength) the 
scattered intensity (S(Q)) i high, partially compensating the 
lower incoming flux . Figure 4 show a comparison of one 
S(Q,t) as measured on INl5 in TOF mode and the same 
sample on the Jiilich NSE spectrometer at the same Q value. 
As a final demonstration we show the result of a fit of 
exp(-t/"t) at all Q values in Fig. 5. While the fitted function is 
not really appropriate for the polymer dynamics, neverthe­
less it illustrates the wide dynamical range which can be 
obtained in one single mea urement. 
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Figure 4: Comparison of S(Q,t) measured in Jiilich and on IN 15 at the same 
Q value. 

Despite a promising start still a lot remains to be done. 
Instrument tuning, data treatment has to be refined taking 
advantage of all related information in the data set. 
Instrument stability and monitoring becomes even more 
e ential as acqui ition times become longer. For the data 
storage a new compres ed format is under development as 
using the multidetector of IN 15 each run take up l 36Mbyte 
of space without compression. 
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Figure 5: Decay time (t) as a function of Q from one measurement It illus­
trates the dynamical range covered. In double-echo setup at least another 
decade can be gained. 
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The upgraded IN13 

■ C. PFISTER (IBS AND UNIV. j. FOURIER, GRENOBLE), 

■ A.PAC I ARO NI (INFM, OPERATIVE GROUP GRENOBLE). 

The backscattering spectrometer IN 13 at the ILL became a CRG instrument in July 1998 under a contract bet­
ween the Universite J. Fourier Grenoble and the ILL. A major upgrade of the electronics and instrument control 
programs has been performed in August 1999. A new auto-adaptative temperature controller for the monochro­
mator furnace allows now for an energy stabilisation of the neutron beam to ea. 0.1 µeY. The temperature of the 
sample, also regulated by an autoadaptative controller, is stable to better than 0.05 K. The previous instrument 
characteristics are retained: energy resolution of about I 0 µeV, Q-range of 0.3-5.5 A-1, energy transfer up to 
ea. 250 µeV. These characteristics are exceptionally well suited for the study of large molecular assemblies held 
together by weak interactions. 

The upgrade of the instrument 

The instrument was previously controlled by CAMAC elec­
tronics, and operated by a VMS computer. All these elements 
have become obsolete and therefore, the instrument was 
completely modernised. 

For the electronics, VME-organised controls for all parts of 
the instrument have been installed. The instrument control 
program now runs on a PC under Visual Basic. The structu­
re of the written program is clearer and faster in execution; 
data can be saved every 5 seconds, and transferred to the ILL 
archive every minute; it presents a much more convivial 
interaction with the user, not only for the writing of experi­
ment programs but also for survey of the runs and for the 
availability of the results "on line". 

Because of the overall faster speed of the processes, we 
could improve the measurement of the monochromator tem­
perature: now, the temperatures of 5 thermocouples installed 
at different positions on the monochromator crystals are 
measured by a fast-reading Keithley, and the program takes 
the mean of the obtained values, which is a much more rele­
vant parameter. 

The major limitation of the upgrade instrument remains its 
low flux. Long accumulation times are necessary to reach 
good statistics (typically, for 200 mg of a given biological 
sample at one fixed temperature, one needs at least 2 hours 
of counting for data relative to elastic scattering, and 
3-4 days to record a quasi elastic spectrum from - 100 µe V to 
+ 100 µeV). The CRG is highly interested by the ILL project 
of coating the neutron guide with supermirrors (ea. 4-fold 
gain in flux with little loss in energy resolution on IN13). 

Biophysical studies in the frame of 
the CRG 

In the following we present the study of two examples of 
investigations carried out in CRG-time: the dynamics of 
biological macromolecules and complex systems, as a func­
tion of their environment (hydration, temperature, pressure, 
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Figure I: Elastica/~ scattered intensity by ice lh at 20 K (blue dots), I 00 K (green 
triangles), I BO K (blue squares) and 260 K (red triangles). Unes are rts by a 
model in which protons are able to jump between two sites of different energies. 
(The experiments have been carried out by L Bove, F. Sacchetti and A Paciaroni, 
Perugia, Italy and INFM-OGG-Grenoble, France) 

additives as salts, protectants, ligands) to find correlations 
with their characteristics in stability and function. These 
studies are related to hydrogen-bonded networks in biologi­
cal matter and in ice. 

The first example (Fig. 1, Bove et al.), shows results of ice 1h 
at different temperatures; this represents a simple prototype 
serving as reference system for the behaviour of protons in 
more complex hydrogen-bonded networks like hydrated pro­
teins. The scattering appeared as totally elastic, even at the 
highest temperature studied (260 K); its integrated intensity 
(in the energy range -20 µeV to +20 µeV), shown in the 
Figure, appeared as nonharmonic even at the lowest tempe­
rature studied (20 K); this could be fitted by a model 



in which the protons are able to jump between two sites of 
different energies, possibly along the oxygen-oxygen bonds 
in hexagonal loops present in the disordered ice structure. 

For the second example (Fig. 2a, Di Bari et al.), we show the 
elastically scattered intensity by arnylose and arnylopectine 
(main components of starch) at different hydration levels 
(water, the "plasticiser" as in spaghettis, and involved in 
"gelification" as in gelly, is obviously of major importance in 
food science). The good quality of the data and the large Q­
range available allow to analy e the results in term of confor­
mational transitions in a double-well potential (Fig. 2a). The 
derived mean-square displacements ( <u2>, Fig. 2b) show a 
harmonic behaviour in the dry sample up to 320 K, whereas 
in hydrated samples a "glass-like" kinetic transition (TG) 
appears at ea. 230 K. The observed transition temperatures 
vary markedly with hydration, and they are systematically 
higher than those observed in globular proteins (typically 
150-180 K). 
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Figure 2: a) £/astic scattered intensity vs. Q2 at different temperatures for 
an amylase sample hydrated at 0. 4 7 (g.Di)lg. dry saccharide). The solid 
lines are frts to an asymetric double-well potential. 

These observations will have major industrial impact: the 
modem "food polymer science" approach for successful 
moisture management of food systems involve kinetically 
metastable, dynamically constrained glassy state rather than 
equilibrium thermodynamics; the glass transition temperature 
(TG) is a relevant parameter for product properties, stability 
and safety. 
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Figure 2: b) Temperature dependence of the proton mean square displace­
ment <ul> (normalised to 20 K) for amylase (top) and amylopectine (bot­
tom). The hydration is expressed as g.020/g.dry polysaccharide. The conti­
nous line is a f,t of the low temperature data to an Einstein model of 
independent harmonic oscillators. 
(The experiments have been carried out by M-T. Di Bari, G. Al/banese, F. 
Cavatorta and A. Deriu, Parma, Italy) 



On-line rheometry and small-angle neutron 
scattering from complex fluids 

P. LINDNER, J. ZIPFEL (ILL) 

J. BERGHAUSEN, F. NETTESHEIM, W . RICHTERING (UNIV. fRE IBURG). 

A technological important extension of classical scattering techniques is to investigate soft-matter systems under 
non-equilibrium conditions. Especially, mechanical deformation is known to have a strong influence on the mor­
phology of complex fluids as e.g. colloidal dispersions, polymer and surfactant solutions or liquid crystals. In order 
to be able to directly correlate flow properties of complex fluids with the microstructure of the material in the 
mechanical field we installed a commercial Bohl in rheometer at DI I. This rheometer allows to perform many dif­
ferent rheological tests as e.g. simple shear flow, creep as well as low or large amplitude oscillatory deformation. 
As an example, we demonstrate the influence of added, water-soluble polymer on the structure and flow beha­

viour of a lyotropic lamellar phase. 

The influence of shear flow on the structure of complex 
fluids (such as surfactant in solution or block copolymer 
melts) has attracted interest recently . Samples consis­
ting of anisotropic mesophases of polymer and surfactants 
of macroscopic size usually display a polydomain structure 
and a typical texture is observed in polarising microscopy. 
The texture strongly influences the rheological properties 
and often complex flow behaviour is found because the flow 
field itself can alter the structure of the sample. 
Consequently, it is necessary to monitor the structure under 
flow in order to understand rheological properties of these 
materials. However, although many different systems have 
been studied during the last few years, the exact influence of 
the particular experimental parameters like shear rate, stress, 
strain of frequency remain to be investigated properly. 

A further aspect that has to be considered is the type of flow 
the material is subjected to. In studies on block copolymer 
melts, large amplitude oscillatory shear has been used. But 
even the "simple" shear flow can be performed under diffe­
rent condition , namely at constant stress or at constant shear 
rate. It has been reported that in ome y tern different 
results were obtained when the stress or the shear rate was 
constant 

It is obvious that the combination of the powerful small­
angle neutron scattering (SANS) in trurnentation at the ILL 
with a state-of-the-art rheometer will provide a unique possi­
bility to directly correlate rheological properties of complex 
fluids with the underlying rnicrostruture. For this purpose we 
in talled a commercial rheometer at D 11, see Fig. I, which 
allows to perform many different rheological tests as e.g. 
simple shear flow either at constant shear tress or constant 
shear rate, creep and creep recovery as well as long and large 
amplitude oscillatory shear deformation. 

A Couette-type shear-cell with a I mm gap was developed 
that fits into the rheometer fixtures such that two different 
beam-configurations can be achieved: one where the incident 
beam is aligned along the direction of the velocity gradient 
(often called "radial" beam configuration) and a second one 

Figure I: Picture of the BOHLIN Rheometer installed on the small-angle 
neutron scattering instrument DI I. 

where the beam is along the flow direction ("tangential" 
beam configuration). The latter beam configuration is extre­
mely important in studies on amples with lamellar morpho­
logy. Since high quality quartz cylinders are u ed for the 
shear cell, excellent scattering data can be obtain even in the 
range of very low Q available at D 11. The rheometer was 
mounted on a translation table which enables a precise com­
puter-controlled positioning of the shear cell with respect to 
the neutron beam. 



Figure 2 shows flow curves of the 
lyotropic larnellar phase without 
and with added, water soluble 
polymer. Obviously, the flow 
behaviour of the sample was 
extremely altered when 0.5 wt% 
of poly(N-isopropylacrylamide, 
PNIPAM) was added. Without 
polymer, the sample was shear 
thinning only whereas shear thic­
kening and shear thinning was 
observed when the polymer was 
present. The microstructure of the 
samples under shear was investi­
gated by SANS simultaneously to 
the rheological measurement. 
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In Fig. 2, SANS spectra are shown 
that were obtained beam-configu­
ration with increasing shear stress. 

0.01 
■ without polymer ■ 

t 0.5 wt% pplymer added -··· 
For the sample without polymer a 
shear induced alignment of the 
lamellae was found, which can be 
characterised by comparing the 
orientation of the layer normal 
with the direction of flow, the 
direction of the velocity gradient 
and the vorticity (neutral) direc-
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Figure 2: Flow curve of the lyotropic lamel/ar phase. Viscosity as a function of shear stress without polymer and 
with 0.5 wt% polymer presen~ together with corresponding SANS spectra as measured at DI I. 

along the velocity gradient direction, and perpendicular 
when the layer normalpoints along the vorticity direction. At 
low shear stresses, the Bragg peak is observed along the 
velocity gradient direction thus the lamellae are aligned 
parallel to the walls of the shear cell. With increasing shear, 
the layers flip to the perpendicular orientation which is cha­
racterized by the scattering peak along the neutral (vorticity) 
direction. The data clearly show that the shear thinning is 
correlated with a reorientation process of the surfactant 
double layers. 
A different behaviour was observed when a small amount of 
the water-soluble polymer was added to the aqueous surfac­
tant solution. The SANS spectra obtained at the low and high 
shear stresses were similar to those obtained from the sample 
without polymer. At intermediate shear stressses, however, 

the Bragg peak was observed along the entire azimuthal trace 
of the two dimensional multidetector in the tangential beam 
configuration as show in the upper part of Fig.2. 
From the isotropic Bragg scattering one can deduce the pre­
sence of multilamellar vesicles because the radial symmetry 
of such "onions" gives rise to an isotropic distributions of 
layer normals. Again, the simultaneous detection of rheolo­
gical data and SANS spectra allows a direct correlation of 
flow properties with the (shear induced) microstructure. 
Obviously, the vesicles are destroyed at high shear and a per­
pendicular orientation of planar layers was found. 

This is a first example of the new opportunities to explore 
the differences between rate and stress controlled shear 
deformations by using the recently installed commercial 
rheometer. 
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New gravity UCN spectrometer 
I. V. BoNDARENKO, A . I . FRANK (FLNP, DUBNA) , 

S. V . MASALOVICH , S. N. BALASHOV (RRC " KURCHATO V IN S T I TUTE " , Moscow), 

j . BUTTERWORTH , P. GELTENBORT P. H0GH0J (ILL), 

A. CIMM I NO , A. G . KLE I N (SCHOOL OF PH YS ICS , MELBOURNE UN I VERS I TY) . 

A gravity spectrometer for ultra-cold neutrons (UCN) using neutron interference filters has been installed and 
tested. Energy resolution of the order of 6.5 neV has been obtained, which is adequate for a number of proposed 
fundamental experiments in UCN optics. 

The neutron interference filter is analogous to the optical 
Fabry-Perot interferometer for light. It was first proposed by 
A. Seregin and manufactured and tested by A. Steyer! et 
al. . The operation of the filter is based on the specific 
quantum properties of a one-dimensional potential structure. 

The long wavelength neutron interaction with matter can be 
described by the introduction of an effective potential, a so-

ciated with the medium U = 27;/;2 
pb , where m is the neu­

tron mass, p is the density of nuclei and b the coherent 
scattering length. In the simplest case, the filter is made of a 
three-layered structure of thin films deposited onto a 
substrate transparent to UCN. Since the outer layers have 
a greater value of pb than the inner layer, the potential 
structure of a filter has a two-humped barrier with a well in 
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Figure I: Potential structure of the simplest interference f,lter and its trans­
mission function. The narrow peak on the le~ corresponds to tunneling through 
the barriers. 

between. For a ufficient thickne of the middle layer, the 
width of the gap is large enough for quasi-bound states to be 
formed. As a result, the transmission function of the filter has 
an essentially resonant behaviour as shown in Fig. I. 

For UCN spectrometry, two horizontally oriented interferen­
ce filters, each having only one resonance, are placed at dif­
ferent heights, one above the other, inside a vertical neutron 
guide. UCNs, which pass through the first filter, are accelera­
ted in the Earth' gravitational field. 
The econd filter has a different value of the resonant energy 
so as to compensate for the change of energy caused by gra­
vity. By changing the position of this analysing filter, it is 
possible to scan the energy of the transmitted neutrons. 
Recently, a spectrometer based on this idea was 
constructed and tested (see Fig. 2). 

Vacuum 
chamber 

Detector 

Motor 

Entrance 
chamber 

Stepper 
motor 

Figure 2: Gravity UCN spectrometer with interference f,/ters. 



UCNs enter the spectrometer from the source and after seve­
ral reflections off the walls of the entrance chamber pass 
through the cylindrical channel. The channel guides the neu­
trons to the filter-monochromator. UCNs irradiate only the 
peripheral region of the filter. 
The fitter may be rotated by the motor which is necessary for 
certain types of experiment (see details in ). 
It is also possible to install an additional filter-premonochro­
mator between the exit of the channel and the main mono­
chromator. UCNs which are transmitted through the filter 
enter the hexagonal glass neutron guide with vertical walls. 
They have a relatively narrow energy spectrum, with a width 
of the order of 4 ne V. Inside this guide a second filter-analy­
ser is located. A preci e tepper motor driver can change the 
position of the analyser. The neutrons transmitted through the 
analyser filter are counted with a 3He proportional detector. 

A set of interference filters of different types were 
designed and manufactured by magnetron puttering on 
silicon wafers at the lLL's sputtering machine 
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The spectrometer was installed at the test beam of the PF2 
instrument. The obtained resolution was about 6.5 neV, the 
maximum count rate wa 1.5-3 c/s and the background was 
0.2 c/s (see Fig. 3). These parameters make it possible to 
measure line shifts (arising from any physical effects) down 
to the order of 10- 11 eV. This allows us to perform a number 
of experiments in UCN optics. 
The first experiment, which was performed with this device, 
aimed to test the validity of the commonly accepted neutron 
dispersion law in matter for the case of very small neutron 
energies. 
Furthermore, the Gravity Spectrometer may be used for the 
investigation of a number quantum phenomena, namely: 

a) controlled change of neutron energy cau ed by diffraction 
of neutrons on a moving grating, b) neutron time focusing, 
which may used in future for the creaton of new intense UCN 
sources at pulsed neutron sources, c) observation of neutron 
energy changed due to transmission through an accelerating 
plate etc. 
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Figure 3 : Scanning curve for two rlters with resonance at I 07 nev and 127 neV (le~) and demonstration of the level splitting which appeared in a pair of 
coupled resonators (right). In this last case a double-well Pve layer Ni(N)-Ti structure was used as the monochromator. 
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"The one that got away: it was this big!' 
Giuseppe Zaccai, 18S/ILL. 

Michel Ferrand (right), CEA Grenoble, 
offering a quick shave to Peter Geltenbort. 

"If I talk to it nicely it might work", 
Beatrice Nicolai, LLB Saclay, 

looking after her cryostat experiment. 

Jean-Remy Villard, Jean-Louis Champon 
and Peter Suttling (from right to left) 
test the shutters on IN22. 
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Reactor operation 

cycle n° start date finish date 

117-2 02/02/99 28/02/99 

118 16/03/99 05/05/99 

119 25/05/99 16/07/99 

120 12/08/99 09110/99 

121-1 19/10/99 23/11/99 

Table I: Reactor operation in I 999. 

In 1999, the reactor provided scientists with 208 operating 
days. Apart from the loss of half a day in the first cycle, all 
time lost due to unscheduled shutdowns during the first four 
cycles was recovered and the operating schedule was respec­
ted until cycle 121-1. This cycle was suspended due to diver­
gent readings on certain temperature measurements on the hot 
source. Investigations revealed that the hot source would have 
to be dismantled before the reactor could be restarted. 
Therefore, the hot source was removed on 15 December 1999. 

Owing to administrative problems in connection with the trans­
port container, delivery of the new fuel element for cycle 121-1 
was delayed. Nevertheless, the cycle started on schedule. 
An important project, completed end of 1999, was the installa­
tion of the new neutron guide H 113 (see also page 74), which 
had to pass through both of the containment walls of the reactor 
building. 
The simultaneous removal of three fuel elements is now pos­
sible with the new transport container which was used for the 

days scheduled days of operation unscheduled 
shutdowns 

25 24.5 1 

50 50 0 

50 50 1 

50 50 2 

50 33.5 2 

fir t time at the end of 1999. Three elements in storage at ILL 
and six at the Cadarache site were delivered to COGEMA for 
reprocessing in 1999. 

Andre Rimel helps putting the dismantled hot source into storage. 

Beam-time allocation for 1999 
Overall the subcommittees of the scientific council 
(meetings in Oct. 98 and Apr. 99) scrutinised almost 1000 
proposals, out of which 685 proposals received beam time, 
allocating about 4500 instrument days of beam time on the 
different instruments; about 730 experiments were carried 
out. Table 2 shows the request and allocation of beam time 
per instrument. 
Note that D4 and IN I share a beam and that the CRG instru­
ments offer a reduced number of days for ILL users. For PF2 
several experiments share the beam taking neutrons alterna­
tively, so the table contains the beam-days allocated but gives 
the total number of experiments running simultaneously. 
Table 3 shows the distribution of beam-time request and allo­
cation amongst the member and scientific-member countries. 
In 1999, the following countries were members: France, 
Germany, UK, Spain, Switzerland, Austria, Italy, and the 

country requested requested allocated 
days in% days 

AUT+CZ 198.6 2.4% 114.3 
CH 332.8 4.1 % 178.3 
D 2250.6 27.7% 1349.7 
E 365.7 4.5% 196.1 
F 2039.0 25.1 % 1143.0 

GB 1997.7 24.6% 1042.0 
I 365 .8 4.5% 139.5 

RUS 584.0 7.2% 264.3 

Total 8134.1 100.0% 4427.3 

Table 3: Beam-time request and aUocation by country. 

allocated 
in% 

2.6% 
4.0% 

30.5% 
4.4% 

25.8% 
23.5% 

3.2% 
6.0% 

100.0% 



Czech Republic. In calculating the above statistics of beam 
time per country, the attribution is based on the location of 
the laboratory of the proposers, not their individual nationa­
lity. For a proposal involving laboratories from more than 
one member country, the total number of days is divided 
equally among the collaborating countries. When a proposal 
involves a collaboration with a non-member country, the 
allocated time is attributed entirely to the collaborating mem­
ber country ( or countries). When ILL scientist are proposers 
or co-proposers, the allocated 'ILL time' is attributed among 
the member countries according to their financial contribu­
tions to ILL. Local contacts are not counted as proposers. 
The CLL welcomed about 1200 visitors in 1999. Three quar-

"Cheerfulness gives elasticity to the spirit. Spectres fly before it."* 
Herma Biittner (left) and Brigitte Aubert, the organisers of the 
subcommittee meetings, at the final lunch of the meeting. 

• Self-Help (1859) ch. /2 

"Th ere is no such thing as a free lunch."* Valeria Arrighi, Uni v. 
Edinburgh, Caterina Petrillo, Univ. Perugia, Cannen Miangos, ICTP­
CSIC Madrid, (from left to right) enjoy their lunch after the subcom­
mittee 111ee1ings. 

• Axiom in US eco11omics in the 60s. R. Heinlein "The Moon is a Harsh Mistress" 

ters came from the member countries including 285 from 
France, 242 from Germany and 211 from the UK; many of 
our visitors were received more than once. There were thu 
almost 1800 visits carrying out about 730 experiments. The 
distribution of beam time for these experiments amongst the 
different 'colleges ' wa as follows: 17% of the days were 
allocated to nuclear and particle physics (college 3), 16% to 
structural and magnetic excitations (college 4), 31 % to crys­
tal and magnetic structures ( college 5), I 0% to structure and 
dynamic of liquids and glasses (college 6), 8% to materials 
science, surfaces and spectro copy (college 7), 9% to biology 
(college 8) and 9% to structure and dynamics of soft-conden­
sed matter (college 9). 

instrument days days number of 
requested allocated experiments 

ADAM* 181 54 JO 
D1 0 289 175 21 
Dl I 200 140 60 
D15* 174 57 6 
D1 6 177 70 l l 
D17 115 50 10 
D1 9 238 173 16 
DI A 204 97 25 
D1B* 135 120 48 
D20 126 
D22 358 156 77 
D23* 0 30 4 
D2B 339 165 66 
D3 264 145 17 
D4 171 85 19 
EVA * 46 22 3 
D7 362 173 20 
D9 243 165 24 
OB21 118 87 5 
IN! 202 71 12 
INIO 163 141 19 
1Nl2* 4 54 5 
JNJ3 * 102 14 2 
INl4 335 172 21 
IN15 183 80 9 
IN16 302 165 26 
IN20 196 145 15 
JN22 * 0 26 3 
IN4 149 56 14 
INS 333 165 34 
IN6 324 161 40 
INS 291 162 19 
LADI 183 117 7 
PFI 350 225 5 
PF2 229,5 175 12 
PNI 343 162 14 
PN3 423 199 14 

Total 8147.5 4427 732 

Table 2: Beam-time request and a/location by instrument. CRG instruments 
ore marked with an asterisk. 



Instruments 

The instrumental facilities at the ILL are shown in the sche­
matic diagram on page 91. Besides the ILL instruments there 
are CRG-instruments, which are operated by external 
Collaborating Research Groups. There are currently three 
different categories of CRG instruments. CRG-A in which 
the external group leases an instrument owned by ILL. They 
have 50% of the beam time at their disposal and for the other 
50% they support ILL's scientific user programme. The 
CRG-B category owns their instrument and have 70% of the 
beam time, supporting the ILL programme for the other 
30%. Finally, CRG-C instruments are used full time for spe­
cific research programmes by the external group who has 
exclusive use of the beam. 

DB21 , LADI and IN15 are a joint venture of ILL with other 
laboratories: in the case of DB21/LADI with EMBL and for 
IN15 with FZ Jlilich and HMI Berlin. 

The list of instruments by type as at December 1999 is 
summarised below (CRG instruments are marked with an 
asterisk *): 

• powder diffractometers: DlA, DlB*, D2B, (D20, detector 
in repair) 

• liquids diffractometer: D4 
• single-crystal diffractometers: D3, D9, D10, D15*, D19, 

DB21, D23 *, LADI 
• small-angle scattering: D11 , D22 
• small momentum-transfer diffractometer: D 16 
• reflectometers: ADAM*, (D17 in commissioning), EVA* 
• diffuse-scattering spectrometer: D7 
• three-axis spectrometers: IN] , (IN8 under reconstruction), 

IN12*, IN14,IN20,IN22* 
• time-of-flight spectrometers: INS, IN6, IN4 
• backscattering and spin-echo spectrometers: INlO, IN! I, 

IN13*, IN15, IN16 
• nuclear-physics instruments: PNl , PN3 
• particle-physics instruments: PFl , PF2 
Details of the instruments can be found on the web under 
http://www.ill.fr. 
AVOGADRO* and Sl8*, an interferometer, are CRG-C ins­
truments and are not available as 'user' instruments. 

"Today is the last day of an era past."* Nick Bernhoeft (left), CEA Grenoble, and Gerry 
Lander, EITU Karlsruhe, before !NB was shut down for reconstruction. 
*B. Yeltsi11, 'Guardian' I Sep. /994 
(at a Berlin ceremony to end the Soviet military presence) 



Instrument performance 

Table 4 below gives a summary of instrument performance 
for 1999. 
For each cycle a record is kept of any time lost from the total 
available beam-time, and the reasons for the lost time are 
analysed for all the instruments. 
The table gives a global summary for the year: Overall about 
400 days of the total available beam-time was lost due to 
various malfunctions. However, most of this time was not 
lost to users because time for minor breakdowns, tests, cali­
brations and scheduling difficulties is allowed for by initi al­
ly scheduling about 80% of the total available beam-time. 
Thus, the total number of days delivered to users was slight­
ly higher than the number of days originally scheduled: 
3730 compared with 3716 originally cheduled. In previous 
years, the ILL gave even 80 days more than originally 
scheduled. 
But unfortunately, in 1999 we experienced several unfore­
seen shutdowns and therefore the overall loss of beam time 
was a bit higher than usual . Please note that CRG instru­
ments are not included, because they are not operated by 
ILL. 
Detailed comments on the larger beam-time losses ( 10% or 
greater) are as follows: 

instruments days lost % lost 

DIA 14.0 11.3% 
D2B 8.5 4.0% 
D3 32.0 15.2% 
D4 7.9 8.3% 
D7 20.0 9.5% 
D9 15.5 7.4% 
DI0 10.1 4.8% 
DI I 33.9 16.2% 
D19 8.0 3.8% 
DB21 29.8 32.8% 
D22 14.9 7.1% 
LADI 9.0 8.5% 
IN! 6.0 5.2% 
INS 13.0 6.2% 
IN6 22.0 10.5% 
IN8 15.5 7.4% 
INI0 8.0 3.8% 
INll 12.7 6.0% 
IN14 9.2 4.4% 
IN15 41.0 19.5% 
IN16 12.8 6.1 % 
IN20 10.5 5.0% 
PFI 2.0 1.0% 
PF2 5.0 2.4% 
PNl 32.5 15.5% 
PN3 21.0 10.0% 

Total 414.7 

• Unfortunately, D3's change over of the control computer 
did not work as smoothly as expected and some time was 
lost. In addition, beam time could not be used efficiently due 
to problems on the user side; it was impossible to fi nd 
replacement experiments. 
• DIA faced user problems, too, and could not fi ll the gap 
with allocated beam time. 
• Also DB21 suffered time loss due to samples which could 
not be made available in time. 
• D 11 had various problems mainly due to malfunctioning of 
the electronics and the selector. However, the selector is 
replaced now and the electronics will be replaced beginning 
of 2000. 
• IN6 experienced problems with the new temperature regu­
lation and the electronics of the monochromator drive. 
• IN15 struggled with the mechanics and electronics of its 
chopper for the time-of-flight option. But finally, the instru­
ment team succeeded to operate IN15 succe sfully in time­
of-flight mode as you can see on page 79. 
• PNl 's breakdown was due to failures in the high-voltage 
components (400kV). 
• In 1999's last cycle, PN3 had to be shutdown earlier because 
of a protection default at the sample waste container. 

sched. days days used instruments 

110.0 101.0 DIA 
161.0 174.0 D2B 
138.0 126.0 D3 
89.0 90.3 D4 

162.0 145.0 D7 
169.0 183.0 D9 
177.0 181.5 DI0 
160.0 149.3 Dll 
171 .0 184.0 Dl9 
87.0 103.0 DB21 

149.0 145.5 D22 
104.0 106.0 LADI 
74.0 86.0 INI 

147.0 145.0 INS 
184.0 177.0 IN6 
162.0 174.0 IN8 
138.0 132.0 INI0 
161.0 174.0 INll 
160.0 168.0 IN14 
131.0 122.0 INl5 
146.0 147.0 INl6 
168.0 168.0 IN20 
210.0 208.0 PFl 

* * PF2 
167.0 171.0 PNl 
191.0 170.0 PN3 

3716.0 3730.7 

Table 4: Instrument performance. (*PF2 consists of several long-term experiments so comparison of days scheduled and used is not meaningful). 



Resto Basler (left) and Hanspeter Aebersold, both Univ. Bern, 
change their sample on INS. 

The lady scientists of the large-scale structure 
group: Laurence Perino, Isabelle Grillo 

and Giovanna Fragneto-Cusani (from left). 

Red shirt, white wine, white shirt, red wine: 
Ted Forgan (left), Univ. Birmingham, 
and Bob Cywinski, Univ. St.Andrews. 

Francis Tasset (right) discusses dilution-fridge 
set-ups with Serge Pujol. 
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Sculpture by lpousteguy "Man Accomplishing Unity" 
in front of the ILL main building. 
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Name: 
Founded: 

Associates: 

Facts and Figures for 1999 

lnstitut Max von Laue - Paul Langevin (ILL) 
1967 
France: Commissariat a l'Energie Atomique (CEA) 

Centre National de la Recherche Scientifique (CNRS) 
Federal Republic of Germany: Forschungszentrurn Jiilich 
United Kingdom: Engineering and Physical Sciences Research Council (EPSRC) 

Countries with Scientific Membership: 

Staff: 

Budget: 

Spain: Oficina de Ciencia y Tecnologia (OCYT) 
Switzerland: Schweizer Bundesarnt fur Bildung und Wissenschaft (SBBW) 
Italy: Istituto Nazionale per la Fisica della Materia (INFM) 
Russia: MINATOM 
MENI (Middle European Neutron Initiative) Consortium, composed of: 

a) Austria: Osterreichi che Akademie der Wissen chaften 
b) Czech Republic: Charles University of Prague 

394 people including 48 experimentalists in the scientific ector 
254 French, 49 German, 53 British, 38 other 
373.6 MF (excluding taxes) 

inco!'"e ~rom own income 
sc,enofic [ 
members 

income I 
from 

investment 
costs 

operating 
cosu 

fuel cycle 

Income in MF 

304.6 81.53% 
50.5 13.52% 
18.5 4.95% 

Expenditure in MF 

from associates (divided: F 37.87%; D 37. 13%; UK 25%) 
from scientific members 
own income 

190.2 50.91 % staff costs 
77.9 20.85% operating costs 
35.5 9.50% investment costs 
70.0 18.74% fuel cycle 

Purchases in MF 
51.8 65.32% 
I 0.7 13.50% 
3.3 4.17% 

13.5 17.02% 

(total 68.1 MF) 
France 
Germany 
UK 
Others 

Bodies: Steering Committee, meeting twice a year 
Scientific Council with 8 Subcommittees, meeting twice a year 
Management Board, meeting weekly 

Reactor: 58 MW, running 4.5 reactor cycles per year (with cycles of 50 days) 
Experimental Programme: 

about 730 experiments (allocated by subcommittees) on 25 ILL-funded 
and 8 CRG instruments 
about 1200 visitors coming from 30 countries 
about 1000 proposals submitted and 685 accepted 

Experiment Selection by the Scientific Council via its 8 Subcommittees: 
nuclear and particle physics (college 3) 
structural and magnetic excitations (college 4) 
crystallographic structures ( college Sa) 
magnetic structures (college Sb) 
structure and dynamics of liquids and glasses (college 6) 
material cience, surfaces and spectroscopy (college 7) 
biology (college 8) 
tructure and dynamics of oft-condensed matter (college 9) 

Scientific Life: ba ed on JO colleges, 8 of which corre pond to the ubcommittees plus: 
instruments and techniques (college 1), theory (college 2) 



Dietmar Puschner replacing the paper clip 
on the He cryostat. 

Kazu Kakurai (left), Univ. Tokyo, 
and Louis-Pierre Regnault, CEA Grenoble, 

set up IN22. 

"Something must be done."* Project meeting of D 178, 
Peter H"gh"j, Gills Pastrello, Michel Bonnaud, Luc Didier, 
Bob Cubitt (from left to right). 

*Edward VIII in Western Mail' 19 Nov. 1936 

Jacques Previtali, CEA Grenoble, 

installs the new 4 Tesla horizontal field cryomagnet on IN 12. 



6 

In 1999, the ILL received notice of 437 publications by ILL staff and users of which 283 
were published as journal articles, and 154 as conference proceedings in journals, books 
or reports. The distribution by subject is as follows: 48 in instruments and methods, 
7 in theory, 29 in particle and nuclear physics, 48 in structural and magnetic excitations, 
54 in crystallographic structures, I 16 in magnetic structures, 35 in structure and 
dynamics of liquids and glasses, 57 in materials science, surfaces and spectroscopy, 14 in 
biology and 54 in structure and dynamics of soft-condensed matter. 



This list gives publications received during 1999 resulting from re earch carried out at the ILL. It was generated from the 
library database LORIS-DORIS and can be consulted on the Web at http://www.ill.fr 

PAPERS PUBLISHED IN SCIENTIFIC PERIODICALS, BOOKS AND CONFERENCE PROCEEDINGS 

ABAD E., PIQUE C., BLANCO J.A., ARTIGAS M., 
BURRIEL R., FERNANDEZ-DIAZ M.T. Magnetic 
structures of RFe,Mn 1!., compounds (R = Th and Y). 
Journal of Magnetism and Magnetic Materials 196-197, 
745-747 (1999) 

ALLMA B.E., CIMMINO A., GRIFFIN S.L., KLEIN 
A.G., NUGENT K.A., ANDERSO LS ., H0GH0J P. 
Novel optics for conditioning neutron beams II: 
Focusing neutrons wnh a "Lobster-Eye" optic. 
Neutron New 10, 20-23 (1999) 

ALLMAN B.E., CIMMINO A., GRIFFIN S.L., KLElN 
A.G., NUGENT K.A., ANDERSO LS ., H0GH0J P., 
PEELE A.G. Focussing neutrons with a "Lobster-eye" 
optic. 
Proceedings SPIE 3449, 165-174 (1998) 

ALONSO J.A. , GARCIA-MUNOZ J.L., 
FERNANDEZ-DIAZ M.T., ARANDA M.A.G., MAR­
TINEZ-LOPE M.J., CASAIS M.T. Charge dispropor­
tionation m R'li01 perovskites: Simultaneous melal­
in,ulator and 1truciural transition m YN101. 

Physical Review Letters 82, 3871-3874 (1999) 

ALONSO J.A., MARTINEZ J.L., MARTINEZ-LOPE 
M.J. , CASAIS M.T., FERNANDEZ-DIAZ M.T. Room 
temperature magnetoresislance and cluster-gla, s beha­
v10r m the Tl!)31111n207 (0 5x50.5) pyrochlore scnes. 
Physical Review Letters 82, 189- I 92 ( 1999) 

ALO SO J.A., MARTINEZ-LOPE M.J ., CASAIS 
M.T., ARANDA M.A.G., FERNANDEZ-DIAZ M.T. 
Metal-insulator transitions. structural and microstructu­
ral evolution of RNi03 (R = Sm, Eu, Gd. Dy. Ho. Y) 
peronkites: faidence for room-temperature charge dis­
proponionalion m monoclimc HoNi01 and YNi01. 

Journal of the American Chemical Society 121, 4754-
4762 (1999) 

AMORETTI G., CACfUFFO R. , SANTINI P., 
LANDER G.H. , KULDA J. , DU PLESSIS P. DE V. 
Polarized neutron scanering study of the magnetic res­
ponse across T \ in a single crystal of U02. 
Journal of Applied Physics 85, 4524-4526 (1999) 

ANDERSO C.R., ANDERSE K.H., BOSSY J., 
STIRLING W.G., DIMEO R.M., SOKOL P.E., COOK 
J.C., BROWN D.W. High-resolution neutron-scattering 
study of the roton in confined supertluid 4He. 
Physical Review B 59, 13588-13591 (1999) 

ANDRES H., CLEMENTE-JUAN J.M., AEBERSOLD 
M., GODEL H.U., CORONADO E., BUTTNER H., 
KEARLY G., MELERO J., BURRIEL R. Magnetic 
excitations in polyoxometala1e clusters observed by 
inelastic neutron scattering: Evidence for anisotropic 
ferromagnetic e.~change interactions in the tetrarnenc 
cobalt(ll) cluster [Co4(H~Ol 2(PW9034)2]' 0•. 
Comparison with the magnetic and 1pecific heat pro­
pertic .. 
Journal of the American Chemical Society Ul, I 0028-
10034 (1999) 

ANGLARET E. , ROLS S., SAUVAJOL J.L. Comment 
on "Effect of the growth temperature on the diameter 
distribution and chirality of single-wall carbon nano­
tubes". 
Physical Review Letters 81, 4780 (1998) 

ANTONIADIS A. , BERRUYER J. , FILHOL A. 
fa1imation <;emi-parametrique dans les families double­
ment poissonniennes et application aux spectres de dif­
fraction. 
Revue de Statistique Appliquee 47, 57-80 ( 1999) 

APRAHAMIAN A., DE HAAN R.C., LESHER SR., 
DORING J., BRUCE A.M., BORNER H.G., 
JENTSCHEL M., LEHMANN H. Collective K• = Q+ 
vibrational excitations in '1~Hf 
Journal of Physics G: Nuclear and Particle Physics 25, 
685-689 ( 1999) 

ARBE A., COLMENERO J., GOMEZ D., RICHTER 
D., FARAGO B. Reply to "Comment on 'Merging of 
the a and ~ relaxa11ons m polybu1adiene: A neutron 
spin echo and dielectric study"'. 
Physical Review E 60, 1103- 1105 ( I 999) 

ARGYRIOU D.N., MlTCHELL J.F., RADAELLI P.G., 
BORDALLO H.N., COX D.E., MEDARDE M. , 
JORGENSE J.D. Lattice effects and magnetic trucru­
re in the layered colossal magnetoresistance manganite 
La2-2.Srt+2,Mnp7• x = 0.3. 
Physical Review B 59, 8695-8702 (1999) 

ARZUMANOV S.S., BELYAEV S.T., BONDARENKO 
L.N., IVANOV S.M., KOROBKINA E.I., LYUBIMOY 
A .. , MOROZOV V.J., RYAZANOV A.I., PANIN Y .. , 
FOMIN A.I., CHERNYAVSKII S.M. , GELTENBORT 
P., PE DLEBURY J., SCHRECKENBACH K. Cluster 
structure of the ma1enal surface as the cause of the 
selective enhancement of ullracold-neutron capture 
awicia1ed with subbamer reflection. 
Journal of Experimental and Theoretical Physics 88, 
72-78 (I 999) 

AYRES DE CAMPOS J., FERREIRA L.P., CRUZ 
M.M., GIL J.M., MENDES P.J ., FERRElRA J.C., 
BACMANN M., SOUBEYROUX J.L., FRUCHART 
D., GODINHO M., AYRES DE CAMPOS . Study of 
RFe 2.,Mo, (R = Y, Ho) compounds by neutron powder 
diffraction. ac susceptibility and magnetization. 
Journal of Physics Condensed Maner 11 , 687-701 
(1999) 

BAHLE U., HOCHGESAND K., WINTER R., 
BAROCCHI F., CONVERT P., HANSE T., FISCHER 
H.E. Neutron diffraction on mercury. density depen­
dence of the static structure factor. 
Journal of on-Crystalline Solids 250-252, 35-39 
(1999) 

BAKO I., PALINKAS G., DORE J., FISCHER H. 
Investigation of liquid 1.4-dioxane: An X-ray and neu­
tron diffraction study. 
Molecular Physics 96, 743-747 (1999) 

BAKO I., PALINKAS G., DORE J.C., FISCHER H.E. 
Structural studies of a water/dioxane mixture by neu­
tron diffraction with hydrogen/deuterium substitution. 
Chemical Physics Letters 303, 315-319 (1999) 

BAO W., RAYMOND S., SHAPIRO S.M., MOTOYA 
K. , FAK B., ERWIN R.W. Uncoment1onal ferromagne-
11c and spm-glass states of the reenlranl spm glass 
Fe0JAl01. 
Physical Review Letters 82, 4711-4714 (1999) 

BASCH H., MUSAEV D.G., MOROKUMA K., 
FRY2UK M.D., LOVE J.B., SEIDEL W.W., ALBINATI 
A., KOETZLE T.F., KLOOSTER W.T., MASON S.A., 
ECKERT J. Theoretical pred1c110ns and smgle-crystal 
neutron diffraction and inelastic neutron scattering stu­
dies on the reaction of dihydrogen wilh the dinuclear 
dinitrogen complex of zirconium 
[P2N~Zr(µ-11 2-N2)Zr[P2N2] . 

P,N, = PhP(CH,SiMe,NSiMe,CH,),PPh. 
Jou~al of the American Chem1cal Society 121, 523-
528 (1999) 

BECVAR F. Simulation of ycascades in complex nuclei 
with emphasis on assessment of uncertainties of cascade­
related quantities. 
Nuclear Instruments and Method in Physic Research 
A 417, 434-449 (1998) 

BENITES G.M., AURELIO G. , FERNANDEZ 
GUILLERMET A., CUELLO G.J., BERMEJO F.J. 
Atomic ordcnng and systematics of bonding lengths in 
the Ti-V omega phase: A neutron diffraction study. 
Journal of Alloys and Compounds 284, 251-255 (1999) 

BENSCH W., NATHER C., HELMER 0., RITTER C. 
The magnetic structures ofTI,Cr5Se8 (x = I and 0.2) a 
determined by neutron scattering. 
Journal of Alloys and Compounds 290, 41-51 (1999) 

BERNHOEFT N. Geometrical effects in diffraction 
analysis. 
Acta Crystallographica A 55, 274-288 (1999) 

BERNHOEFT ., ROESSLI B., SATO ., ASO ., 
HIESS A., LANDER G.H. , ENDOH Y. , 
KOMATSUBARA T. Magnetic fluctuations abo\e and 
below T, in the heavy fem11on superconductor 
UPd,Al 1. 

Phys,ca B 259-261, 614-620 (1999) 

BLEBER R., WAGEMANS C., GOEMINNE G., 
WAGEMANS J., DENECKE B., LOISELET M., 
GAELENS M., GELTENBORT P., OBERHUMMER H. 
Thermal neutron induced (n.p) and (n,a) reactions on 
J7Ar. 

Nuclear Physics A 647, 3-11 (1999) 

BIE FAJT M., ZEPPENFELD P., RAMOS R.C. Jr., 
GAY J.M., VILCHES O.E. , CODDENS G. Isotopic 
ordenng m adsorbed hydrogen monolayers. 
Physical Review B 60, 11773-11782 (1999) 

BLANCO J.A., ESPESO J.L, GARCIA SOLDEYILLA 
J., GOMEZ SAL J.C. , IBARRA M.R., MARQUTNA 
C., FISCHER H.E. Magnellc structure of GdCu through 
the martensitic structural lransforn1ation: A neutron-dif­
fraction study. 
Physical Review B 59, 512-518 (1999) 

BO C., LEHMANN M.S., WILKINSON C. Quasi­
Laue neutron-diffrac110n study of the water arrange­
ment in crystals of triclinic hen egg-white lysozyme. 
Acla Crystallographica D 55, 978-987 ( 1999) 

BONDARENKO LY. , KRASNOPEROV A.Y., FRANK 
A.I., BALASHOV S.N., MASALOYICH S.Y., NOSOV 
Y.G,, GELTENBORT P., H0GH0J P. , KLEIN A.G., 
CIMMINO A. Experimental check of the dispel'\ion 
law for ultracold neutrons. 
JETP Leners 67, 786-792 (1998) 

BONI P., LORENZO J.E., ROESSLI B. , SHIRANE G., 
WERNER S.A., WILDES A. Polarization analysis of 
low-energy excitations in single-domain Cr. 
Physica B 267-268, 255-258 (1999) 

BORNER H.G., JENTSCHEL M., ZAMFlR N.Y., 
CASTEN R.F., KRTICKA M., ANDREJTSCHEFF W. 
Ultrahigh resolution study of collective modes in l51Gd. 
Physical Review C 59, 2432-2439 (1999) 

BOUCHERLE J.X., GIVORD F., SCHWEIZER J., 
GUKASOY A., MIGNOT J.M., LELIEVRE-BERNA 
E., AOKI H., OCHIAJ A. Polarized neutron mvestiga­
t10n in the mixed-valence compound Sm3 Te4. 
Physica B 267-268, 37-40 (1999) 

BOUCHERLE J.X., GIVORD F., SCHWEIZER J., 
MIGNOT J.M., LELIEYRE-BERNA E., AOKI H., 
OCHIAI A. A polarized neutron investigation of char­
ge-ordering in mixed-\alence Sm4Bi1. 
Physica B 267-268, 47-50 (1999) 

BOULLAY P., GREBILLE D., HERYIEU M. , 
RAVEAU B., SUARD E. Incommensurate nuclear and 
magnetic structure of the oxygen-deficient pero\skites 
(Ba2.1,Bi3,. 1)(Fe2,Bi 1.2i)02+1r.., (0.43 5 x 5 0.50). 
Journal of Solid State Chemistry 147, 450-463 ( 1999) 

BOURDAROT F. , BOMBARD! A., BURLET P., 
CALEMCZUK R., LANDER G.H., LAPIERRE F., 
SANCHEZ J.P., MATTENBERGER K. , VOGT 0. 
Collapse of the magnetic ordering and structural ano­
malies in the U,La1.,S system: Neutron diffraction and 
specific heal measurements. 
European Physical Journal B 9, 605-61 I (1999) 



BRION S. DE, CIORCAS F., CHOUTEAU G., LEJAY 
P., RADAELLI P., CHAILLOUT C. Magnetic and elec­
tric propertie, of La1.0Mn03. 

Physical Review B 59, 1304-1310 (1999) 

BROWN A.B.D. , CLARKE S.M., RENNIE A.R. 
Measurement of the flow alignment of clay dispmions 
by neutron diffraction. 
In: "Dynamics of Complex Fluids", ADAMS M.J., 
MASHELKAR R.A., PEARSON J.R.A., RENNIE 
A.R. (Eds) (Imperial College Press, 1998) pp.330-337 

BROWN P.J. , BARGAWI A.Y., CRANGLE J., 
NEUMANN K.U., ZTEBECK K.R.A. Direct observa­
tion of a band Jahn-Teller effec1 m the marten,iuc phase 
transition of Ni ,MnGa. 
Journal of Physics Condensed Maner 11, 4715-4722 
(1999) 

BROWN P.J ., BARGAWI A.Y. , CRANGLE J. , 
EUMANN K.U., ZIEBECK K.R.A. The mduced 

moment distribution in atomically ordered and disorde­
red Pt1 V. 
Solid State Communications 109, 329-332 (1999) 

BROWN P.J., FORSYTH J.B., TASSET F. Precision 
determination of antiferromagnetic form factor,. 
Phy ica B 267-268, 215-220 (1999) 

BRUCKNER G., CZERMAK A., RAUCH H., 
WEILHAMMER P. Position sensitive detection of ther­
mal neutrons with solid state detector, (Gd Si planar 
detectors). 
Nuclear Instruments and Methods in Physics Research 
A 424, 183-189 (1999) 

BRUNAUER G., BOYSEN H., FREY F., HANSEN T. 
Hochtemperatur-Strukturanalyse rnn 3:2-Mullit. 
Zeitschrift fur Kristallographie Supplement 16, 100 
(1999) 

BUCHER R., SCHONFELD B., KOSTORZ G. , 
ZOLLIKER M. Short-range order m Ni-rich "11-Ti 
studied by diffuse neutron scattering. 
Physica Status Solidi (a) 175, 527-536 (1999) 

BUMAJDAD A., EASTOE J. , GRIFFITHS P .. 
STEYTLER D.C., HEENAN R.K., LU J.R., TIMMINS 
P. Interfacial compositions and phase structure, in 
mixed urfactant microemulsions. 
Langmuir 15, 5271-5278 ( 1999) 

BURIAN A., DORE J.C. , FISCHER H.E., SLOAN J. 
Structural studies of multiwall carbon nanotubes b) 
neutron diffraction. 
Physical Review B 59, 1665-1668 (1999) 

BURIAN A., DORE J.C., FISCHER H.E., SLOAN J., 
SZCZYGIELSKA A. Structural studies of carbon nano­
tubes hy wide-angle neutron cattenng. 
Proceedings SPIE 3725, 107-110 (1999) 

BURLET P., HENRY J.Y., REGNAULT L.P. In-plane 
magnetic anisotropy in antiferromagne1ic 
YBa2Cu301>+,· 
Physica C 296, 205-209 (I 998) 

BURLET P., REGNAULT L.P., VETTTER C. To the 
editor and readers of Neutron News 
Neutron New 10, 2 (1999) 

BYRNE J., GELTENBORT P. Particle physics 111th 
slow neutrons. Workshop held at Grenoble. 
Neutron News 10, 5-6 (I 999) 

CACIUFFO R., AMORETTI G., MURANI A., 
SESSOLI R., CANESCHI A., GATTESCHI D. 

eutron spectroo;copy for the magnelic anisotropy of 
molecular clusters. 
Phy ical Review Leners 81 , 4744-4747 ( 1998) 

CACIUFFO R. , AMORETTI G., SA TI I P .. 
LANDER G.H., KULDA J., DU PLESSIS P. DE V. 
Magneuc emtat1om and dynanucaI Jahn-Teller di,1or­
uon • m t.;O,. 
Physical Review B 59, 13892-13900 (1999) 

CACIUFFO R., MIRA J., RIVAS J. , SENARIS­
RODRIGUEZ M.A., RADAELLI P.O ., CARS UGH! F., 
FIORANI D., GOODENOUGH J.B. Transition from 
itinerant to polaronic conduclion m La1 ,Sr,Co03 
perovskites. 
Europhysics Letters 45, 399-405 ( 1999) 

CAJGNAERT V., MILLANGE F., DOMENGES B., 
RAVEAU B., SUARD E. A nel'.' ordered oxygen-defi­
cient manganite perovsklle: LaBaMn2055. Cry,tal and 
magnetic ,tructure. 
Chemistry of Materials 11 , 930-938 (1999) 

CAMPBELL S.I., KEMALI M., ROSS D.K., BULL 
D.J., FERNANDEZ J.F., JOHNSO M.R. Quasi-elas­
tic neutron scattering study of the hydrogen diffusion in 
the C I 5 laves structure, TiCr !SS· 

Journal of Alloys and Compounds 293-295, 351-355 
(1999) 

CANTON P. , FAGHERAZZI G., FRATTINI R., 
RIBLLO P. Stabilization of cubic Na-modified ZrO,: A 
neutron diffraction study. -
Journal of Applied Crystallography 32, 475-480 (1999) 

CARLSSON P., ZORN R., A DERSSO D. , 
FARAGO B., RICHTER D., TORELL L.M., 
BORJESSON L., JACOBSSON P. The segmental dyna­
mic. of a polymer ele.:trolytc investigated by neutron 
spm echo technique. 
In: "CP469, Slow Dynamics in Complex Systems: 
Eighth Tohwa University International Symposium", 
TOKUYAMA M., OPPENHEIM I. (Eds) (American 
Institute of Physics, 1999) pp. 607-614 

CASALTA H. , SCHLEGER P., BELLOUARD C., 
HENNION M., MIREBEAU I., EHLERS G. , FARAGO 
B., DORMANN J.L., KELSCH M., LINDE M., 
PHILLIPP F. Direct measurement of superparamagne­
uc fluctuation, in monodomain Fe particles \ia neutron 
spin-echo spectroscopy. 
Physical Review Letters 82, 1301-1304 (1999) 

CAVADINI ., HENGGELER W., FURRER A. , 
GODEL H.U., KRAMER K .. MUTKA H. Magnetic 
excitations m the quantum spm system KCuCl 1. ~ 
European Physical Journal B 7, 5 I 9-522 (1999) 

CENDOYA I.. ALEGRIA A., ALBERO! J.M. , 
COLMENERO J., GRIMM H., RICHTER D. , FRICK B. 
Effect of blending on the PVME d)nam1cs. A dielectric. 
NMR and QENS invesugation. 
Macromolecules 32, 4065-4078 ( 1999) 

CHAHID A., MCGREEVY R.L., WICKS J., MUTKA 
H. Critical narrowmg of molten 'Li062N3o __ 1, alloy - II. 
Approach lo the low Q limiting beha1 iour. 
Physica B 266, 121-125 (1999) 

CHARITAT T., BELLET-AMALRIC E., FRAGNETO 
G., GRANER F. Adsorbed and free lipid bilayers at the 
solid-liquid mterface. 
European Physical Journal B 8, 583-593 ( 1999) 

CHARRIER B., SCHMITT D. Investigation of the local 
atomic order in i-RE8Mg42Zn50 quasicrystals (RE = 
rare earth). 
In: "Proceedings of the International Conference on 
Aperiodic Crystals -Aperiodic'97", BOISSIEU M. DE, 
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