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11!1)§ Science and instrumental development were a great ucces in 1997. However, the year brought ome difficultie concer-
9[@ lliiil'S ning the future uranium upply and the financial situation, and these problems will extend into the future. In order to 
~ en ure long-term provision of uranium for the reactor, agreements were signed with the Ru ian authorities in 1996 pro­

viding for the supply of uranium for nine years. As part of this agreement, Rus ia became a scientific member of the ILL and this 
membership was operational throughout 1997. However, no uranium has been delivered and the ILL has therefore decided with 
regret that, with effect from I st January 1998, Rus ian scientific membership will be su pended until the uranium supply situation 
is successfully resolved. In the meantime the ILL is vigorously investigating alternative ources of fuel for the reactor. 
At present, nearly all national re earch in titutions are suffering budgetary con traints. This explains why al o international large 
facilities Like the ILL are under financial pressure. Currently, the ILL has to cope with an annual operating budget reduced by 6 MF 
compared to the original planning and with an additional reduction of 3.75 MF in 1998. 

evertheless, now that the ILL has been in existence for 30 years with the reactor having restarted 3 year ago, it might be appro­
priate to take stock of ILL's current situation and future prospects. The success tory of the ILL's operation is essentially based 
on 3 elements: 
• The high-flux reactor with integrated cold and hot ource was and still i unrivalled a the world's be t neutron source. 
• As a multinational institute, the ILL plays host to scientific visitor from a truly international community. It has thus advanced 
the culture of collaboration across frontier . 
• ILL's instrument suite has put the institute at the forefront of neutron cience. Moreover, it has been able to maintain its po i­
tion thanks to continuous effort to develop its instrumentation. 
Which of these are still true today? 
1. The refurbished reactor operates extremely reliably, even though we currently have to overcome problem concerning the long­
term procurement of fuel. 
2. As an international meeting place, « le carrefour des idees » ILL is booming. I 400 scientists visit the institute every year. When 
examining proposal , we note an ever increasing « promi cuity ». Experiments are very often performed jointly by different 
groups. At ILL,« ]'Europe vecue » comes true, and what is more, without any additional structural help! 
3. ILL's instrument suite is still regarded as the reference in international comparisons. 
The newly built thermal time-of-flight spectrometer IN4C is now being commissioned. Moreover, a moderate upgrade program­
me - spending some 28 MF over 5 years - will rejuvenate five instruments: with D 17, ILL will - 10 years late - offer a proper up­
to-date reflectometer. The diffractometer D 16 and the extremely sought after TOF instrument INS will both benefit from a consi­
derable flux increase. The liquid /amorphous diffractometer D4 will be equipped with a new set of multidetector . Thi will 
increase the data rate by 1 0! Finally, the upgrade of the three-axis spectrometer IN8 - aiming at increased flux and flexibility -
would not have been possible without the generous help of our Spanish partner. 
There is, however, no reason to sit back with our arms folded. There i still tremendous scope for possible improvements. The 
guide hall with its neutron guides, integrated in the fir t de ign of the reactor, wa a breakthrough 30 year ago. Since then much 
progress has been made in neutron beam-optics. The first supennirror guide at the ILL has been installed by the CEA for the CRG 
instruments D23 and IN22. Replacing some of the guides by superrnirror guides - combined with a rearrangement of thermal 
beam-position in the guide halls - would considerably increase flux or the available energy range and would thus create new 
opportunities, particularly in the thermal region. 
But even without major rebuild , there is plenty of opportunity for continuous improvement. Working towards improved mono­
chromators and neutron optics will increase the flux on the ample. And the u e of multidetectors can improve data rates often 
by more than an order of magnitude. A splendid example of this is the image-plate detector jointly developed by EMBL and ILL 
in collaboration with a German group, a technique which may well tum out to be revolutionary. 
In addition to these developments, which concern the number of recorded neutrons, I wi h to empha i e developments which aim 
to improve the quality of what neutron scattering can detect. Here I am thinking in particular about making use of polarisation 
and polarisation analysis. At present, 6 of the 25 (ILL-funded) instruments can, and do, make u e of polarised neutrons. After a 
long development, « CRYOPAD » ha entered a mature state and now permits polari ation analy i in all three directions. The 
prototype 3He polarisation-filter has passed its first tests in real life with « bravura » and can now be developed into a routine tool. 
And complementary to this, a prograrnrne to grow improved « Heusler » polariser cry tals has been e tablished at ILL. One does 
not need to be a prophet to predict a brilliant future for the various technique of polari ation analysis, provided sufficient up­
port in tenns of manpower and fund can be made available. 



I am, of cour e, aware that this is not the moment to ask for expensive modernisation programmes or an « n-ieme souffle ». 

However, ILL should not live without a vision. The reactor is good for two more decades; the problem of the end of the fuel cycle 
has been solved thanks to the generou help of the associate . The present problems of procurement of uranium can and will be 
olved. Even according to the most optimistic prediction , an alternative and more intense neutron- ource will not be available 

for another dozen years. Finally, there is no rea on not to expect warm rain after the pre ent financial drought. As outlined above, 
developments are pos ible at a modest price compared to basic operating costs which will give renewed impetus to the ILL and 
to the science it support . The ILL is still the world's leading facility in neutron research. It is worthwhile keeping a broader vision 
in mind and fighting to make this vi ion come true. 
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marquee par des difficultes concernant l'approvisionnement futur en uranium et par des difficulte financieres, et ces 

~ problemes se prolongeront dans les annee a venir. Afin d'a surer a long terme l'approvisionnement du reacteur en 
uranium, des contrats avaient ete signes avec les autorite russes en 1996, contrat qui prevoyaient la livraison d'uranium pendant 
neuf ans. Conformement a la convention signee avec Minatom, la Russie devenait membre cientifique de !'ILL. La participation 
scientifique de la Russie a ete effective tout au long de l'annee 1997. Cependant, aucun uranium n'a ete livre, l'ILL a done deci­
de, avec regret, de suspendre la participation cientifique de la Russie a compter du I er janvier 1998 jusqu' a ce qu ' une solution 
atisfai ante ait ete trouvee au probleme de l'approvisionnement en uranium. Entre-temps, !'ILL recherche activement des 

sources alternatives pour l'approvisionnement du reacteur en combustible. 

A l'heure actuelle, presque tous le in tituts de recherche nationaux soot confrontes a des contraintes budgetaires. Cela explique 
pourquoi les grands centres de recherche internationaux comme l'ILL subissent egalement des pressions financieres. 
Actuellement, l'ILL doit faire face a une diminution de 6 MF de son budget de fonctionnement annuel par rapport aux previsions 
initiales, a laquelle s'ajoute une baisse supplementaire de pres de 4 MF en 1998. 

Cependant, apres 30 ans d'exi tence et le redemarrage du reacteur ii y a 3 ans, ii peut sembler approprie de faire le bilan de la 
situation actuelle et de perspectives futures de !'ILL. Le succes de l'lnstitut repo e essentiellement sur 3 elements : 

• Le Reacteur a Haut Flux, avec ses sources integrees de neutron froids et chauds, etait et reste la meilleure source neutronique 
au monde. 

• En tant qu'institut multinational, !'ILL accueille des visiteurs scientifiques en provenance d'une veritable communaute inter­
nationale. II a ainsi favorise la culture de collaboration par dela le frontieres. 

• Le pare instrumental de !'ILL a perrnis de placer l'Institut a !'avant-garde de la science neutronique. De plus, !'ILL a reussi a 
maintenir sa position grace aux efforts continus pour developper son instrumentation. 

Que reste-t-il de vrai aujourd'hui ? 

I. Le reacteur remis en etat fonctionne de maniere extremement fiable, meme i nous devon actuellement urmonter de pro­
blemes concernant l'approvi ionnement a long terme en combustible. 

2. En tant que lieu de rencontre international, !'ILL, « carrefour des idees », e ten plein essor. I 400 cientifiques viennent a 
l'lnstitut chaque annee. Lors de l'examen de proposition d'experience, nous notons une « promi cuite » de plus en plu gran­
de. Le experience soot tre souvent realisees conjointement par differents groupes. A !'ILL, « !'Europe vecue » est une realite, 
et cela, sans aucune aide structurelle supplementaire ! 

3. Le pare instrumental re te la reference au niveau international. 

Le nouveau spectrometre therrnique a temps de vol, IN4C, est en passe d'etre operationnel. D'autre part, un programmed ame­
lioration modere - environ 28 MF sur 5 ans - permettra de rajeunir cinq instruments : avec D 17, l'ILL propo era -avec 10 ans de 
retard - un reflectometre reellement a la pointe du progre . Le diffractometre D 16 ainsi que I' instrument a temps de vol INS, tou­
jours tres demande, beneficieront tous deux d'une augmentation considerable de flux. Le diffractometre liquides/amorphes, D4, 
era equipe de nouveaux multidetecteur , ce qui permettra de multiplier la vitesse d'acquisition des donnee par 10 ! Entin, !'ame­

lioration du spectrometre a 3 axes IN8 - visant a augmenter le flux et la flexibiJite - n' aurait pas ete po sible san I' aide genereuse 
de notre partenaire espagnol. 

II n'y a cependant pas de raison de re ter a is le bras croises. Les possibilites d'amelioration re tent immen e . Le hall avec 
ses conduits de neutrons, integres lors de la conception initiale du reacteur, representait ii y a 30 ans une percee technologique. 
Depuis, de nombreux progres ont ete faits dans le domaine de l'optique de faisceaux neutroniques. Le premier guide multi­
couches a ete installe a !'ILL par le CEA pour les instrument CRG D23 et IN22. Le remplacement de certains guides par des 
guides multicouches - combine a un rearrangement des position de faisceaux therrniques dans le hall des guide - augmenterait 
considerablement le flux ou la largeur du spectre en energie disponible et creerait ainsi de nouvelles opportunites, en particulier 
dans le regime therrnique. 

Mais, meme sans reconstructions majeure , ii existe de nombreu es po ibilite d'ameliorer regulierement les instrument . 
L'amelioration de monochromateurs et de I optique neutronique perrnettrait d'augmenter le flux sur l'echantillon. L'utilisation 
de multidetecteur peut ameliorer la vite e de donnees, ouvent de plus d'un ordre de grandeur. 



Developpee conjointement par l'EMBL et l'ILL en collaboration avec un groupe allemand, la detection par pho pho-imageur a 
plaque , une technique qui pourrait se reveler revolutionnaire, en est un splendide exemple. 
Outre ces developpements qui concement !'augmentation du nombre de neutrons utiles, je voudrais souligner le developpements 
qui visent a ameliorer la qualite de ce qui peut etre mesure grace a la diffusion de neutrons. Je pen e en particulier a !'utilisation 
de la polarisation et de !'analyse de polarisation. 
Actuellement, 6 des 25 instruments (finances par !'ILL) peuvent utili er, et utilisent des neutrons polarises. Apres une longue 
periode de developpement, « CRYOPAD » est maintenant au point et permet une analy e de polarisation a troi dimen ions. Le 

• prototype de filtre a 3He polarise a passe 'con bravura' ses premiers tests dans de conditions reeUes et peut maintenant etre deve­
loppe en tant qu'instrument 'de routine'. En complement, !'ILL a mis en place un programme vi ant a produire des cristaux pola­
risants « Heusler » de qualite amelioree. n n'est pas necessaire d'etre prophete pour predire un avenir brillant aux differentes tech­
niques d'analyse de polarisation, a condition qu'elles puissent disposer d'un support suffisant en termes de main d'reuvre et de 
moyens financiers. 

Je suis bien entendu conscient que ce n'est pas le moment de demander la mise en place de programmes d'amelioration co0teux, 
ou un « n-ieme souffle ». Cependant, !'ILL de devrait pas vivre sans une vision d'avenir. Le reacteur est en etat de fonctionner 
encore 20 ans; le probleme de la fin du cycle combu tible est regle grace a !'aide genereuse des Associes. Les problemes actuels 
concemant l'approvi ionnement en uranium peuvent etre, et seront resolus. Meme en e fiant aux predictions les plus optimistes, 
une source alternative de neutrons plus intense ne sera pa disponible avant 12 ans. Et, pour terminer, ii n'y a aucune rai on de ne 
pas esperer « une pluie bienfaisante » apres « la secheresse financiere » actuelle. Comme souligne precedemment, de develop­
pements sont possibles pour un co0t modeste compare aux frais de fonctionnement de base. lls redonneraient un nouvel e or a 
l'ILL et a la science qu'il outient. L'ILL reste a la pointe de la recherche neutronique dans le monde. Cela vaut la peine d'avoir 
a !'esprit une vision plus large et de se battre pour que cette vi ion se concretise. 

1997 war ein erfolgreiches Jahr fur die wi senschaftlichen Aktivitaten und die Instrumententwicklung. Es brachte jedoch 
\l auch einige Schwierigkeiten bei der Be chaffung von Uran und <lurch die etwas angespannte Finanzlage, 
r..:::-- Schwierigkeiten, die noch andauern werden. Um die Uranversorgung fur den Reaktor langfristig zu sichern, sind 1996 

mit den russischen Behorden Abkommen fur die Lieferung von Uran fiir die Dauer von 9 Jahren abgeschlos en worden. Im Rahmen 
dieser Abkommen wurde Ru8Iand wissenschaftliches Mitglied des ILL und diese Mitglied chaft war auch im gesamten Jahr 1997 
giiltig. Es sind jedoch keinerlei Uranlieferungen beim ILL eingetroffen, und es wurde daher mit Bedauern entschieden, die russi che 
Mitgliedschaft ab dem 1. Januar 1998 voriibergehend ruhen zu !assen, bi das Problem der Uranlieferungen erfolgreich gelost ist. 
lnzwischen versucht das ILL intensiv, alternative Losungen fiir die Be chaffung von Brennstoff fiir den Reaktor zu finden. 

Zur Zeit werden an fa t alien staatlichen Forschungseinrichtungen die Budgets gekiirzt. Die ist auch der Grund, warum intema­
tionale Grossforschung einrichtungen wie da ILL unter finanziellem Druck stehen. Gegenwartig ist das ILL mit einer 
Budgetkiirzung for den jahrlichen Betriebshaushalt von 6 MF gegenilber dem urspriinglich veranschlagten Haushalt plan kon­
frontiert, und eine weitere Kilrzung von 3,75 MF ist for 1998 vorgesehen. 
Dennoch nach 30-jahrigem Bestehen des ILL und nachdem der Reaktor vor drei Jahren wieder startete, mochte ich eine Bilanz 
der gegenwartigen Situation und der Perspektiven fiir die Zukunft des ILL ziehen. Der Erfolg des ILL beruht ilberwiegend auf 
drei Faktoren : 

• Der Hochfluflreaktor m.it seiner integrierten kalten und heissen Quelle bleibt nach wie vor die beste Neutronenquelle der Welt. 

• als multinationales lnstitut empfangt das ILL Gaste, die tatsachlich aus der ganzen Welt kommen und ptlegt somit grenziiber­
greifendes Zusarnmenarbeiten. 

• Dank des lnstrumentenparks des ILL steht da Institut in der Neutronenfor chung ganz vorn, und die standigen Bemilhungen, 
die Instrumentierung weiterzuentwickeln, haben es ermoglicht, die e Position beizubehalten. 
lnwieweit trifft dies heute noch zu ? 

I. Der sanierte Reaktor arbeitet au8erst zuverlassig, obgleich wir zur Zeit mit Problemen fiir die langfristige Beschaffung von 
Brennstoff konfrontiert sind. 

2. Da ILL wird immer mehr zu einem internationalen Treffpunkt einem sogenannten « carrefour des idees ». 

1 400 Wissenschaftler be uchen es jahrlich. Bei der Prtifung von Me8antragen stellen wir fest, da8 die Kooperationsbereitschaft 
der Wis enschaftler tandig zunimmt: haufig werden Experimente von ver chiedenen Gruppen gemeinsam durchgefiihrt. Im ILL 
wird das « Europe vecue » verwirklicht und da ohne irgendwelche zu atzlichen Strukturhilfen! 

3. Der lnstrumentenpark des ILL ist nach wie vor die Referenz im intemationalen Vergleich. 
Das neu gebaute Flugzeitspektrometer IN4C wird zur Zeit in Betrieb genommen. Au8erdem werden im Rahmen eines modera­
ten Modernisierungsprogramms - mit zirka 28 MF iiber einen Zeitraum von 5 Jahren - 5 Instrumente emeuert: mit D 17 wird das 
ILL - nach zehn Jahren - ein Retlektometer bauen, da dem neilesten Stand der Technik ent pricht. Sowohl das Diffraktometer 
Dl6 al auch da vielbegehrte Flugzeitinstrument INS werden vo_n einer eutronenflu8 teigerung profitieren. Da fliissig/amorph 
Diffraktometer D4 wird mit neuen Multidetektoren ver ehen, was die"Datenleistung um ein I O faches teigert! 



Weiterhin wird das Dreiachsenspektrometer INS verbessert - gesteigerter FluB und gro8ere Flexibilitat - was ohne die groBzilgige 
Hilfe durch den panischen Partner nicht moglich gewesen ware. 
Dies i t jedoch kein Grund filr das In titut , sich auf seinen Lorbeeren auszuruhen. Es gibt unzlihlige weitere 
Verbes erungsmoglichkeiten. Die Leiterhalle mit den im ersten Reaktordesign integrierten eutronenleitem stellte vor 30 Jahren 
einen Durchbruch dar. Seither wurden in der Neutronenstrahloptik gro8e Fortschritte gemacht. Der erste Superspiegel­
Neutronenleiter wurde am ILL vom CEA filr die CRG Instrumente D23 und IN22 installiert. Wenn man einige der Leiter durch 
Superspiegel-Neutronenleiter ersetzt - kombiniert mit einer neuen Anordnung der therrnischen Strahlpositionen in den 
Leiterhallen - konnte man den NeutronenfluB oder den zur Verfilgung stehenden Energiebereich betrachtlich erhohen und somit 
neue Moglichkeiten, insbesondere im therrnischen Bereich, chaffen. 

Aber sogar ohne groBere Umbauten gibt es viele Modemisierungsmoglichkeiten. Verbesserungen der Monochromatoren und der 
Neutronenoptik gewlihrleisten einen besseren NeutronenfluB auf den Proben. Die Anwendung von Multidetektoren kann die 
Datenleistung haufig um mehr als eine GroBenordnung verbessem. Ein hervorragendes Bei pie! dafilr ist der Image-Plate 
Detektor, der gemeinsam vom ILL und dem EMBL in Zusammenarbeit rnit einer deutschen Gruppe entwickelt wurde, eine 
Technik, die sich als revolutionar erweisen konnte. 

Zusatzlich zu diesen Entwicklungen, die die Anzahl der gemessenen Neutronen betreffen, mochte ich den Akzent auf 
Entwicklungen setzen, die das Ziel haben, die Qualitat de sen zu steigem, was die Neutronen treuung entdecken kann. Dabei 
denke ich insbesondere an die Anwendung von Polari ation und Polarisationsanalyse. Zur Zeit sind 6 der 25 (vom ILL finan­
zierten) In trumente in der Lage, polarisierte Neutronen zu produzieren und zu benutzen. Nach einer langen Entwicklungsphase 
i t « CRYOPAD » nun reif filr Polarisationsanalysen in alle drei Richtungen. Der Prototyp des 3He-Polarisationsfilters hat seinen 
ersten Einsatz mit Bravour bestanden und kann nunmehr zum Routineinstrument ausgebaut werden. Erganzend dazu hat das ILL 
ein Programm fur die Zucht von verbesserten « Heusler » Polarisationskristallen begonnen. Auch ohne Prophet zu sein, kann man 
den ver chiedenen Techniken der Polarisationsanalyse eine brillante Zukunft vorau sagen, oweit ausreichende Mittel in Form 
von Manpower und Finanzen zur Verfiigung gestellt werden konnen. 

Mir ist selbstverstandlich klar, daB der Zeitpunkt nicht geeignet ist, teuere Modemisierung programme oder einen « n-ieme 
souffle » fur das ILL zu verlangen. Jedoch ollte das ILL nicht ohne Perspektiven leben. Der Reaktorbetrieb ist fur die kommen­
den zwei Jahrzehnte gesichert; das Problem mit dem Brenn toffkreislauf wurde dank der groBzilgigen Hilfe der Gesellschafter 
gelost. Die gegenwlirtigen Probleme der Uranver orgung sind lo bar und werden gelost. Auch nach optimistischsten Vorhersagen 
wird eine alternative und starkere eutronenquelle vor gut einem Jahrzehnt nicht zur Verfilgung stehen. SchlieBlich gibt es kei­
nen Grund, nach der gegenwlirtigen finanziellen Trockenheit keinen warmen Regen zu erwarten. Wie oben beschrieben, sind 
Modemisierungen moglich, deren Kosten im Vergleich zu den Betriebskosten bescheiden sind und die dem ILL und seinen wis­
senschaftlichen Aktivitaten neue Impulse geben konnen. Das ILL ist nach wie vor die fiihrende Forschungseinrichtung in der 
Neutronenforschung. Man sollte rnit Weitblick in die Zukunft sehen und sich dafur einsetzen, Visionen wahrzumachen. 

REINHARD SCHERM 

Reinhard Scherm surrounded by the two ladies of his ILL director's life: 
his wife Gisela (right) and his secretary Barbara Standke. 







Segmental dynamics in unusual core-shell 
macromolecules: amphiphilic dendrimers 

■ H . FREY , C . LACH , K. L ORENZ , B. S TARK , B. S T0HN ( U NIV. f REIBURG}, 

■ B. FRICK{ILL}. 

Dendrimers based on a flexible carbosilane scaffold with perfluorohexyl (- C6F13) endgroups were investigated 
using x-ray and quasielastic neutron-scattering. The microphase separation between the dendrimer core and the 
endgroups leads to mesostructure which is lamellar for generation g = I and columnar for g = 3. The lateral order 
between th e endgroups decreases with g. From quasielastic neutron-scattering experiments two components of 
the dynamic structure-factor are found; coherent scattering from the end groups and incoherent scatter ing from 
the dendri mer core. The segmental diffusion of the core as well as the rotational diffusion of the end groups 
decreases w ith g. 

Recent years have brought significant progress in the under­
standing of the egmental dynamics in polymers. 
Quasielastic neutron-scattering was a key experimental 
method as it provides information on both the spatial and 
the time correlation of the dynamics of segments. The main 
intere t so far was in the dynamics of linear chain polymers 
in solution and in the melt. Questions concerning the impact 
of the hydrodynamic interaction and the effect of entan­
glement were studied in great detail. 

Molecular architecture 
and static structure 
In thi report we con ider the segmental dynamics in 
macromolecules which are of more complex but well defi­
ned architecture [I] . Dendrimer are highly regular casca­
de polymer 12]. They repre ent the first class of synthetic 
macromolecules that can be prepared absolutely mono­
disperse. In this re pect, dendrimers resemble biological 
macromolecules. umerous applications are discussed for 
dendrimers at pre ent, e.g. catalysis, drug targeting as well 
as medical imaging technique . Furthermore, dendrimers 
are discussed as preci ion standards for gel permeation 
chromatography. However, in contrast to their ynthesis, 
their solid tructure, supramolecular ordering and seg­
mental dynamics have been little investigated so far. 

The centre of a dendrimer (inset in Fig. 1) is (in the pre­
sent case) a 4-functional unit from which branches of well 
defined length emanate. They end again in a 4-functional 

Figure I: The chemical structure (inset : • Si, S, • F) and the lomellor 
superstructure of the ~rst dendrimer generation. A bar in the dendrimer core 
structure denotes o - C3H6 group. 
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Figure 2: The dynamic structure-factor as obtained on IN 16. It consists of 
the sum of a narrow (green) and a broad (red) component 

unit and thus complete the fir t generation (g = I) of the 
dendrimer. Further branching lead to a perfect tree-like 
structure. We tudy the variation of structure and egmen­
tal dynamics with increasing number of generation . The 
inset of Fig. I hows the chemical structure of a genera­
tion I dendrimer based on carbosilane. The endgroups are 
- C6F13 units which may be thought of a stiff helical 
molecules. They micropha e separate from the interior of 
the dendrimer which may therefore be considered a mono­
molecular micelle. In the bulk the pherical symmetry of 
the dendrimer is broken due to the uper tructure caused 
by thi micropha e separation. In Fig. I we how the laye­
red structure formed by the first generation of the dendri­
mer as deduced from analysis of x-ray scattering data. The 
- C6F13 groups form tratified double layers at the expen­
se of a strong deformation of the carbosilane scaffold of 
the dendrimer. This layered structure is al o found in cry -
tals of CnFzn+Z· The total thickness of a layer is 2.8 nm. 
The lateral packing of the endgroup is hexagonal but 
shows significant disorder. For g = 2 the uperstructure is 
less we!J ordered, g = 3 shows columnar structure [ I ] . 

Quasielastic 
neutron-scattering 
The quasielastic neutron-scattering profile a measured on 
the backscattering pectrometer IN 16 clearly bows two 
contributions as shown for a selection of Q in Fig. 2. The 
full lines in the figure are a fit using two lorentzian line 
convoluted with the experimentally determined resolution 
of the in trument. A a re ult we obtain the Q dependence 
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Figure 3: The segmental diffusion coefficient D (green) and the rotational 
diffusion (red) (given in energy units) showing the decrease of both with the 
generation of the dendrimer. 

of tbe full width at half maximum (FWHM) for both com­
ponents of the dynamic structure-factor representing the 
pace-time correlation of the segmental dynamics. 

From the molecular structure of the dendrimer one indeed 
expects two separate contributions to the cattering. One 
component is coherent from F and C in the endgroups, the 
econd ari e from the incoherent cattering from H in the 

interior of the dendrimer. Thi interpretation is supported 
by the relative intensity of the two contribution . The 
broad component di play only very weak temperature 
and Q dependences and is related to the rotational diffu-
ion of the - C6F13. The FWHM llWrot i of the order of 
I O µe V and thus of the ame magnitude a observed for the 
rotational diffusion of C20F42 helice in the crystal [1 J. 

The second component of the dynamic structure-factor 
di plays a line broadening llW oc QY. For Q < 10 nm-I the 
data show y = 2 in accordance with a imple diffu ive 
motion and the resulting diffusion coefficient is given in 
Fig. 3. It decreases markedly with g and a decrease in the 
rotational diffu ion i al o found. 

Thi decrea e in mobility with g may be due to the varia­
tion in packing density associated with the increase in 
connectivity. It is only qualitatively explained by recent 
theoretical work 14 l. 
The main result of thi study i that the structure and the 
egmental dynamics of the core shell dendrimer 

are trongly influenced by the balance between the pri­
marily spherical tructure of the molecule and the layered 
superstructure enforced by its stiff endgroups. 
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Diffraction studies of alignment 
of plate-like particles under flow 

■ A . B . D . BROW N, S. M . CLARKE , A . R . RENN I E {UN IV. CAMBR ID GE) , 

■ P. CONVERT, T . HA N SE N (ILL) . 

Neutron diffraction has been used to study the shear alignment of various plate-like particles. In contrast to other 
experimental techniques, the full angular orientation-distribution can be measured and this can be done at high 
volume fractions. Data for a sample of kaolinite lies between the calculations for a dilute fluid and a nematic liquid 
crystal. The time-resolved (stroboscopic) data-acquisition system on D20 can be used to follow relaxation pro­
cesses on the time scale of less than a millisecond up to a number of seconds. The rate of ordering and relaxation 
under flow was studied using this technique. 

Introduction 
Many fluids such as polymers and colloidal di persions 
display complicated rheological properties. The visco ity 
may decrease with increasing shear rate (shear thinning) 
or increase (shear thickening); changes in both elastic and 
viscous response can also be observed with amplitude of 
strain and shear history. 

Many industrial processes are concerned with these non­
linear properties though they are very poorly understood. 
In consequence, there is much research interest to under­
stand this behaviour using computer simulation and expe­
riment. To explain these phenomena and test theoretical 
models, it is important to determine and understand the 
particle motion, structure and orientation a well as the 
large- cale mechanical properties. 

The Bragg diffraction from dispersions of crystallites is 
proportional to the number of crystallites in the correct 
orientation to diffract. If the sample is placed at different 
orientations then the number of crystallites at all orienta­
tions with respect to the sample can be measured (see 
Fig. I a). This technique can be applied to a variety of flow 
geometrie , particles and dispersing media 111 . 

Incident 
neutron 
beam 

Shear cell mounted 
in a Euler cradle 

Figure I a: Schematic diagram of measurement of orientation from aligned 
crystallites in a dispersion. The Bragg diffraction from crystallites is propor­
tional to the number of particles in a particular orientation. The diagram also 
shows the orthogonal, principal axes of ffow: the ffow direction, F. the shear 
gradient direction, G and the vorticity direction, V. 

Recent work has concentrated on dispersions of plate-like 
particles which are of widespread practical importance: 
for example as coatings in the paper industry and as 
drilling muds. 

The penetration of the neutrons through both liquids and 
materials used to make flow cells is of particular advan­
tage. A rotating di c hear cell ha been constructed to fit 
within the Euler cradle on the diffractometer D20 and is 
shown in Fig. I b. 

The cell can be oriented in any direction with respect to 
the incident beam and the inten ity of various Bragg peaks 
measured simultaneously on the 160° multidetector. 

Measurements of diffraction 
under flow 
The simple t experiment are on alignment in a con­
tinuous, uniform shear gradient. In kaolinite the { 00€) 
reflections are characteri tic of the orientation of the plate 
normals and so were used to measure the orientation di -
tribution of plate within the ample. 

The inten ity was investigated in many directions within 
the sample. 

Figure I b: Disc/disc cell for uniform shear mounted on the Euler cradle of 
D20. The cell is made from aluminium and has a diameter of 20 cm giving 
reasonab~ uniform shear gradients over an area of I cm 2 near the edge of 
the cell. 



Data are shown in Fig. 2 for a 50% w/w dispersion of kao­
linite, displaying the distribution of the plate orientations 
for a number of shear rates. As shear rate is increased the 
particles become more aligned and the direction of align­
ment of the plate normals moves towards the shear gra­
dient direction, i.e. the plates tend to align along the flow 
direction. Results in the form of plots of order parameter 
against the angle of alignment can be compared with 
theoretical models for dilute and liquid crystalline fluids 
[21. This clay, at a high concentration, behaves between 
these extreme models. The high flux and large multidetec­
tor of D20 are important as it is necessary to measure 
many data points from fairly weak scattering samples. The 
ability to measure several Bragg peaks simultaneously 
allows the full particle-orientation distribution to be mea­
sured and improves the range and statistics of scattering 
patterns where one Bragg peak is obscured by the sample 
cell or cradle. 

The troboscopic collection of diffraction patterns as a 
serie of repeating time slices, allowed the formation and 
relaxation of this order to be investigated on starting and 
stopping the flow. Measurements in a periodic, stepped 
flow are shown in Fig. 3. The rate of alignment and relaxa­
tion are clearly not the same, the former being much more 
rapid. The rate of reorientation can be measured as a func­
tion of volume fraction and gives a measure of the local 
rotation rates of particles in fluids subject to shear. 
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Figure 2: Normalised diffracted intensity for the (002) and (004) Bragg 
peaks for kaolinite in 020 at a number of shear rates. The angle is zero in 
the shear gradient direction, positive in the compressional quadrant and 90° 
in the shear row direction. The data have been normalised to the incoherent 
scattering from the water. 

Conclusions 
Only a small fraction of the data that can be obtained from 
time-resolved and continuous measurements of orienta­
tion in dispersions can be displayed in a hort report. The 
high flux has allowed detailed measurements on regions 
of uniform flow. 

This area of application of neutron diffraction now offer 
many exciting possibilitie in the areas of pure science and 
engineering. Maps of non-uniform flow fields can be pre­
pared using a small beam-size. 

Re-orientation dynamics can be investigated in materials 
under the influence of magnetic or electric fields as well 
as mechanical stress. 
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Figure 3: Intensity map of diffraction against angle and time for 28% wlw 
kaolinite for a shear rate of 8 s- 1 for 90 seconds and stop for 90 seconds 
(each time slice is 2 seconds). The analysis of this data is shown in the inset 
Inset: Normalised intensity for the (004). The measurement was made close 
to the shear gradient direction and the plate normals align in this direction 
during row. 
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-Homogeneous nucleation and growth 
studied by time-resolved 

small-angle neutron-scattering 

■ S . U . EGELHAAF (ILL) , 

■ P. 5CHURTENBERGER (ETH ZORICH), 

■ J . MORRIS, U , OLSSON, H . WENNERSTROM (LUND UNIVERSITY) . 

Time-resolved small-angle neutron-scattering experiments were used in order to follow the nucleation and growth 
of big oil drops after an oil-in-water microemulsion consisting of spherical droplets is temperature-quenched into 
a two phase situation where excess oil separates out. The experiments provide detailed information on the tem­
poral evolution of the size distribution of oil drops and small microemulsion spheres and demonstrate the power 
of time-resolved small-angle neutron-scattering experiments for studying pathways and kinetics associated with 
the re laxation to equilibrium in surfactant systems. 

Oil and water can form thermodynamically stable phases 
in the presence of a surfactant. These microemulsions exhi­
bit a range of nanoscale structures where water and oil 
domains are separated by a surfactant film. During the last 
decade a detailed understanding of the factors determining 
the stability of the phases and their structure has been esta­
blished. This knowledge is now utilised so that micro­
emul ions erve a model system for studying a range of 
basic physical and chemical processes [ I J. 
While we have seen significant progress in our understan­
ding of equilibrium properties, much less is known about 
non-equilibrium or metastable states and the pathway and 
kinetics associated with the relaxation to equilibrium. One 
such process, namely the separation of an oil phase from 
oil-in-water microemulsion droplets, is the subject of the 
present study. 
We start from an equilibrium system consisting of oligodis­
perse spherical droplets of oil (decane) covered with a sur­
factant film (C 12E5), with structural and dynamic properties 
that closely follow those of a hard-sphere fluid [1.21 . The 
system is then temperature quenched into a two pha e situa­
tion where excess oil separates out and coexists with a 
microemulsion of maBer droplets. To reach the equili-

Figure I: At t = 0 on equilibrium system of o/igodisperse oi~in-woter microe­
mu/sion droplets is quenched into a two phase area where, at (,no/ equili­
brium (t = 00), smaller droplets coexist with on excess oil phase. The oil phase 
nucleates at a few of the initial droplets which subsequently grow (t > 0), 
allowing the majority of droplets to decrease in size. This growth phase pro­
ceeds with a constant number of large drops (t » 0). 

brium state the oil phase has to nucleate. From turbidity 
experiments we have evidence that thi is a homogenous 
nucleation-process. The nucleation involves the growth of 
some of the droplets of the initial microemulsion, while the 
majority of droplets decrease in size (Fig. I). The free­
energy changes in this process are dominated by the cur­
vature energy of the film. It was e tablished both theoreti­
cally and experimentally that for moderate quenches a bar­
rier for the nucleation exists, while for deeper temperature 
quenches the system is locally unstable 13.41 
However, while turbidity measurements may report on the 
onset of nucleation, alternative techniques are clearly nee­
ded to follow the phase separation process in more detail 
and to obtain structural information. We tried to use time­
resolved dynamic light-scattering measurements in order to 
monitor the formation and growth of the larger oil drops, 
but these experiments were not very successful. The overall 
intensity was completely dominated by the contribution 
from the small microemulsion droplets, and the big oil 
drops became visible only in the late stages of phase sepa­
ration. 
However, with neutron scattering we can take advantage of 
the enormous changes in scattering contrast that can occur 
upon isotopic substitution. We worked with C12E5 and 
D2rdecane in mixtures of H2O and D2O and adjusted the 
H2O/D2O ratio in order to match out the contributions from 
the initial small droplets, therefore obtaining maximum 
sensitivity to the growth of the larger drops. The small­
angle neutron-scattering experiments were performed on 
the instrument D22, which is particularly suited for time­
resolved experiments 15(. Following a temperature quench 
into the unstable regime, scattering curves were measured 
for periods of 30 seconds over an observation period of 
more than two hours. Fig. 2 shows a sequence of scattering 
curves from one experiment, and it clearly demonstrates 
the dramatic changes in the scattering as time progresses . 



0.005 0.01 Q (A-') 0.05 

Figure 2: Sequence of scattering curves from a time-resolved small-angle 
neutron-scattering experiment recorded during the nucleation and growth of 
on excess oil phase from oil-in-water microemulsion droplets. For clarity only 
every second measurement is shown. As on example the scattering curve 
obtained at t = 3150 s is added as on inset 

Although the isotope compo ition was adjusted in order to 
minimise the contribution from the small droplets of the 
initial system at low Q, it is not po sible to obtain perfect 
matching ince they have a certain degree of polydispers­
ity. Therefore we observe a finite inten ity at Q :::: 0 A- 1 

even at time zero, i.e. before any large drop have been for­
med. The maximum observed initially at Q :::: 0.04 A- 1 

reflect the average size of the small droplet of R :::: I 00 A. 
As time progres es it move to higher Q-values, indicating 
a decrease of the rnicroemul ion droplet ize. At the end of 
the experiment the small droplets have still not reached 
their final equilibrium size of R :::: 60 - 80 A. 
The growing scattering amplitude at low Q-values is due to 
the few large drops. The large drops retain an oligodisperse 
(crR = 0.3) size distribution as can be seen qualitatively from 
the 'hump' in the scattering curves, which at later times 
appears at Q:::: 0.02 A -1 and corresponds to the econd peak 
in the form factor of a sphere. While a quantitative analysis 
of the intensity contribution from the small droplets will 
require explicit incorporation of interparticle interaction 
effects, the large drops are so few that their relative posi­
tion are completely uncorrelated and can be treated as an 
ideal gas of drops. A Guinier analy i of the behaviour at 
low Q yields the time-dependence of the radius of gyration 
Rg, big of the large drops as hown in Fig. 3. 
The following qualitative picture of the nucleation/growth 
proces emerges from our time-re olved small-angle 
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Figure 3: Time-dependence of the radius of gyration Rg, big as obtained from 
a Guinier fit Also shown is the power law behaviour expected for a classical 
Ostwald ripening process. 

neutron- cattering study: there is an initial rapid nucleation 
pha e, which end when the depletion zones of oil mono­
mers, that develop around each nucleus, overlap through­
out the system. This is followed by a growth pha e where 
individual dis olved oil molecule diffu e from the mall 
droplet to the larger nuclei . This i supported by the time­
dependence of Rg, big which follows a power law of the 
form Rg.big ~ tl /3 (the initial deviation i mainly due to the 
different contrasts of the deuterated oil core and the hydro­
genated surfactant shell). The number of large drop 
remains constant, indicating that drop-drop coalescence is 
a negligible process under the circumstances. This i 
con istent with an Ostwald ripening of the nuclei that were 
formed during a short nucleation bur t following directly 
after the temperature quench. This growth pha e continues 
for long times. 

The experiment provide us with data on the initial forma­
tion and sub equent growth of the oil drop initiated by a 
temperature quench of an oil-in-water rnicroemulsion. For 
the fir t time we have access to the temporal evolution of 
the ize distribution of oil drops and small rnicroemulsion 
spheres, which will allow for a detaiJed, quantitative des­
cription of the underlaying proce e . 

This fir t series of experiments demon trates the power of 
time-re olved mall-angle neutron-scattering experiments 
for studying pathways and kinetics a sociated with the 
relaxation to equilibrium in surfactant system . 
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Diffusion in zeolites 

■ H . j O B IC ( IRC V ILL E U RB ANN E ), 

■ M. BEE (UJF G REN OBL E) . 

Zeolites are widely used in industry for a wide range of applications including adsorption and separation of gases 
and hydrocarbons, catalysis, drying, etc. Shape-selective separation and catalysis are based on restricted molecu­
lar diffusion in the microporous network. A detailed characterisation of molecular migration in these materials is 
therefore essential to model their transport properties. 

Introduction 
Zeolites are crystallised microporou materials offering 
channels or cavities of molecular dimension, hence the tenn 
molecular sieve. In zeolites, the size of the molecules can be 
comparable to the size of the pores. This leads to diffusion 
limitations and diffusion coefficients are from 3 to 12 
order of magnitude lower compared to the gas phase. 
Quasiela tic neutron-scattering has been u ed in recent 
years to characteri e the diffusion proces and to determi­
ne diffusion coefficients for molecules adsorbed in zeo­
lites. Depending on the structure and on the ad orbate, dif­
ferent jump diffusion mechani ms have been encountered. 

Xylenes/Faujasite 
The indu trial separation of para-xylene from C8 aroma­
tics (p-, o-, m-xylene and ethylbenzene) i an important 
step in the large cale synthesis of petrochemicals. 
Xylene are u ed as indu trial solvent or intennediate 
for many derivative . The para isomer i the most interes­
ting, it is at the basi of the production of polyester films 
and fibres. Each derivative must be produced with a high 
purity for further u e in ynthesis. Clas ical methods of 
separation, e.g. di tillation and crystallisation, are not effi­
cient or economically attractive and the processes now in 
operation are based on zeolites of faujasite structure with 
barium as compensating cation. The industrial processe 
work in the liquid phase at a temperature of ::::: 150°C. 
The faujasite tructure leaves large cavities of about 12 A 
in diameter, connected by windows about 8 A wide 
(Fig. I ). Smaller cavitie , the sodalite cages and the hexa­
gonal prism , are only accessible to small molecule like 
water. In all the e cavities, several cation po ition can be 
found: barium occupies mainly sites I and H wherea sites 
I , I' , II , and lII can be populated by sodium, with different 

occupation factors. Neutron diffraction reveals that xylene 
molecules are adsorbed at II cations, but the selectivity of 
BaX for para-xylene cannot yet be explained. 
It seems that the selectivity involves both equilibrium pro­
perties and diffusion behaviour. Wherea neutron diffrac­
tion gives equilibrium positions of the molecules at low 
temperature, the dynamics of the molecules can be cha­
racterised by quasielastic neutron-scattering in a wide 
range of temperatures, including those used in the indus­
trial proce s. Experiments were first perfonned on IN6 
with an energy resolution (::::: 100 µeV) corre ponding to 
relatively hort time scales, IQ- I I - 10- 12 s. On thi time 
scale, only rotational motions of the molecule within the 
supercages could be characterised. 

Figure I: Faujasite structure. Cation positions are indicated by roman 
numerals. 



In order to measure the diffusion from cage to cage, on a 
time scale of I0-9 s, the IN16 spectrometer, with a re o­
lution of :::: l µeV was used. The increased broadening of 
the elastic peak measured at different temperatures 
reflects the increase of the diffusivity of the molecules and 
it was found to be characteristic of a jump-diffusion pro­
cess with jumps of a fixed length occurring in random 
directions, this is known as the Chudley-Elliot model (Fig. 
2). All the pectra could be fitted simultaneously with this 
model. The jump length was found to be 5.5 A, which indi­
cates that the molecules jump from one site II position to 
another. This is the first time that this jump diffusion 
model has been so clearly observed in a zeolite. An 
influence of the cation on the dynamics of para and 
metaxylene was observed: the diffusion of both i omers is 
slower in BaX than in NaX, the para diffuses faster than 
the meta in aX, but the reverse i found in BaX. This 
could explain the higher para/meta electivity observed in 
this zeolite. 

Long alkanes/silicalite 
Silicalite has already found several applications in the 
field of chemical and fuel processing. Zeolitic membranes, 
i.e. membranes incorporating silicalite cry tals, are pre­
sently being studied in academic and industrial laborato­
ries They have great potential interest for major processes, 
e.g. hydrocarbon recovery, steam reforming, hydrogen 
removal, etc. A schematic picture of the silicalite structu­
re is shown in Fig. 3 (inset): there are straight channels 
running along the b axis, interconnected by zig-zag chan­
nels running along a, the size of both channels is :::: 5.5 A. 
Various experimental techniques and simulation methods 
have been used to study the mobility of n-alkanes in this 
zeolite. Differences of up to 6 orders of magnitude have 
been observed in the diffusion coefficients. For short 
alkanes, quasielastic neutron-scattering, pulsed-field gra­
dient NMR and molecular-dynamics simulations are in 
reasonable agreement, but large variations were noted 
with other methods like thermo-gravimetry, chromatogra­
phy, frequency response, etc. For longer alkanes, no 
microscopic results are available and simulation was 
ahead of experiment: the mobility of the e alkanes has 
recently been derived using a hierarchical approach ll ], 
which draws upon concepts from Brownian motion and 
transition state theories and is capable of simulating very 
long times (>100 ns). 
Quasielastic neutron-scattering experiments were recently 
performed on IN16 and the diffusion of Cg, Cw, C12, and 
C 14 could be characterised. Calculations and experiment are 
in agreement for the general trend: the self-diffusion coeffi­
cient decreases up to C8 but shows only a slight decrease for 
longer alkanes. However, the diffusion coefficients measu­
red by quasielastic neutron-scattering are smaller than the 
calculated values, by approximately a factor 10. This dis-
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Figure 2: Broadenings measured for para-xylene in NaX zeolite, at 355 K. 

crepancy can be attributed (i) to a larger loading in the 
quasielastic neutron scattering experiment and (ii) to a 
number of assumptions made in the calculations, e.g. rigid 
framework and coarse graining. For these long alkanes, 
there is no well defined absorption site and the spectra 
were fitted with a jump-diffusion model having a distribu­
tion of jump lengths. Diffusion in silicalite is anisotropic 
and information on the anisotropy of the diffusion can be 
obtained, as illustrated in Fig. 3 where it is shown that a 
better fit is obtained for 1D rather than 3D diffusion, when 
looking at distances corresponding to the length of a 
channel. The anisotropy is less pronounced when one 
looks at the diffusion over a distance of several channels. 
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Figure 3: Comparison between experimental(+) and calculated quasi­
elastic neutron-scattering spectra obtained for octane in silicalite. The blue 
curve corresponds to isotropic diffusion, the red one to one-dimensional 
diffusion (Q = 1.3 A-1). Inset: Si/icalite structure. 
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The phase diagram of water /ice 
and a new metastable phase of ice 

■ j . L . FINNE Y, C. L O BBAN (UN IV . COLLEGE LONDON), 

W . F . KUHS (UNIV . G O TT I NGEN) . 

The ice phase diagram is extremely rich, comprising I I confirmed crystalline phases, in which the water molecules 
link through hydrogen bonds to form tetrahedral frameworks. The structures and stabilities of many of these phases 
have been established definitively by means of neutron powder-diffraction in a British-German collaboration. This 
work is of importance to a large interdisciplinary group of researchers interested in the hydrogen bond, while the 
versatility of the water molecule in forming so many different structures is relevant to its biological importance. 

15 years ago, little was known about the structures of ice 
under pressure, most information in the literature being 
obtained from samples 'recovered' to ambient pressure at 
Liquid nitrogen temperatures. In the early 1980s, the high­
pressure facilities at ILL, together with the Rietveld pow­
der refinement technique, had developed to a stage where 
the tructures of mo t of these pha es could be studied 
under their conditions of stability. So began our collabora­
tion which has, through neutron work both at ILL and 
ISIS, not only sorted out a good part of the phase diagram 
(Fig. I), but has also led to new, unexpected results of wide 
significance. 

The earliest work using clamped high-pressure cells [ 11 
found that ice VIlI was antiferroelectrically ordered with 
non-bonded oxygen-oxygen contacts shorter than the bon­
ded distances. Although this might seem a strange result, it 
confirmed beautifully other ideas which stressed the impor­
tance of non-bonded repulsions in determining hydrogen 
bonded structures in general l 2 I. In addition to the 
expected hydrogen disorder, ice VII was shown to have 
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Figure I: The phase diagram of water/ice. Inset: The medium pressure 
range showing the melting curves of metastable ices IV and XII. 

oxygen di order. Again, this was initially unexpected, 
though it has been found more generally since, e.g. in 
the disordered medium pressure phase ice VI. The lower 
pressure part of the phase diagram was probed using the 
He-gas cell. This raised many experimental difficulties: ice 
V was almost impossible to form and ice III was very dif­
ficult. The problem was resolved when it was discovered 
that the helium gas was stabilising a previously unknown 
He-hydrate with a water molecule topology identical to that 
of ice II 13] - another unexpected result and new structure. 

The work on ice III and IX revealed that, in contrast to ear­
lier assumptions, both ices are partially (dis)ordered [41 . 
Very recently, full sets of data on ices III and V under 
various conditions of temperature and pressure have been 
obtained, thus ending a long-standing uncertainty about 
H-ordering in these phases. Ice III and ice V both show 
partial ordering in the 20 to 30% range even close to the 
melting point [5 ]. 

However, the phase diagram is still not fully understood. 
On several occasions during the last 15 years, powder lines 
have been seen that could not be identified with any known 
ice or clathrate pha e. As we have pinned down with 
increasing precision the preparation conditions for these 
phases, we have begun to back them into a corner. The first 
success has been ice XII, a totally new structure that we 
have found within the stability region of ice V and which 
was prepared by crystallisation from the liquid phase [6]. 
The topology of ice XII is unlike any of the known ice 
phases, and contains a mixture of 5 and 7 membered rings. 
The inset in Fig. 1 shows the tentative stability region and 
Fig. 2 the structure clearly exhibiting the 5 membered rings 
organised to form channels along the unique axis. Another 
metastable phase of ice, ice IV (Fig. 3), discovered in the 
1930s by Bridgman, was obtained in situ in our experi­
ments for the first time by following a slightly different 
preparation recipe. The density of ice V ( 1.402 g • cm-3 
for 020) i smaller than the densities of ice IV and XII 
( 1.436 and 1.437 g • cm-3 resp.), which are quite imilar to 



Figure 2: The H-bond framework of tetragonal ice XII viewed down the 
c-axis. The spacegroup is 142d, lattice constants are a = 8.304 A and 
C = 4.024 A_ 

each other. Both ice IV and XII are fully hydrogen disor­
dered, while ice V is partially ordered as mentioned above. 
On the other hand, differences occur in the degree of 
hydrogen-bond bending: compared to ice V and XII the 
structure of ice IV shows distinctly mailer bending, yet 
exhibit interpenetration of the H-bond framework, a phe­
nomenon sometimes referred to as auto-clathration. 
Clearly there are two way of increasing the density in 
water structures: additional hydrogen bond bending as in 
ice V and XII or hydrogen bond interpenetration as in ice 
IV and also in the next highest pressure phase, ice VI. At 
present, ice XII is the densest known phase of the water 
substance without interpenetration. Yet in all these struc­
tures the non-bonded repul ive con traints [2] are active 
and confirmed by our neutron results. 

Two lines of further research are now developing from 
these findings. First, the enhanced richness of the ice 
phase-diagram in the medium pres ure range is an excellent 
demonstration of the versatility of the water molecule that 
enables the building of a variety of hydrogen-bonded struc­
tures sometimes in very close competition for occupying 
the same region of p-T space. The seemingly delicate 
balance of enthalpic and entropic contributions to the total 
energy will thus allow us to te t very critically the viability 
of water potential functions used widely in computer cal­
culations in chemical and biomolecular systems. Secondly, 
the fact that we have formed metastable phases directly 

:···,- .. . ~-------~­
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Figure 3: The H-bond framework of rhombohedral ice IV showing the auto­
clathrate arrangement with H-bonds passing through the centre of 6 mem­
bered rings. 

from the liquid makes the water system now an excellent 
candidate for studies of metastability, including both ther­
modynamic and kinetic aspects of phase formation. 

This work has also demonstrated that neutron diffraction is 
by far the best method to explore the phase diagram of ice 
as it allows the detection of topological phase changes and 
any udden or continuou changes in H-ordering. At the 
same time, information on expansivities and compressibi­
lities is obtained which gives us further quantitative infor­
mation on the details of the chemically and biologically 
important water-water intermolecular interaction. 
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Neutron diffraction studies of solvent 
regions in coenzyme Cob(ll)alamin 

■ P. LANGAN, M . LEHMANN, S. MASON (I LL ) , 

■ C . W ILKINSON (EMBL) , 

■ G . j OGL, C . KRATKY (UN IV. G RAZ). 

Diffraction data have been collected from a crystal of coenzyme Cob(ll)alamin (BI 2r) using the high-resolution 
single-crystal diffractometer D 19 and a recently designed medium resolution single-crystal diffractometer based 
on a Laue-concept, LADI. Difference density maps reveal the atomic positions of seven highly ordered water mole­
cules and two partially disordered acetone molecules. These solvent molecules have important structural roles. 

The Vitamin B12 coenzyme form a cla of biological 
cofactors for several enzymes catalysing methyl-transfer 
and carbon-backbone rearrangement reactions. These 
cofactors have a very complicated chemical con titution, 
being the most complicated biological molecules known 
to date. The mechanism of the BI 2-dependent reactions 
are still a matter of dispute, although crystal structures of 
two B 12-containing proteins were determined recently 
r I . 21. We are interested in the 3D tructure of isolated B 12 
cofactors in order to contribute to an understanding of 
their complicated biological role. Of special interest to us 
is coenzyme B12r, which is a crucial and highly reactive 
intermediate in reactions of coenzyme B12- dependent 
enzymes. 

The x-ray crystal structure of B 12r was determined seve­
ral years ago [3 J, and we recently carried out neutron 
experiments on instruments D 19 and LAD! to elucidate 
the arrangement of solvent (water and acetone) molecules 
within these crystals. Elucidation of the structure of such 
solvent regions is one of the realm of neutron diffraction 
owing to the much larger scattering cross ection of hydro­
gen and deuterium for neutrons as compared to x-rays. 
This permits the observation of hydrogen or deuterium 
positions which are normally invisible in x-ray electron 
density maps. For this experiment, we grew crystals of 
B 12r from D2O/D6-acetone. A detailed comparison of the 
data collected on D 19 to better than I A resolution with 
those collected on LADI to 1.4 A resolution as well a 
synchrotron x-ray data to 0.9 A re olution is given in the 
technical section of this report. 

Coenzyme BI 2r has a molecular weight of about 
1500 Dalton and consists of a corrin ring and dimethylben­
zirnidazole nucleotide. ln the crystal, neighbouring mole­
cules are packed such that the phosphate groups of the 
nucleotides interdigitate forming relatively hydrophilic 
regions. Large open channels run through the crystal with the 
relatively hydrophobic corrin and benzirnidazole fragments 
making its walls. There are about 20 water molecules plus 
two molecules of acetone per B1 2r moiety. Figs. l and 2 
show details of difference den ity map calculated from the 
LAD! data with density representing ordered solvent. 

Figure I: Solvent density in the hydrophilic region around the phosphate 
groups as revealed by a difference density map computed with phases based 
on the x-ray crystal structure of BI lr. 



Figure 2: Density from the two hexodeutertHJcetone molecules which, toge­
ther with ordered water molecules, line the walls of the large open solvent 
channels. 

Highly ordered water molecules are found in the hydro­
phylic regions which form single, double, triple and qua­
druple water bridges between neighbouring phosphate 
group , Fig. I. All of the hydrogen bonding donor poten­
tial of these water molecules and 90% of their hydrogen 
bonding acceptor potential is used with bond length and 
angles similar to those observed in small hydrate struc­
tures. This network of water mediates the interaction 
of the phosphate groups with their surrounding environ­
ment and is mainly responsible for linking neighbouring 
molecules. 
Thi contrast with the situation in cry tal of coenzyme 
BI 2 [ 4] where there are more direct hydrogen bonds with 
group from neighbouring molecule and fewer bond 
through water. The difference in phosphodie ter confor­
mation between B 12r and the coenzyme B 12 is due to the 
different crystal packing environment of the phosphates 
and their interaction with this environment through water 
and hydrogen bonding. 

Paul Langan ( right) explaining the details of D 19 to Gerard Fillion (CNRS 
Grenoble). 

In the large open channels ordered water and acetone 
molecules line the wall with more disordered solvent 
molecules filling the channels. Ordered water molecules 
eem to anchor the acetone molecules over the corrin ring 

and dimethylbenzimidazole base thus interfacing the rela­
tively hydrophic walls with the enclosed olvent. In cry -
tals of the coenzyme B 12 such a channel does not exi t. 
The more disordered solvent molecules in this channel are 
being analy ed in detail u ing the high re olution data col­
lected on D 19. The importance of knowing hydrogen atom 
positions in order to under tand the relation hip between 
olvation and tructure in biological macromolecules can­

not be overestimated and these results will be an important 
contribution. 
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Interaction of the peptide penetratin 
with supported phospholipidic bilayers 

■ E. BELLET-AMALR I C , G . FRAGNETO (ILL), 
• F . GRANER , P. Duso s, T. CHAR ITAT (UNIV . GRENOB LE) . 

Neutron reflection has been applied to the study of model lipid membranes and to their interaction with a 
16-amino-acid peptide which possesses the unique feature to translocate across neuronal membranes without damag­
ing them. The membrane, consisting of a phospholipid bilayer deposited on the surface of silicon crystals, has been 
fully characterised and the peptide has been found to interact mainly with the polar heads of the lipid molecules. 

The incorporation of macromolecule in a cell pre ents a 
double intere t. At a fundamental level, it allows the tudy 
of the mechanism of transport aero s the barrier con titu­
ted by the lipidic membrane. At a more applied level it can 
be u ed for conveying a drug to a pecific target in the cell 
in mall do e . Targeting hydrophilic compound to the 
cytoplasm and nucleus of cells is, in principle, difficult 
because it requires the hydrophobic environment of the 
bilayer to be crossed. Cla ically this is obtained through a 
temporary di ruption of the membranes. The peptide pene­
tratin ha recently been shown to tran locate aero s neural 
cell membranes without damaging them, even when cou­
pled to drugs [I) . Thi urpri ing I 6-amino-acid peptide 
interacts directly with the lipids of the membrane, although 
it i not yet known how the lipid reorgani e around the 
peptide to let it pas through without any water leakage. 

We have used neutron reflection [ 21 to investigate the 
tructure of model membrane and their interaction with 

the peptide. Mea urement were made on an adapted 
configuration of D 16. Collimation I its of constant width 
were employed and the reflectivity wa measured down to 
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Figure I a: Re~ectivity profiles (circles) and fitted curves (lines) of a bilayer 
of protonated lipids (90% DPPC + I 0% DPPS) at the silicon/water interface. 
Water contrasts are as follows: (red) D2O, (green) H2O, (yellow) D2OIH2O 
mixture at the ratio I: 1.63 and (blue) D2OIH2O mixture at the ratio I :0.52. 

2-10-7. Our reflectivity re ults are among the very first 
obtained from thi traditional diffractometer. The tech­
nique ha already proved to be very u eful for tudie of 
material adsorbed at interface , both air/liquid and 
olid/liquid. Although not yet commonly used in biologi­

cal area , it repre ents one of the most uitable techniques 
for y tern , of interest in biology, such as a ymmetric 
bilayer or highly hydrated double-bilayers. 

The model membrane consisted of a phospholipid 
bilayer formed by 90% dipalmitoylphosphatidylcholine 
(DPPC) and 10% dipalmitoylpho phatidylserine (DPPS), 
dipalmitoylpho phatidylcholine being neutral and 
dipalmitoylpho phatidyl erine negatively charged. U ing 
the Langmuir-Schaeffer technique [ 3 I, bilayers were 
depo ited on the highly hydrophilic urface of ingle cry -
tals of silicon having a 13 A thick oxide layer and 2 Arm . 
roughne . The technique of deposition wa found to be 
very reproducible and to lead to good quality layer table 
over several day . 

Mea urements were made at the ilicon/water interface, 
the beam pa ing through 5 cm of ilicon. Reflectivity wa 
mea ured for each sy tern at everal D2O/H2O ratio 
which provided different cattering contrasts in order to 
con train the model u ed to fit the reflectivity profile 
and to provide more detailed information on the different 
regions of the bilayer. The analysis of the measured 
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Figure I b: A sketch of the model bilayer . 
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Figure 2a: Re~ectivity profiles (circles) and fits (dashed lines) from the sys­
tems silicon/H-lipids + peptide/D2O (green) and si/icon/D-lipids + pep­
tide/DP (red). The concentration of the peptide is 7.21- /0 -7 M. The conti­
nuous lines are the best fits of the corresponding profiles obtained without 
peptide and are included for comparison. Fig. 2b represents a sketch of a 
possible model. 

profiles was done using a new program written by A.R. 
Rennie (Cambridge Univ. ) and R.E. Ghosh (ILL). This 
allows the refinement of a unique set of layer parameters 
by fitting simultaneously several sets of data from the 
same chemical system. 

The lipid bilayer was studied first. Both protonated and 
deuterated lipids were employed. Fig. la shows the reflec­
tivity profiles from a protonated bilayer in four water 
contrasts together with the fitted curves from which the 
model described below and shown in Fig. 1 b was deduced. 
The membrane was found to have the structure of a sym­
metrical bilayer of overall thickness 47 ± 4 A. 20% of 
water was detected in the interfacial region (atomic force 
microscopy and transfer rate measurements also indicate a 
coverage of the surface of about 80% ). The head group 
regions were found to be adjacent both to the solid surfa­
ce and to the bulk water, with the hydrocarbon chains 
being in the central part. The thickness of the head groups 
is 8 ± 2 A and that of the chain region is 30 ± 2 A. 
The synthetic peptide penetratin was introduced below the 
lipid layer in the Langmuir trough before the deposition 
on the solid surface. Two concentrations were investigated 
and eight profiles were measured at each (four water 
contrasts on both protonated and deuterated lipids). Fig. 2 
shows the results for one concentration of peptide in pure 
D20 for both a protonated and a deuterated membrane. 
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Figure 2b: A sketch of the model bilayer. 
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Also shown are the fits for a model which gives best 
agreement with all the eight measured profiles simulta­
neously. According to this model the presence of penetratin 
modifies the structure of the membrane. The head group 
region becomes thicker (1 5 ± 1 A) and the tail group 
region thinner (15 ± 1 A). All the interfaces are much rou­
gher ( 14 ± 1 A). A possible representation of the structure 
at the interface is given in Fig. 2b. These results shed new 
light on the lipid-peptide interaction, indicating that the 
peptide interacts with the polar heads of the lipid mole­
cules, suggesting an interaction of electrostatic nature. 
Double bilayers have also been investigated, their impor­
tance being related to the fact that the second bilayer 
interacts less strongly with the underlying solid surface 
and mimics more realistically a bio-membrane. This will 
be the direction of our future investigations. 

D 16 before its reconstruction. Edith Bellet-Amalric (le~) and Miguel Castro, 
Sevilla, aligning a sample. 
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Modelling milk: The structure of calcium 
phosphate nanoclusters 

■ C . HOLT (HANNAH RESEARCH INSITUTE , A Y R), 

• P. TIMMINS (ILL). 

Milk contain~ a lot of calcium and phosphorus to sustain bone growth. New research at the ILL by small-angle neu­
tron-scattering has helped to show the structure of milk calcium-phosphate nanoclusters. 

Introduction 
Mille is white largely because of light scattered by colloi­
dal protein particles called casein micelles. In cows' mill<, 
about two thirds of the calcium and half the phosphate is 
found in these casein micelles, largely as calcium-phos­
phate clusters bound to the phosphorylated residues of the 
<Xs1-, <X 52- and ~-caseins. The size of the micellar cal­
cium-phosphate particles isolated from casein micelles by 
exhaustive proteolytic digestion has been shown by elec­
tron microscopy to be about 2.5 run, the exact value 
depending on the thickness assumed for the carbon coa­
ting; other electron microscope studies have revealed elec­
tron dense run-sized bodies distributed fairly uniformly 
throughout the protein matrix of the casein micelle. The 
biological significance of the structure of casein micelles 
is not easily established but it has been suggested that 
casein micelles allow the total calcium and phosphate 
concentrations in most, if not all mi1ks to exceed the solu­
bility of calcium phosphate, without causing uncontrolled 
precipitation of calcium phosphate in the mammary gland. 

The highly phosphorylated caseins, along with many other 
phosphoproteins found in calcifying tissues, have been 
shown to be effective at inhibiting in vitro the precipitation 
of calcium phosphate from solutions of low to moderate 
supersaturation. Indeed, it has been suggested that the 
open and flexible conformation in solution of many of 
these highly phosphorylated phosphoproteins is an adapti­
ve feature of peptides required to interact speedily with 
calcium-phosphate nuclei in order to control calcification 
in biological tissues. 

Artificial casein micelles can be prepared in the labora­
tory by carefully mixing together the caseins and various 
milk salts in a prescribed sequence. With certain mixing 
sequences, stable colloidal particles resembling native 
casein micelles can form without at the same time produ­
cing a calcium-phosphate precipitate. The essential step in 
the formation of the micelle is the interaction of calcium 
phosphate with the highly phosphorylated peptide sequen­
ce. To avoid the complexities of other types of interactions 
a simplified model system was devised in which non­
interacting calcium-phosphate nanoclusters are produced. 

Using milk-like total concentrations of salts and phospho­
serine residues in a short phosphopeptide, the colloidal 
concentrations at pH 6.7 - 6.8 are very similar to those 
found in mill< at the same pH and the chemical composi­
tion of the nanoclusters is that of an amorphous dicalcium 
phosphate complexed to the phosphopeptide. The Ca, Mg, 
phosphate and phosphopeptide components of the nano­
clusters were shown, by NMR line-width measurements, 
to exchange more-or-less rapidly between the colloid and 
the continuous phase and the apparent radius of gyration, 
is in the nm-range. Thus it was shown that in size, com­
position, short-range order and dynamics, the calcium­
phosphate nanoclusters show a close similarity to native 
micellar calcium-phosphate. Here, we describe measure­
ments on nanocluster preparations in order to derive the 
substructure, dimensions and densities of the particles. 

Complementary techniques 
X-ray small-angle scattering, NMR spectroscopy and 
sedimentation studies have all been important in the cha­
racterisation of casein nano particles but neutron scatte­
ring with the H20/D20 contrast variation was the key tech­
nique which allowed us to unravel the internal structure of 
the particles [ 1 ]. This is because of the very different scat­
tering-length densities of the amorphous calcium phos­
phate core and the casein shell. Fig. 1 shows how the scat­
tering density of the particle varies as a function of the 
D20 content of the solvent. 
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Figure I: Scattering length densities of nanoc/uster components as a func­
tion of D20/H20 content 



We see that in H2O (0% D2O) the shell and core have very 
similar scattering densities and the particles therefore 
appear homogeneous. In 40% D2O however, the situation 
is very different for neutrons. Now the protein component 
of the particle is rendered invisible and only the calcium­
phosphate core is seen. Similarly at 88% D2O the core 
becomes invisible and only an empty protein shell is 
observed. 

Small-angle neutron-scattering 
results 
Scattering curves were measured for solutions of nano­
clusters dissoved in solvents comprising various D2O/H2O 
mixtures from 0% to 100% D2O. Via Guinier plots the 
radii of gyration (Rg) were obtained and are plotted in 
Fig. 2 as Ri vs reciprocal contrast. It is striking that the 
radiu of gyration is small at positive contrast where the 
phosphate dominates and large at negative contrast where 
the protein dominates. This shows that the phosphate is 
found in the core of the particle and the protein in the shell 
and allows us to calculate the outer radius of the core and 
the thickness of the protein shell. 
These measurements, when put on an absolute scale, 
allow also the proportion of protein to calcium phosphate 
to be determined as well as the overall molecular weight 
of the nanoclusters to be estimated. Combined with the 
results obtained from small-angle x-ray scattering, sedi­
mentation and chemistry the neutron-scattering results led 
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Figure 2: Variation of R i with inverse contrast Negative inverse contrast 
corresponds to D20/H20 contents greater than 46. 7% (the nanoparticle 
match point) whilst positive contrast corresponds to contents less than 46. 7%. 

us to propose the model shown in Fig. 3. This illustrates a 
hydrated amorphous calcium-phosphate core (grey) sur­
rounded by a close-packed shell of casein phosphopep­
tides (red). The casein is fixed to the core via 4 phospho­
rylated serine residues. In contrast both C-terrninus and N­
terminus are arginyl residues. NMR suggests that one of 
them has a mobility similar to that found in the free pepti­
de and is hence at the exterior of the particle. 

Conclusions 
Neutron small-angle scattering along with other techniques 
has shown that casein nanoparticles synthesised in the 
laboratory have many of the characteristics of the native 
micellar calcium-phoshate and a core-shell structure. 

Figure 3: Schematic representation of a nanocluster particle showing the 
calcium phosphate core surrounded by a dense shell of phosphoprotein. 

With hindsight we can see that such a structure is neces­
sary. The mammary gland transports such a lot of calcium 
and phosphate that without effective control of the preci­
pitation process, the gland would soon calcify and cease to 
function. Nanoclusters provide an illustration of a biologi­
cal mechanism for the effective control of a phase transi­
tion. Moreover, it is a mechanism in which protein dyna­
mics rather than protein structure plays the key part. 
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The diffusion of oxygen 
in silicon single-crystals 

■ S . RYCROFT AND R . j . STEWART {UNIV . READ ING). 

Silicon single-crystals grown by the Czochralski technique contain typically 30 parts per million of oxygen. This 
oxygen diffuses and agglomerates to form Si02 precipitates during the cooling of the crystal after growth and 
during the thermal treatments required in wafer processing. The control of the distribution and size of these pre­
cipitates is a crucial factor in the production of semiconductor devices. Small-angle neutron-scattering techniques 
have been used to study the growth of the Si02 precipitates and detailed analysis enables their size and shape to 
be determined. From these data the diffusion coefficient of oxygen in silicon can be determined very precisely. 

The basi of nearly all micro chips u ed in electronic 
equipment ranging from computers to washing machine is 
silicon. In the computer field there is an insatiable demand 
for microchips with ever increasing number and den itie 
of components. The 64 Megabyte RAM is now a reality 
and by the year 2010 64 Gigabyte RAM' are predicted 
and silicon wafer will till be the sub trate on which uch 
chip will be produced. This l,000-fold increa e will place 
very stringent limit on the quality of the ingle-cry tal iii­
con from which the devices are made. To keep price down 
larger and larger defect-free ilicon crystal have to be 
grown. Currently 200 mm diameter by 2 m long cry tals 
are the standard ize from which wafer are cut. The e have 
to be cooled very lowly o that large thenna1 gradients are 
avoided and thu few defects are introduced. Nearly all the 
silicon wafer u ed in the manufacture of emiconductor 
chip are cut from ingle cry taJs grown by the CzochraJ ki 
method. All ilicon grown by thi method contain mall 
amount of oxygen, typically about 30 part per million. 
This oxygen which i located in inter titia1 ite , diffu e 
and agglomerate to form SiO2 precipitate during the 
cooling of the crystal after growth and during the thenna1 
treatments required in wafer processing. The control of the 
distribution and ize of the e precipitate is a crucial factor 
in the production of emiconductor device . 
SmaJl-angle neutron- cattering techniques have been u ed 
to tudy the growth of the SiO2 precipitate and data on the 
size, shape and form of the precipitates have been obtained 
from detailed analy i of the small-angle neutron- catter­
ing data 111. Fig. I shows the small-angle neutron- catter-

ing from SiO2 precipitates in a ingle cry tal of silicon 
which ha been heat treated for 500 hours at 600°C; the 
neutron beam was incident along a <100> direction. The 
central cross ari es from the cushion shaped SiO2 precipi­
tates lying on (100) planes with their edges along <110> 
direction . 
In the analysis the cu hion hape is approximated a 
cuboid of ize L x L x wL; for the pattern hown the pre­
cipitate have L = 17 nm with w = 0.18. The cattering een 
at the comer of the detector disappear on cooling to 

Figure I: Small-angle neutron-scattering from a silicon crystal heated at 
600°( far 500 hours. 
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Figure 2: Growth of precipitates at 550°C. 

I 00 K and probably arises from interaction of the long 
wavelength neutrons with phonon via an Umklapp pro­
ces . The data on the size, hape and form of the precipi­
tates as a function of heat-treatment time enable the diffu­
sion coefficient of oxygen in silicon to be determined very 
preci ely from the ob erved rate of growth of the precipi­
tates as a function of time (Fig. 2) by applying Ham' 
theory. For temperature above 600°C small-angle neu­
tron- cattering data have made a ignificant contribution to 
the under tanding of the rate of precipitation of oxygen a 
a function of both temperature and time (Fig. 3). However 
at temperature below 600°C, small-angle neutron-scatte­
ring become progres ively more difficult. This i becau e 
as the heat-treatment temperature i lowered larger num­
ber of mailer precipitate are formed and the total 
concentration of oxygen available to form precipitate i 
extremely small (30 ppm). The mailer precipitate arise 
becau e the critical nucleu - ize for a stable precipitate i 
lower the lower the temperature. The mall-angle neutron­
scattering inten ity is directly proportional to the quare of 
the volume of a precipitate, but only directly proportional 
to the number of precipitates. Thu for a given amount of 
oxygen in precipitates, if the volume of each precipitate is 
reduced by a factor of ten, then the number of precipitate 
would increa e by a factor of ten and the mall-angle neu­
tron- cattering inten ity would be reduced by a factor of 
ten. Fortunately the ab orption of long-wavelength neu­
tron (I nm) in ilicon i very low and thu large ample 
(- 20 cm along incident beam direction) can be employed to 
increa e the mall-angle neutron- cattering ignal. The 
ignal-to-noi e ratio was al o increa ed by carrying out the 

measurements in the evacuated sample ves el o that no 
window materials were in the beam to give parasitic catte­
ring. A further major advantage i the increa ed intensity of 
the incident neutron-beam on D22 compared to D 11 which 

coupled with the larger area-detector have enabled measure­
ments in this lower temperature range to be attempted. 
The low temperature region i crucial since the diffu ion 
rate of oxygen in silicon at temperature around 500°C i a 
hot topic at pre ent. Thi i becau e different experimental 
techniques find diffu ion coefficient differing in value by 
a factor of up to l 00,000 as can be een in Fig. 3. Our data 
at 600°C and 550°C how that the diffu ion coefficient of 
oxygen in silicon i close to the value obtained if the high 
temperature data is extrapolated. Thu the larger value 
een in the data by other techniques may be in doubt. Thi 

discrepancy ha to be olved in order for the next genera­
tion of semiconductor devices to be produced efficiently. 
By 2010 300 mm diameter by 2 m long silicon crystal are 
likely to be the ba i of the wafer on which memory chips 
are produced. Such crystals will have to be cooled over 
several day to avoid thermal tre es and during thi time 
many more SiO2 precipitates will be formed. 
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Figure 3: Plot of normal diffusion, adapted from [ZJ. Also shown in red are 
data from recent small-angle neutron-scattering measurements. 
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Quantitative phase and texture-analysis 
on ceramic-matrix composites using 

Rietveld texture-analysis 

■ D. CHATEIGNE R (UNIV. DU MAINE , LE MANS) , 

■ L. LU TTERDTTI (UNIV. DI TRENTO), 

■ T . HANSEN (ILL) . 

Ceramic materials can be strengthened and toughened by the inclusion of a second phase in the form of short 
fibres. Specific anisotropic properties are achieved by fibre alignment along certain directions. To compare the 
resulting mechanical properties with the expected ones it is fundamental to determine the effective phase quan­
tity along with the orientation distribution-function of both matrix and inclusions. At the present, if the texture 
of polyphase materials is a difficult task, there is no reliable method for quantitative phase analysis of strongly 
oriented bulk samples. By Rietveld texture-analysis both features can be analysed at the same time using special 
measurements affordable at the D20 beamline. 

Ceramic materials are increasingly being utiHsed in struc­
tural appHcations due to their low density, high hardness, 
thermal stability and resistance to corrosion. However, 
one drawback of these materials is the occurrence of 
catastrophic failure due to their intrinsic brittle nature. 
Single-crystal whiskers or metallic inclusions can be used 
to increase the fracture toughness of these materials; with 
respect to the metalHc inclusions, the whiskers have the 
advantage of increasing also the failure strength. In some 
cases it is desirable to maximise the mechanical properties 
along certain planes or directions for optimum design of 
the application. This can be achieved by alignment of the 
whiskers along the desired directions to obtain textured 
materials. For research purposes or quality control it is 
very important to check the texture obtained by the pro­
cess and the effective quantity and homogeneity of the 
inclusions. Another important role is played by the resi­
dual stresses originating during the material fabrication­
process. In most cases these are developed in response to 
the different thermal expansion coefficients of the matrix 
and fibres. The nature of the residual stresses (in com­
pression or tension) play a fundamental role in promoting 
the resulting fracture toughness or so-called crack brid­
ging or crack deflection. The Rietveld method [I] in 
connection with the measurement of a certain number of 
spectra collected at different tilting angles seems to be a 
good procedure to analyse at the same time phase quanti­
ty, texture and residual stresses. The first application was 
to incorporate the harmonic approximation of texture in a 
least-squares Rietveld analysis [2.3] but some limits 
appear, principally concerning the general applicability in 
connection with sharp texture. Subsequently the texture 
algorithm of WIMV [41 was included under the general 
name of Rietveld texture-analysis [5-7 ). Here we try the 
application of the procedure to a composite material 

having a matrix of ~-Si3N4 with SiC whiskers as inclu­
sions. The material was obtained by a special procedure 
[8] in order to distribute the whiskers randomly in the 
basal plane of the sample; these whiskers have the (111) 
plane perpendicular to the fibre direction. In this manner, 
it is possible to maximise the in-plane fracture properties 
(strength, elastic modulus and toughness) of the material 
for appHcations where a high resistance to bending 
stresses are required. One purpose of the analysis is to 
check the angular dispersion of the whiskers from the 
basal plane and to obtain the residual stresses resulting 
from the fabrication process. A cubic sample obtained by 
piling up sheets of the original material was analysed at 
the D20 bearnHne. 720 spectra up to 157° in 20, were col­
lected with the new position-sensitive detector, correspon­
ding to a 10° x 10° grid on the x and cp angles and two w 
positions of the cradle. The data were analysed by the 
Rietveld texture-analysis procedure to obtain the texture 
and the whisker fraction in the sample. 

The fitting results for some of the spectra are presented in 
Fig. 2. Fig. 1 reports the pole figures as obtained from the 

Figure I: Experimental (upper) and reconstructed (lower), normalised pole 
figures for SiC. Unear intensity scale multiplied by I 00, equal area projection. 
The pole figures are from left ( I I I), (I I I) and (220). 
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Figure 2: Some of the 720 spectra fitted (thin lines) simultaneously by Rietveld texture-analysis to refine the texture and crystal structure for the silicon nitride 
sample with SiC whiskers. The low intensity range for the experimental data around 5 0° correspond to the presence of the Eulerian cradle masking part of the 
diffracted beam. 

Rietveld procedure and the recalculated ones using the 
WIMV algorithm for the SiC phase; the e are labelled re -
pectively experimental and reconstructed pole figures. 
The ample was positioned in the D20 instrument in a 
position for which the basal plane containing the whisker 
is normal to the pole figure projection and along an ideal 
line connecting the lower and upper part of Fig. 1. As a 
result, the maximum polar density for the ( 1 I l) and 
( I I 1) planes is along that line with a ensible angular dis­
persion. The silicon nitride matrix was found to be com­
pletely random as expected from the fabrication process. 
The SiC phase fraction obtained by the analysis wa 
24.2% by volume in good agreement with the expected 
value and also the crystal-structure refinement on both 
pha es was comparable to existing data. The effective 
elastic tensor (transversely isotropic) was computed from 
the phase fractions and orientation distribution function , 
confirming the expected higher modulus in the basal plane 
with respect to the nonnal direction [8] . 

The Rietveld method extended to texture analysis applied 
to data collected at the D20 beamline has enabled a two­
phase composite to be analysed for the first time. The 
results are very encouraging and further work is in progre 
to obtain the residual stress field from the ame data set. 

The D20 beamline, thanks to the new position-sensitive 
detector, permits one to obtain all the required spectra, for 
a complete analysis, in a time at least two order of magni­
tude shorter than by traditional techniques, making this 
procedure of practical use. 

View ofD20. 
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What we can learn by studying the glass 
transition phenomenon under pressure 

■ A . T OLL E , F . FU J ARA, (UN IV . DORTMU N D), 

■ H. SCHOBER (ILL) , J. WuTT K E (TU M 0 N C HEN) . 

The slow dynamics (a-relaxation) in supercooled molecular liquids and the glass transition are two related topics 
which have received particular attention in the last ten years. The application of mode-coupling theory to glass 
forming liquids has stimulated many new experiments focusing on the previously uncovered microscopic time­
range and on intermolecular distances. We present here the results of such investigations including pressure as 
an external control parameter. The complementary nature of temperature and pressure adds further evidence for 
an intrinsic coupling of fast microscopic and slow structural relaxation as predicted by the theory. 

Why do structural relaxation times in some liquids 
change so dramatically within relatively small ranges 
of the external control parameters? 
This is still one of the heavily debated questions of the 
glass transition [I]. The glass-transition phenomenon i 
quite general in all sorts of systems like supercooled van 
der Waals liquids, polymers, biomolecules and computer 
modelled hard spheres. It has been studied frequently by 
various experimental methods as a function of temperatu­
re and in relation to compositional changes in multicom­
ponent systems. While temperature is an intensive variable 
changing both kinetic energy and density the hydrodyna­
mic pressure primarily acts on the volume of the system. 
Therefore complementary information has to be expected 
from pressure experiments. The fact that pressure so far 
has been given only comparatively little attention certainly 
is related to the greater experimental difficulties involved. 
We have tried to remedy this unsatisfactory situation by 
investigating as a function of pressure both the slow struc­
tural a-relaxation and its fast ~-companion. Inelastic neu­
tron-scattering experiments using backscattering (IN l 0, 
rN16) and time-of-flight (rN6) were performed on the 
supercooled van der Waals liquid orthoterphenyl [21 . 
Besides its model character for the study of the glass tran­
sition this compound has the advantage for the present 
purpose of possessing the highe t pressure coefficient 
(dTg/dP = 250 K/GPa) observed in any molecular liquid. 
Therefore small changes in pressure should lead to appre­
ciable change in the dynamic . 

Structural relaxation in liquids can be ob erved on all expe­
rimentally acce sible time cales. It is a well establi hed 
fact that the observed relaxation spectra at different tempe­
ratures can be mapped onto each other by rescaling the time 
axis. As this time-temperature uperposition principle holds 
for a large number of sub tances (and particulary orthother­
phenyl) there is no reason to assume that it breaks down 
with pressure. This we confirm experimentally. 

t = 1.4 nsec 

325 
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g 
t = 0.-4 sec 

..... 
275 

Tg 
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0 40 80 120 
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Figure I: Constant structural relaxation times in the (T, P)-plane. The line 
r = / .4 nsec corresponds to our backscattering measurements an IN I 6. 
Note, that over 15 decodes (Tg corresponds to approximately I 00 s) the 
slope (dT/dP) "' 250 KIGPa stays constant and the mode<oupling theory 
cross-over line from ergodic to non-ergodic behaviour Tc(P) (see Fig. 3) lies 
parallel to the structural relaxation times. 



The mean relaxation times t(Ttr g) which in many sys­
tems, including orthotherphenyl, can be identified with the 
macro copic viscosity T1(Tff g) (viscosity scaling, where 
T g is the calorimetric glass transition temperature) is the 
single most important function for the classification of a 
glass (fragility scheme) ( 11. A priori nothing can be srud 
about the functional dependence of t upon pressure. For 
the case of orthotherphenyl, in the temperature and pre -
sure range investigated by us (0.1 - 120 MPa), relaxation 
time scale linearly with pressure as demonstrated in 
Fig. I. Therefore, t(Tff g) is invariant as a function of 
pres ure, or in other words the sy tern in this range, does 
not change its fragility with pressure. Note that the relaxa­
tion times do not scale with the density p. Volume alone is 
not the driving force of the glass transition. 
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Figure 2: Correlation functions S(Q, t) at Q = 1.8 A-1 at µxed density 
p = I. 083 4 glcm3 as obtained by Fourier transformation of IN6 spectra. 
The decay is more pronounced for higher temperatures underlining directly 
the improtant role of thermal effects. 

What is the connection of structural relaxation and 
fast relaxation on microscopic length and time scales? 
Fast ~-relaxation i a general feature ob erved in many 
upercooled liquids on microscopic length and time 

scale . A priori fast and tructural relaxations could react 
independently to temperature and pressure. 
The mode-coupling theory of the gla tran ition (31 e ta­
blishe for the fust time a firm theoretical link between the 
structural and the fast relaxation. Pre ure experiments 
are, therefore, a good test of the theory. Within mode-cou­
pling theory the upercooled liquid becomes non-ergodic 
when below a certain critical temperature Tc (or above a 
critical pressure Pc) the fast process is no longer able to 
promote the particle beyond the cage in which it becomes 
trapped. The fast processes can be observed in two ways: 
directly by time-of-flight experiments in the relevant time 
range or by an anomalous decrease of the elastic scattering 
recorded by backscattering instruments. 
In Fig. 2 we show correlation functions S(Q, t) of the 

fa t relaxation at Q = 1.8 A-1 and a fixed density of 
p = 1.0834 g/cm3 a mea ured on the in trument IN6. 
Again one immediately recognises that the decay explicit­
ly depends on temperature. Within mode-coupling theory 
13 I the function S(Q, t) in the fa t relaxation region is pre­
dicted to cale a S(Q, t) = fQ + HQgA(t/to,) (l). The scaling 
function gA(t/to,) is fully determined by the equilibrium 
tructure factor S(Q). From the temperature and pressure 

dependence of the coefficient HQ and ta (Fig. 3) obtained 
by comparing expression (I) with the experimental data we 
are able to consistently extract the critical cross-over line 
from ergodic to non-ergodic behaviour T ccP). 
As shown in Fig. l this line is parallel to the structural 
relaxation times t(P). In conclu ion, our re ults support 
the mode coupling senario which, via a highly non-linear 
feedback mechanism trace fast and tructural relaxation 
back to a common origin. 
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Figure 3: Fast {3-relaxation amplitude HQ and cross--0ver time tu for two 
isotherms 316 and 314 Kand three wave numbers Q = / .2 (squares), 
1.5 (circles) and 1.8 A-1 (diamonds) as obtained from S(Q, t) using expres­
sion (I) (see text). According to mode<oupling theory HQ is proportional to 
all2 and ta is proportional to a-Illa (a = 0.195) with the separation para­
meter a= (P, - P)IP, . Extrapolation to zero gives consistent values for the 
critical pressures P, as a function of temperature. 
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• Structure and dynamics of liquid Ag2Se 

■ A . C . BARNE S, 5 . B . LAG U E A N D M. HAM ILT O N ( BR IST O L U NIV.), 

■ H. F IS CHE R ( ILL ), 

■ w.s. H O W ELLS ( RAL D I D C O T), 

■ P.5 . SA L M O N ( U NIV. E AST A NGLI A ). 

Understanding the relationship between the electronic properties, structure and dynamics of atoms in disordered 
materials is a fundamental challenge to condensed-matter physicists. In the case of binary liquids a good unders­
tanding of molten salts has been obtained using theoretical and computer-simulation methods based on ionic poten­
tials. However, as the form of the interaction becomes more covalent or metallic in nature our theoretical unders­
tanding of binary liquids becomes progressively weaker. In this report we compare the results of a detailed study, 
using neutron-scattering techniques, of the structure and dynamics of a binary liquid semiconductor, Ag2Se, and 
we compare the results with conventional and ab initio molecular-dynamics simulations. 

Silver selenide (Ag2Se) is an unusual material with a rich 
behaviour in both the solid [ I ] and liquid l 21 phases. In the 
solid phase at a temperature of 416 K it undergoes a tran­
sition to a superionic phase in which the silver ion are 
able to move freely through a fixed Se lattice. It is also 
unusual as it shows a small but significant additional elec­
tronic contribution to its conductivity. Silver ions are also 
found to be highly mobile in some glassy materials, a pro­
perty which has raised interest in the field of solid elec­
trolytes for battery applications. On melting, the system 
continues to show unusual properties, for example, des­
pite being a liquid semiconductor, the electrical conductiv­
ity decreases with temperature and shows an unusual 
enhancement precisely at the stoichiometric composition. 
It is believed that these properties are linked to an unu­
sually high silver-mobility in the liquid. 
In order to approach a full understanding of the properties 
of this liquid an important first step is to ascertain its 
microscopic structure. In a neutron diffraction-experiment 
the relationship between the differential scattering cross­
section and the structure is given by 

da n 2 n n -

dn = _L ci bi + _L _L cic1-bib1-(Si1-(Q)-1) 
,lo,/; l= I I= I j= I 

where Sij(Q) are the partial structure-factors that are rela­
ted to the partial pair correlation-function gij(r) between 
atoms of type i and j , and (ci , cj) and (bi , bj) are the 
concentrations and neutron scattering-lengths of atoms i 
and j respectively. gij(r) is related to Sij(Q) by Fourier 
transform as 

gij (r) = - t- {°" Q(Sij(Q)- I) sin (QR) dQ 
2n pr Jo 

As the Sij(Q) are smooth functions over all Q space it is 
not possible, in a single diffraction-experiment, to unam­
biguously determine the individual partial structure-fac­
tors. However, the technique of isotopic substitution (for 
certain elements) allows us to vary the value of the scatte­
ring length in the above expression so that the diffraction 

pattern for otherwise chemically identical samples can be 
varied. In the case of a binary system three separate dif­
fraction measurements are sufficient to determine unam­
biguously the partial structure-factors provided the 
contrast in the scattering lengths is high enough. 
Fig. l shows the partial structure-factors of liquid Ag2Se 
determined from the diffraction patterns from three isoto­
pically labelled samples of liquid silver-selenide 
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Figure I: The experimental Sij{QJ ( red line) and the ab initio molecular dyna­
mics S;j(QJ (blue line) of Kirchhoff et al. 1996. 
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Figure 2: The g;j(r) obtained from the Sij(Q) shown in ~gure I. The red line 
is gA,~(r), the blue line g~~(r) and the green line gArAr(r). 

( 107 Ag2 76Se, 109 Ag2"31Se and natAg2 76Se) collected using 
the D4 diffractometer. Fig. 2 shows the corresponding 
gu(r). From Fig. 2 it i apparent that the selenium atoms 
are well ordered in the liquid and form a close-packed 
structure. The general weakness of the features in gA A ( r) 
indicates that the silver atoms occupy the inter!tftial 
spaces between the selenium atoms and i con istent with 
a picture in which the silver atom are highly mobile in the 
liquid. A comparison of the experimental partial structure­
factors with tho e determined from a molecular- dynamics 
simulation (3l ba ed on ionic potentials shows a good 
agreement apart from the tendency to underestimate the 
relative strength of the silver-silver interaction. Fig. 1 also 
shows the partial structure-factors determined from an ab 
initio molecular dynamics (AIMD) simulation [4] . The 
advantage of these methods is that the forces between the 
ions are calculated using first principles quantum methods 
with no adjustable parameters apart from the establish­
ment of suitable atom core pseudopotentials. As a result 
the atomic structure, dynamics and electronic structure are 
calculated simultaneously. 
Due to the demanding computational requirements the 
number of atoms that can be treated is small (69 in this 
case) and the currently obtain-able precision of the 
SiJAIMD(Q) is limited. With these limits the agreement with 
the experimental data is good apart from the small pre­
peak in SAgAg(Q). This discrepancy is most likely due to 
the limited box size in the simulation and demonstrates the 
need to experimentally verify the simulation results whe­
rever possible. Despite the limitations of the ab initio 

2.5r-----------------~ 

• 600C 
• 8SOC 

2 • 950C 

1.5 

> Cl) 

-S 

I :r::' 
::r: I I I ~ 

0.5 ,,.iii I I 
00 0.5 1.0 

Q2 (A- 2) 

I 

I 
I I 

1.5 2 2.5 

Figure 3: The full width half maximum (FWHM) of the coherent quasielastic 
scattering from silver in the solid state (600°C (green) and 850°C (red)) and 
the liquid state (950°C (blue)) Ag2Se. 

molecular dynamics it correctly predicts the emiconduc­
ting behaviour of the liquid and it is able, unlike the 
conventional molecular-dynamics technique , to simulate 
structures at off-stoichiometric compositions. 
It has been postulated that the unusual electronic proper­
ties of liquid Ag2Se may be as ociated with a high mobi­
lity of the silver ion as seen in the superionic phase befo­
re melting. The structure measurements reported above 
are consistent with uch a high silver-mobility but are not 
conclusive. Measurements using coherent qua iela tic 
neutron-scattering have been made on Ag2Se in the liquid 
phase and the superionic phase just before melting. 
Fig. 3 shows the quasielastic linewidth as a function of Q2 
associated with the silver motion in both these phases. At 
the lowest temperature a behaviour is observed where the 
silver ions show a jump diffusion at short distances (high 
Q) which tends to diffusional behaviour (FWHM oc Q2) at 
longer distances (low Q). As the temperature is raised the 
motion is characterised by a purely diffusional picture 
over the whole Q-range. It can be noted that the disorder 
induced on melting does not appear to drastically reduce 
the silver mobility in the liquid and no diffusional motion 
of the Se atoms could be observed at the experimental 
(IN6) resolution. With these results our aim is to build a 
more complete understanding of the electronic processes 
in this material. As part of this work it is also intended to 
study Ag2 Te; a material which appears to be very similar 
to Ag2Se but shows more conventional liquid semicon­
ducting behaviour. 
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• A quantitative determination 
of the dynamic structure factor of a glass 

in the Brillouin scattering region 

M . FORET, 8. HEHLE N, E. COUR TENS , AND R. VACHER ( U NIV . MO NTPELLIER) , 

■ H. CA SAL TA , R. C URRAT, A . -j . D I ANOU X, AND 8 . D ORNER (ILL). 

The relatively large density of modes generally found in glasses around a few meV, and the contribution to it of 
strong acoustic scattering by structural disorder, are topics of considerable current interest. Two neutron Brillouin 
scattering techniques were used to clarify this issue in glassy selenium,g-Se. With cold-neutron time-of-flight spec­
troscopy on INS, a pronounced boson peak is observed. With thermal-neutron three-axis spectroscopy on INS, 
Brillouin scattering is clearly seen in addition to other spectral components. The quantitative comparison of the 
results obtained with both spectroscopies allows the various contributions to the boson peak to be unravelled. 

Glasses are quenched liquids that remain structurally disor­
dered on the scale of a few atoms. Their vibrational and 
relaxational spectrum on this scale is very different from 
that of crystalline matter. For example, the disorder is res­
ponsible for the existence of two-level systems, soft poten­
tial modes, and strong scattering of acoustic excitations. 
This is an important spectral region as it controls many sin­
gularities of glasses, such as their unique thermal proper­
ties. It might even be crucial to the actual kinetics of glass 
formation. However, in spite of the long active interest in 
the subject, the unravelling of the spectral components is 
still a matter of active debate. A central reason is that, 
owing to the lack of periodicity, coherent spectroscopy of 
glasses in the appropriate range of momentum exchange Q 
and energy ro has remained technically difficult [I] . 

In the experiments reported here, results of time-of-flight 
spectroscopy on INS are being combined with those of 
three-axis spectroscopy on IN8 to gain significant inf or­
mation on the dynamical structure factor, S(Q, ro), in a 
range where acoustic phonons become strongly scattered 
by disorder. Fig. 1 illustrates the energy-momentum rela­
tion of both instruments. The parabolic-like curves repre­
sent the energy, nro = Ef - Ei , and momentum, 

fi,2Q2/2m = Ei + Ef - 2 J Ei Ef cos 0, 

conservation relations traced at the smallest scattering 
angles e that were effectively achieved. Two values of the 
initial energy Ei were selected on INS, corresponding to 
wavelengths Aj = 3.5 and 2.5 A, respectively. A constant 
final energy Ef, corresponding to kf = 4.1 A.- 1, was used on 
IN8. The small angle e = 1.3° could be reached on IN8 
with tight collimation and appropriate filtering . The 
ro(Q)-region covered in the experiments lies to the right of 
these parabolic-like limit curves. The energy resolution is 
0.35 meV on INS with "-i = 3.5 A, and 1.45 meV on IN8, 
with triangular-shaped and gaussian resolution functions, 
respectively. 

(q) 

/ INS, k1 = ◄. I A-1, 8-1.3' 
- 15 .__.~-~....__~..........,~__.__~~~ ......... ~-~..........._. 

0.0 0.5 1.0 1.5 2.0 

Momentum exchange Q (A- 1) 

Figure I: Regions of { Q, w}-space explored with both INS and /NB in these 
experiments. The parabolic-like curves correspond to the smallest accessible 
scattering angles, and the explored regions lie to the right of these curves. 
The expected acoustic dispersion of g-Se, OJph(q), is also shown. The vertical 
lines correspond to data cuts displayed in Fig. 2, or to scans in Fig. 3. 

Glassy selenium, g-Se was selected for study because of 
its unusually low longitudinal acoustic velocity. The anti­
cipated phonon-dispersion curve, ffiph(q), is also shown in 
Fig. 1. With this low velocity, the kinematic condition 
{Q, ro}={q, ffiph} is fulfilled on IN8 and nearly fulfilled on 
INS. Se forms a well-known polymer-like glass in which 
the atoms are mostly two-fold co-ordinated in chains and 
rings of various sizes and mean length around five. 
Intuitively, one expects that the associated floppiness pro­
duces strong scattering of the longitudinal acoustic pho­
nons plus a distribution of low frequency optic-like local 
modes. Both should contribute to a spectral feature 
generally known as the boson peak. The favourable 
{ Q, ro }-region accessible in the present experiments, and 
the possibility to calibrate S(Q, ro) in neutron scattering, 
allow for the first time to identify clearly the longitudinal 
acoustic scattering spectrum of a glass and to separate it 
from the local modes contribution. 
Fig. 2 illustrates results obtained on INS at Ai = 3.5 A on 
the neutron energy-gain side. The scattered intensities 
are corrected for absorption and empty cell scattering, and 
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Figure 2: Scaled structure factor for constant Q<uts obtained on INS with 
A; = 3.5 A, and at room temperature. Curves of increasing Qare displaced 
vertically in steps of 5, and labelled with the Q-value in A-1. The shifted lines 
are guides to the eye representing the value of the signal at intermediate 
Q-values. Departures from the lines are due to acoustic contributions, owing 
to the Bri//ouin signal at low Q, and to Umklapp processes at high Q. The 
inset shows the measured elastic structure factor, S(Q) on both INS and /NB, 
demonstrating the satisfactory agreement of the calibrations. 

calibrated against vanadium. The structure factor is scaled 
by the Debye-Waller factor, e-2W, and divided by Q2 to 
emphasise the near proportionality of S(Q, w) to Q2 over 
a broad range of Q-values. In this presentation, one notes 
an additional intensity appearing at the smaller Q's (0.8 
and 1.0 A-1), but one fails to identify a clear acoustic 
contribution of well-defined Wi,h(q). Results obtained with 
Ai = 2.5 A are very similar. At large Q, there also appear 
an additional intensity at small w in Fig. 2. It grows in Q 
with the elastic peak, S(Q), shown in the inset. Such a fea­
ture is already known for polybutadiene, a standard poly­
mer. 121 We return to its interpretation below. 

Fig. 3 shows S(Q, w) x e2W from three-axis- pectroscopy, 
for the vertical scans drawn on Fig. 1. For small Q, 
Brillouin peaks are immediately identified on the raw data 
(3a) previous to any treatment. Fig. 3b shows a scan at 
Q = 1.5 A-1, together with data from INS. One notices the 
sati factory match between the two independent mea ure­
ment . Small differences can easily result from calibration 
and re olution effects. Comparing vertical cales on Fig . 
3a and b, it is clear that the signal that grows with Q2 on 
Fig. 2 has overwhelmed the LA- pectrum already at 

Q = 1.5 A-1. It gives a substantial relative contribution to 
spectra at 0.75 and 0.5 A-1 in Fig. 3a, whereas its share 
drops to - 1 % or less at the lower Q-values. This signal 
can be interpreted as scattering from local modes in the 
incoherent approximation. Under this assumption, the 
local modes scattering can be determined self-consistent­
ly and subtracted from the total signal, to provide pure 
longitudinal acoustic spectra. 

To adjust the resulting Brillouin signals we u e as a model 
a crossover spectral function already ucce ful for high 
frequency acoustic spectra in vitreous ilica [3]. 

The idea is that beyond a certain crossover Wco, the acous­
tic excitations become o strongly perturbed by disorder 
that they cease to propagate as plane waves [4J. They 
enter then a regime where q lo es its wave-vector mea­
ning, only w characterises the acoustic eigenmodes, and Q 
determines which Fourier component of all these modes is 
detected by the measuring apparatus. This situation pre­
vails for Q larger than a crossover wave vector qco· The 
latter is simply given by Wco = c0 qco, where co is the ound 
velocity. The fitted acoustic components for the spectra of 
Fig. 3a are shown in Fig. 3c. These curves include the 
convolution with the 4-dimen ional resolution ellipsoid of 
the three-axis spectrometer, calculated with a standard 
Monte-Carlo procedure. The Stokes-Antistokes asymme­
tries seen on Fig. 3c are not due to the Bo e factor alone, 
but include resolution effects. This emphasi es the consi­
derable importance of proper spectrometer calibration and 
data analy is. The entire fits are the solid line of Fig. 3a. 

These corre pond to a crossover at Wco = 3.4 meV, 
or q00 "' 0.3 A-1. In this interpretation the spectrum at 
Q = 0.2 A-1 is in the phonon regime, that at Q = 0.3 is near 
crossover, while the others were above cro over. This is 
also clearly apparent with the w!Q scale u ed in Fig. 3a : 
the peak positions are nearly identical for the two smallest 
Q values, while they move to lower w!Q at higher Q. 

We return to the additional low-w feature appearing at 
high Q-values in Fig. 2. UmkJapp processes can take place 
on the elastic structure-factor of a glass [51 as for a reci­
procal lattice point for a crystal, which gives a doubly pea­
ked acoustic signature. At low Q one sees the usual 
Brillouin signal, whereas at high Q one finds a contribu­
tion of all acoustic modes whose mean-free path is suffi­
cient, approximately multiplied by Q2S(Q) (see Fig. 2). 

The additional contribution at small w for the three highest 
Q-values are large where S(Q) is large (see inset), but it 
di appears where the acoustic waves become strongly 
scattered, i.e. for w > Wco· 

The observed size of the effect is in excellent qualitative 
agreement with that predicted by a simple model calcula­
tion in 14] . This interpretation is also quantitatively confir­
med by a more detailed analysis of the data. The disap­
pearance of the Umklapp signal for w > Wco is a nice 
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Figure 3: Results from /NB measurements at room temperature:(a) Q-scans 
at 0.2, 0.3, 0.5, and 0.75 A-1, the curves of increasing Q being displaced ver­
ticalfy in steps of 5. The fits are explained in the text ; (b) an /NB-scan at 
Q = 1.5 A-1 compared to a corresponding cut of the INS data; (c) the fitted 
acoustic part of the spectra shown in ( a) with the same co/or code. 

confirmation that the acoustic waves cease to propagate 
beyond that frequency. 

In summary, we have for the first time clearly unravelled 
distinct spectral components contributing to the boson 
peak of a glass, including the acoustic signal. This became 
possible because coherent Brillouin scattering could be 
ob erved at low Q-value . Contrary to the case of the 
strong glass silica, for which the spectra could be descri­
bed with just an acou tic crossover to strong scattering, 
other local modes play an important role in g-Se. If these 
other modes are "molecular reorientations", it is clear that 
the models that are u ed are somewhat crude. In particu­
lar, one would expect that resonant translational-rotational 
couplings could modify the spectral shapes, as well­
known in some much simpler Brillouin scattering 
examples. Clearly, the present experiments constitute a 
beginning to be followed by many more investigations. 
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Influence of magnetic order 
on superconducting properties 

of HoxY1-xNi211B2C 

■ M. LOE W ENHAUPT, A . KRE YSSIG, C . SIERK S (TU DRE SDEN), 

■ K . -H . MOLLER , J. FREUDE NB ERGER (IFW D RESDEN) , 

■ C. R ITTER, H . S CHOB E R (ILL GREN OBLE). 

The Borocarbide family RNi2B2C (R = Sc,Y,Th or lanthanides) exhibits a variety of interesting physical properties, 
especially the co-existence of magnetism and superconductivity. We report a correlation between magnetic orde­
ring and superconductivity in the system Hox Y 1_xNi2 11 B2C as well as a correlation between magnetic ordering 
and the low energy magnetic excitations (spin waves from the low lying crystal field states). 

The discovery of superconductivity in quaternary interrne­
tallic RNi2B2C compounds (R = Sc, Y, Th or lanthanides) 
has attracted growing interest since the superconductivity 
is observed not only for the RNi2B2C compounds with 
nonmagnetic R, but also for the ones with magnetic rare­
earths Tm, Er, Ho, and Dy which order magnetically at 
low temperatures [l]. This makes these systems suitable 
for a study of the interplay between superconductivity and 
magnetism. The systems where the Neel-temperature T N 

and the superconducting transition-temperature Tc are of 
the same order of magnitude seem to be the most interes­
ting since they show effects which are not yet completely 
understood [2] . 

A system with this property is HoNi2B2C with 
T N :::: Tc:::: 8 K. Furthermore, it exhibits a reentrant beha­
viour, this means that the superconducting properties do 
not strengthen with decreasing temperature but weaken in 
a narrow temperature range. We investigated the origin of 
the reentrant behaviour by comparing the temperature 
dependence of the magnetic ordering, of the low energy 
magnetic excitations, and of the superconducting proper­
ties. To study in a systematic way the correlation between 
the different properties, we prepared a series of samples 
where we diluted magnetic Ho with nonmagnetic Y. 

HoNi2B2C crystallises in the tetragonal ThCr2Si2 structu­
re with the space group 14/mmm. The structure can be 
visualised as a framework of alternating R-C and Ni2B2 

layers as shown in Fig. la. Three types of magnetic order 

are observed in HoNi2B2C and the diluted samples: a 
commensurate antiferromagnetic structure with wave vec­
tor 't 1 = (0 0 1), an incommensurate structure with 
't2 = (0 0 0.915), and an incommensurate structure with 
't3 = (0.585 0 0) [I]. In certain temperature regions two or 
three of these structures seem to coexist. The commensu­
rate antiferromagnetic c-axis modulated structure with 
't1 consists of Ho-moments ferromagnetically ordered in 

a) b) 

•c 

Figure I: a) Crystal and magnetic structure of H0Ni2B2C. The red arrows 
show the Ho magnetic moments corresponding to the incommensurate 
c-axis modulated structure (moments in (a, b)-plane). b) Proposal for the 
incommensurate a-axis modulated magnetic order (moments with oscillating 
component perpendicular to (a, b)-plane). 

I 
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Figure 2: Low-angle part of diffraction pattern for Ho,Y,_,Ni2 1 /BiC at 
3 K with marked nuclear (N) and magnetic (r1, 'ti, 't3) reµections. 

the (a, b)-planes pointing along (1 1 0) and stacked anti­
ferromagnetically in the c-direction. In Fig. la the incom­
mensurate c-axis modulated structure with -r2 is illustra­
ted. It consists of ferromagnetically ordered (a, b)-planes 
stacked along c-direction with a turning angle of approxi­
mately 165°. The incommensurate a-axis modulated struc­
ture with -r3 is still under discussion. A proposal for it is 
shown in Fig. 1 b. 

To determine the behaviour of these three types of magne­
tic order, temperature-dependent neutron powder-diffrac­
tion experiments were carried out at the multidetector ins­
trument DlB [3). 

The powder samples of HoxY1_xNi211 B2C were first 
cooled down to the lowest temperature of 1.5 K and then 
heated in narrow temperature steps of 0.15 K up to 10 K. 
In Fig. 2 the low-angle parts of the diffraction patterns are 
shown for a temperature of 3 K. 

In Fig. 3a-c the temperature dependence of peak intensi­
ties corresponding to the three types of magnetic order is 
presented. Peak intensities connected to the commensura­
te c-axis modulated structure decrease with decreasing Ho 
content and are below the detection limit for x = 0.75. The 
incommensurate a-axis modulated structure with -r3 exists 
for all investigated samples only in a narrow temperature 
range. For x = 1 the temperature dependence of the incom­
mensurate c-axis modulated structure with -r2 is similar to 
that for -r3, but for x < 1 the peak intensities increase 
monotonically with decreasing temperature down to the 
lowest measured temperatures. 

To characterise the superconducting properties, we deter­
mined the upper critical field Hc2 of the type-II-supercon­
ductor by measuring the electrical resistivity as a function 
of magnetic field and temperature in the range between 
1.7 K and the critical temperature [3]. The upper critical 
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Figure 3: Temperature dependence of intensities of magnetic reµections for 
Ho,Y1_,Ni2I 'BiC normalised by calculated intensities for fully magnetically 
ordered phases with I O µ8 for Ho3+ (free ion) for (a) r1, (b) r2, and (c) r3. 

The arrows (i and ,l,) in the Hci(T) dependence (d) indicate onset and maxi­
mum temperature of 'trstrueture, respectively. In (e) the intensities of the 
magnetic excitation at 1.8 meV and of the quasielastic scattering are shown. 

field Hc2 of the samples increases with decreasing tempe­
rature from zero at Tc up to a local maximum (see Fig. 3d). 
As a direct consequence of the reentrant behaviour Hc2 

decreases in a narrow temperature range and increases 
again monotonically to the lowest measured temperature 
for all investigated samples. 

We observe the peculiar behaviour that although Tc 
increases with increasing dilution the temperature range 
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Figure 4: Temperature dependence of the magnetic response o(HoNi21 'BiC 
in the magnetically ordered phases. 

where the reentrant behaviour can be ob erved is shifted 
to lower temperatures. This correlates for all three samples 
only with the temperature dependence of the incommen­
surate a-axis modulated structure which i indicated by the 
arrows in Fig. 3d. 

Inelastic neutron-scattering experiments were carried out 
at the time-of-flight spectrometer IN6 14J. No Q-depen­
dence of the spectra could be detected for separate grou­
ping of detectors. In the magnetic re pon e function 
shown in Fig. 4 a harp peak at 1.8 meV and a very broad 
one at 0.6 meV can be found for T = 1.6 K. Up to 5 K there 
is no significant change of the excitation spectrum. For 
higher temperatures the peak at 1.8 meV vanishes and a 
strong qua iela tic cattering develops ( ee Fig. 3e). This 
is also the temperature region where the magnetic Bragg 
peaks of the commensurate c-axis structure decrease dras­
tically (Fig. 3a). For x = 0.85 we could barely observe the 
1.8 me V peak and for x = 0.75 we did not find it at all. 
It seems that the low-energy excitation at 1.8 meV i 

Oemens Ritter changes the sample on DI B. 

correlated to the existence of the commensurate c-axis 
modulated structure. 

In summary we can state the following: In the system 
Hox Y I-xNi2 I I B2C the correlation between the reentrant 
behaviour and the temperature dependence of the incom­
men urate magnetic structure along the a-axis trongly 
suggests that the a-axis structure ('t3) i responsible for the 
suppression of uperconductivity. 

Both magnetic structures with c-axis wave vectors (-c 1, -c2) 
do not interfere with superconductivity, as their tempera­
ture dependencies and the reentrant behaviour are uncor­
related for x = 0.85 and x = 0.75. For the pure Ho-com­
pound, however, 't2 and -c3 coexist in nearly the same tem­
perature region. Similar investigations which have been 
undertaken by us in the ystem HoxLu 1_xNi211 B2C yield 
qualitatively the same results but with more pronounced 
effects for the dilution [oli.bj. 
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Magnetic polarons in colossal 
magnetoresistance perovskites 

■ M . R .IBARRA, J.M . D E TER ESA (UNIV . ZAR AGOZA AND CS I C ), 

■ C . R ITT E R (ILL) . 

The intrinsic huge magnetoresistance observed in manganese oxide perovskites takes place in the paramagnetic 
phase in the neighbourhood of the transition to the ferromagnetic state at Tc. By using small-angle neutron-scat­
tering under magnetic fields up to 5 T, we have shown the existence of ferromagnetic clusters in the paramagne­
tic phase which are responsible for the colossal magnetoresistance and disappear at Tc· These entities, formed by 
localised charge on Mn ions and shared by neighbouring Mn ions, are called magnetic polarons. The experiments 
allowed us to determine the thermal and field dependence of the magnetic correlation-length (~). which is inter­
preted as the average size of the magnetic polaron. The microscopic parameters ~ and the number of scattering 
centres have been correlated with macroscopic properties such as thermal expansion and resistivity. 

In colos al magnetoresi tance manganese perovskites, an 
extra contribution in the volume thennal expansion that 
add to that of the anhannonic lattice was considered to be 
a signature of charge locali ation above Tc in the form of 
mall lattice polarons [ l ]. This extra contribution disap­

pears at Tc as can be ob erved in Fig. lb (all the results 
shown in this report correspond to the archetypal colossal 
magnetoresistance compound Lao.6 Yo.01CclQ.33Mn03). 
Application of a magnetic field tends to suppress the pola­
ronic contribution to the volume thennal expansion. This 
eems to reflect the magnetic character of the polaron, 

which has been demonstrated by small-angle neutron­
scattering measurements ( on D 16). Previous experiments 
on D 1B had shown an anomalous small-angle neutron­
scattering in the paramagnetic phase [2]. The new experi­
ments carrried out on the diffractometer D16, and shown 
in Fig. la, have measured the effect more accurately to 
lower Q-values. The thermal and magnetic-field depen­
dence of the small-angle neutron- cattering intensity, is 
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Figure I a: Small-angle neutron-scattering intensity at fixed Q = 0.1 A-1 in 
arbitrary units as a function of temperature without and under an applied 
magnetic field of 5 T in the compound Lao.6 Y0.o,Ca0_33Mn03. 

imilar to that of the extra contribution to the volume ther­
mal expansion and confirms the magnetic nature of the 
polaron ( ee Fig. I). 

By fitting the small-angle neutron-scattering intensity to a 
lorentzian-type Q dependence { I = lo/ [Q2 + (I/ ~)2]), ~ 
was obtained and interpreted as the average size of the 
magnetic polaron (Q is the scattering vector). In Fig. 2 one 
can ob erve that above Tc~ is almost constant with tem­
perature, defining ferromagnetic clusters of around 12 A. 
As we approach Tc from above, a divergence in~ is obser­
ved, which is interpreted as the percolation of the ferro­
magnetic clusters a the compound goes into the ferroma­
gnetic phase. This is also reflected in the sharp drop in the 
small-angle neutron-scattering intensity at Tc (see Fig. la). 
Application of a magnetic field leads to a shift of Tc 
towards higher values. 
At fixed temperature above Tc, the field dependence of ~ 
and the small-angle neutron-scattering intensity (see 
Fig. 3) correlate with the behaviour of the volume and the 
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Figure I b: Extra contribution to the volume thermal expansion without and 
under 5 T due to polaronic effects in the same compound. 
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Figure 2: Magnetic correlation-length,~. interpreted as the average size of 
the magnetic polarons, as a function of temperature without and under an 
applied magnetic veld of 5 Tin the compound Lao.6 Yo.07Cao33MnO3. 

resistivity when a magnetic field is applied l31-The field 
increases the size of the polarons, whose number 
decreases. This implies a delocalisation of the charge car­
riers in larger ferromagnetic clusters, bringing about a 
drop in resistivity (several orders of magnitude) and a 
volume shrinkage. Percolation of the clusters causes the 
crossover from the polaronic to the metallic state. 
This seems to be the first evidence in real systems of the 
identification of trapped carriers in magnetic clusters, 
which can open a new chapter in solid-state physics 
as mentioned by J.B . Goodenough and J.-S. Zhou 14]. 
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Magnetic excitations in the ladder and 
chain subsystems of Sr14Cu24041+0 

■ L . P . REGNAUL T (CEA GRENOBL E ) , 

■ H . MO U DDEN (LLB SA C L A Y ) , 

■ J . P . BO UC H E R (UJF GR E NOBLE) , 

■ J . E . LORENZO (CNRS GRENOB L E) , 

■ A. HIESS (ILL) , 

■ A . R E VCO L EVS C HI (UNI V . PARI S -SUD) . 

At the boundary between dimensions one and two, spin-ladder systems are conceptually interesting as they exhi­
bit rather "exotic" properties. In particular, the spin-pairing expected to develop in a 2-leg ladder could give rise, 
upon doping, to a charge pairing and finally to a non-conventional (i.e. non phonon-mediated) superconductivity. 
In this report, we present recent inelastic neutron-scattering results obtained on a single crystal of the undoped 
2-leg spin-ladder compound Sr14CU24041+6. 

After the discovery of high-Tc superconductivity, a rene­
wed interest in low-dimensional quantum magneti m has 
emerged, motivated by the possible role played by the 
magnetic interactions in the charge-pairing mechanism. 
One-dimeo ional antiferromagnets are particularly inter­
esting to consider as they often exhibit unconventional 
phenomena. The first striking effect was di covered in the 
early 80' by Haldane 11 ], who suggested that Hei en berg 
antiferromagnetic chains with half-integer (S = 1/2, 
3/2, ... ) and integer (S = I, 2, ... ) spin values behave com­
pletely differently at low temperature . Whereas the for­
mer i expected to be gapless, the latter should have a non­
magnetic inglet ground- tate and a quantum gap hould 
open in the magnetic excitation spectrum. Thi non-intui­
tive prediction ha been further very comprehen ively 
verified from inelastic neutron- cattering experiments per­
formed on the spin-I antiferromagnetic chain compound 

i(C2Hs 2h O2ClO4 I 2J. On the other side, the spin-1/2 
square lattice with antiferromagnetic neare t-neighbour 
Hei enberg exchange couplings exhibits «classically» an 
ordered gaples ground tate at T = 0. 
Spin-ladder can be viewed as an array of a finite number 
of coupled chain allowing therefore the study of the cros­
sover between space dimensions I and 2. While spin-lad­
ders with an odd number of legs behave like the spin-1/2 
antiferromagnetic chain (gapless excitation spectrum, 
power-law spin correlations, ... ), those with an even num­
ber of legs exhibit an exponential decay of the spin-corre­
lation due to the opening of a spin-gap (with energy 6) in 
the excitation spectrum I JJ . Of particularly high intere t is 
the 2-leg pin-ladder system, becau e of the prediction 
that charge doping could induce a non-conventional super­
conductivity, in which ad-wave pairing could be achieved, 
driven by the magnetic fluctuations f J]. lndeed, supercon­
ductivity has been recently discovered in the Ca-doped 
spin-ladder family Sr14-xCaxCU24O41+6 for x > 11 , under 
high pressure in the range 30-45 kbar I ). The under tan­
ding of the mechanism leading to superconductivity in this 

material requires an accurate determination of both the 
temperature and doping dependencies of the magnetic 
excitation spectra. This can be achieved by inelastic neu­
tron-scattering investigations on undoped and doped 
single crystals. 
As a first step, we have recently undertaken such a deter­
mination on the undoped compound Sr14Cu24O4i+6· The 
tructure of this material is a misfit stacking of layer of 

two distinct quantum spin systems: linear chains and 2-leg 
ladder 151. Fig. l shows a "3D" view of the crystallogra­
phic tructure, which emphasises the chain and ladder 
subsy terns. 

Magnetic excitations 
in the ladder subsystem 
Following the theoretical predictions, the ground state of a 
2-leg pin-ladder system in the case J 1 < 111 (where 111 and 

e sr e cu e o 

Figure I: Crystal structure of Sr 14Cu240 41 +o showing the chain and ladder suf>. 

systems (viewed along the c axis). 
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Figure 2: Inelastic neutron-scattering response of the ladder subsystem at 
I .5 K, showing the presence of a quantum spin-gap with energy 33 meV. 

Ji represent respectively the exchange coupling constants 
along the legs and along the rungs) should be a non­
magnetic singlet ground-state, well separated from the 
first excited states by an energy gap !!. "' 0.4 11 .. These two 
features have been unambiguously observed from inelas­
tic neutron-scattering experiments carried out on the 
three-axis spectrometer IN8. We show in Fig. 2 two typi­
cal energy scans performed at scattering vectors 
Q = (4.5,0,0.5) (where one expects a strong signal origi­
nating from the ladders) and Q = (4.5,0,0.65) (where one 
expects a vanishing contribution of the ladders). The 
observed line shape is characteristic of a gapped magnetic 
response, with no signal detected around zero energy and 
a gap value !!. = 33 meV. At higher energy, the magnetic 
response persists without any sign of splitting (at least up 
to 90 rneV), a fact which indicates the presence of large 
intra-leg exchange coupling constants 111 . From the quan­
titative analysis of our data, one estimates Ji :::: 80 meV 
and 111 :::: 160 rneV. 

Magnetic excitations 
in the chain subsystem 
Concerning the magnetic CuO2 chain, the present investi­
gation broadly complements previous neutron scattering 
results 161 in showing a gapped response in contrast to the 
gapless spectrum mentioned above. As shown in Fig. 3, 
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Figure 3: Dispersion relation of magnetic excitations in the chain subsys­
tem, showing the existence of two gapped and weakly dispersed branches of 
magnetic excitations. 

the dispersion of the elementary excitations along the 
chain direction is now determined in the whole Brillouin 
zone. The presence of two distinct branches in the energy 
range 10-12 meV is confirmed. However, the observed 
periodicity differs appreciably from what has been propo­
sed before 16,7]. Accordingly, a new model de cribing the 
spin distribution along the chain has to be found for thi 
undoped material. Our neutron data are consistent with a 
picture according to which the spins in the CuO2 chains 
are forming dimers, with an intra-dimer coupling constant 
of the order of 10 meV and weak inter-dimer and inter­
chain couplings. 
The physical origin of the unconventional magnetic pro­
perties of the chain subsystem in Sr14Cu24O41+o is attribu­
ted to the presence of a large amount of "holes" in the 
CuO2 chains (about 0.6/CuO2 unit in the undoped mate­
rial), whereas the ladders are still remaining undoped and 
magnetically "inert" due to the existence of a large spin 
gap. Upon Ca-doping, electrons are progressively transfe­
red from the Cu2O3 ladders to the CuO2 chains. This char­
ge-transfer mechanism leads to a hole doping in the lad­
ders and to a hole pairing and finally to superconductivity 
under pressure. 
The next stage of our work is therefore to study the evolu­
tions of the magnetic excitation spectra of both the ladder 
and chain subsystems upon Ca-doping and by applying a 
strong pressure. This should help in the understanding of 
the physical properties of these very promising materials. 
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Quantum fluctuations in a quasi-1 D 

magnet in an applied field 

■ R. CO L D E A , D . A . TENNAN T, R . A . COWLE Y ( U N I V. O XF ORD ), 

■ B . DOR N ER (ILL ). 

Magnetic excitations of the quasi-one-dimensional S = I /2 Heisenberg antiferromagnet Cs2CuCl4 have been mea­
sured as a function of applied field using neutron scattering. At low temperatures and zero field the weak inter­
chain coupling produces 3D incommensurate ordering. Fields greater than Be= 1.66 T but less than the field requi­
red to fully align the spins ("' 8 T) are observed to decouple the chains and the system has a disordered 
intermediate-field phase.This phase is dominated by quantum fluctuations which give rise to a continuum of exci­
tations and field-dependent incommensurate correlations. These have been observed in the neutron-scattering 
experiments and are inconsistent with linear spin-wave theory. 

The magnetic properties of the one-dimensional S = 1/2 
Heisenberg antiferromagnetic chain are very different 
from those of three-dimensional magnetic systems because 
of the importance of quantum fluctuations. It has been 
known since the early l 930's that there is no long-range 
order even at T = 0 K. More recently, in the l 980's, it was 
realised that the excitations are not the doubly degenerate 
~Sz = l spin waves, but S = 1/2 so-called spinons and that 
the neutron scattering from such systems is three fold 
degenerate and consists of a continuum in (Q, co) space 
corre ponding to the creation of pairs of spinons. This 
continuum has now been observed in quasi-ID, S = 1/2 
Heisenberg antiferromagnetic chains and the results are in 
agreement with the theoretical predictions I I j. 
Another manifestation of the effect of quantum fluctua­
tions occurs when a magnetic field is applied. Classically, 
magnets with antiferromagnetic Heisenberg interaction 
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form a spin-flop phase in which the spin moments along 
the field are aligned ferromagnetically and those perpen­
dicular to the field are aligned antiferromagnetically. 
Quantum theory, however, predicts that a number of spins 
become fully aligned by the field and those are distributed 
approximately regularly along the chain. This produces an 
incommensurate-like short-range order with a periodicity 
given by the average distance between the aligned spins, 
which decreases with increasing field. The triplet excita­
tion continua in zero field are split by the applied field into 
separate continua which come down to zero energy at 
positions corresponding to the incommensurate ordering 
wavevector [2], as illustrated in Fig. I. The positions of 
the continua alter as the applied field increases until at 
high fields B > B0 the spins are all aligned parallel to the 
field and the excitations have a well-defined magnon 
dispersion relation. 

b) 
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Q (rlu) 

- 3 

1.0 

Figure I: Spectrum of longitudinal excitations in the IDS= //2 Heisenberg antiferromagnetic chain in a) zero and b) an applied peld B = Jlgµ8. The heavy and 
light lines are the boundary of the continua with the heavy lines indicating where strong scattering is expected. The dotted vertical lines show the direction of 
constant-Q scan in Fig. 3. The transverse modes also show similar effects {l J but have been omitted for the sake of clarity. 
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Figure 2:a) Magnetic chains and exchange paths in Cs1Cu0~. b) Magnetic 
phase diagram in a peld applied along c showing the measured boundary of 
the 3D cycloidal phase (open squares) and the regions of the intermediate­
peld and ferromagnetic phases. 

Cs2CuC14 is one of the few qua i-1 D ystems with a suffi­
ciently low exchange interaction (J = 0.41 meV) that it is 
pos ible to apply large enough magnetic fields to produce 
the fully aligned ferromagnetic pha e 13]. The S = 1/2 
Cu2+ spins are coupled into chains along the b-axis and the 
chains interact along the c-direction through a small 
exchange J' = 0.175 J a depicted in Fig. 2(a) (all other 
interchain exchange are negligible) 14 ]. The frustration 
caused by the staggering of the chains produces 3D 
incommensurate cycloidal ordering below T = 0.62 K 
with the spins rotating mainly in the (b, c) plane. A field 
B > 1.66 T along the c-axi decouples the magnetic chains 
and the ystem has a structure in which no long-range 
incommensurate or antiferromagnetic order could be 
detected I 3 ]. This phase occur up to B "' 8 T where spins 
become ferromagnetically aligned by the field l5]. A sum­
mary of the phase diagram is shown in Fig. 2b. 

The magnetic excitations were measured on a single crys­
tal of Cs2CuC14 using the cold neutron three-axi spectro­
meter IN 14. The magnetic field was provided by a 6 T ver­
tical magnet and the sample wa cooled to temperatures 
below 0.1 K using a dilution-fridge in ert. Fig. 3 summa­
rises the results of constant-wavevector scans at 
Q = (0,0. 75,0), which correspond to the dashed line in 
Fig. I. The well-defined inelastic peak observed in zero 
field broadens above the transition to the disordered pha e 
at 1.66 T where the line hape can be described by two 
independent peak (the fit is shown as a olid line in the 
figure). The ob erved plitting of the inelastic scattering 
and its behaviour in a field are well reproduced by the cal-
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Figure 3: Intensity observed at Q = (0, 0. 7 5, 0) as a function of energy and 
peld at T = 0.1 K. Two different scales are used and scans are shifted upwards 
by I 00 (0 T} (right axis) 160 ( I .66 T}, and 80 (2 T} (le~ axis). Solid lines are 
fits as described in the text. and dotted lines represent the nonmagnetic back­
ground. The energies at which the intensity is expected to be large for quan­
tum chains are shown by the vertical arrows above the scans. 

culation for quantum chains shown by the vertical arrows 
above the scans. The strong field dependence of the low­
energy scattering results from the field dependence of the 
short-range ordering wavevector as it varies across the 
zone with increasing field. 

The experiments are inconsistent with a conventional anti­
ferromagnetic spin-flop phase which would give a single 
peak at an energy of 0.64 meV and long-range antiferro­
magnetic order, which is not observed. It is concluded that 
the magnetic field produces the short-range incommensu­
rate phase predicted by the quantum theory and neither the 
pin-flop nor any other long-range ordered structure pre­

dicted by classical theories of magnetism is consistent 
with the observed behaviour. 
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Giant 1 so-1 ao isotope effect 
on the metal-insulator transition 

of RNiO3 perovskites IR = rare earth) 

■ M . MEDA RDE , A . FURRER (LNS , V ! LLIGEN) , ■ K . CONDER (ETH , Z ORICH ), 

■ P. LACORRE ( LAB . FL UORURES, LE MAN S) , ■ F. FAU TH (LNS , VILL I GEN AND ILL). 

The metal to insulator transition displayed by all the members of the perovskite family RNi03 (R = 4f rare earth 
different from La) has attracted a lot of interest since it constitutes one of the few examples of this phenomenon 
in perfectly stoichiometric compounds. In spite of the great deal of work performed during the last six years, the 
mechanism responsible for the electronic localisation is still a matter of controversy. The observation of unusually 
large O isotope shifts on the metal-insulator temperature T Ml reported in this study represents an important 
advance since it clearly proves the dominant role of the electron-lattice interaction as driving force for the tran­
sition. Moreover, the good agreement between this observation and a simple model based on the existence of Jahn­
Teller polarons in the metallic state gives further qualitative and quantitative support to the polaronic picture 
recently suggested to account for O isotope effects in other 3d transition-metal oxides containing Jahn-Teller ions. 

Since it di covery in 1991 [ 11, several mechani ms have 
been propo ed to explain the occurrence of a metal-in u­
lator tran ition in i perovskites [2] . Together with a 
magnetic origin ( disregarded after recent studie on 
SmNi03 and Eu i03 [3 1), a rather appealing possibility 
wa a gap opening due to a Jahn-Teller induced distortion . 
However, though i3+ di plays in the e compounds the 
low spin, potentially Jahn-Teller active t2g6 eg I configura­
tion, the Ni06 octahedra appeared to be nearly perfect in 
previous high-resolution neutron-diffraction tudies. In a 
first stage it was then believed that the Ja~n-Teller effect 
was either drastically reduced, dynamic in character or 
simply non existent in Ni perovskites. However, the unu­
sual magnetic structure reported for the e compound 
(they display a propagation vector k = (1/2 0 1/2) which is 
unprecedented in an oxide with perovskite structure [21) 
strongly suggested the exi tence of an ordering of the 
dxi _ y2 and d322 _ r2 orbitals. 

Since in the neutron diffraction studies reported up to now 
no evidence of super tructure peak related to the orbital 
ordering could be ob erved [3 I, we decided to try an alter­
native way to investigate the role of the Jahn-Teller effect 
a po ible motor for the transition. For this purpo e we 
synthesised two eries of nickelate , one prepared using 
natural oxygen (99.76% 16Q) and the other using the hea­
vier i otope 180, and we explored the influence of the 0 
mas on the metal-insulator temperature using both 
differential canning calorimetry and neutron powder-dif­
fraction. 
The neutron diffraction experiment were performed at 
the ILL on the diffractometers DIA and DlB. Fig. 1 
shows the temperature dependence of the unit-cell volume 
and the ordered Ni3+ magnetic moment for the two PrNi03 
samples. The metal-in ulator temperature is indicated by 

the volume anomaly at T Ml, a well a by the udden sup­
pression of the magnetic ordering above this temperature. 
To be noted is the huge displacement of the transition by 
increasing the ma of the O isotope (:::: + 8.2 K), clearly 
vi ible in both ets of data. A final proof that the change 
in T MI due to the ubstitution of 160 by ISQ wa obtained 
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Figure I: a) Temperature dependence of the unit<ell volume and b) the 
Ni3+ magnetic moment across T Ml for PrNi l6Q3 and PrNi lBQ3. The neutron 
diffraction-data were recorded an DI B by heating at a constant rate of 
0.1 Klminute. 
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Figure 2: a) Temperature dependence of the overage Ni-0 distance and 
b) the Ni-0-Ni superexchange angle across T Ml for PrNil6Q3 and PrNilB03-
The neutron diffraction-data were recorded on DI A. 

by O back exchange. Furthermore, the values of the Ni-O 
distances, the Ni-O-Ni superexchange angles and the 
0 content obtained from the high resolution DIA data 
(see Fig. 2) indicate that, within the experimental accur­
acy, no structural changes are induced by exchanging the 
0 isotope. 
Shifts on T MI ranging between + I. 7 K (for EuNiO3) and 
+ 10.3 K (for Lao_ 1Pr0_9NiO3) have been measured for the 
remaining members of the series (see fig. 3 and refs (4 j, 
[ 51), the last being the largest positive O isotope-shift ever 
reported for any kind of transition temperature. Larger 
absolute values have been recently reported for the Curie 
temperature of hole-doped magnetoresistive manganites, 
but both the sign of 11Tc and its evolution with the radius 
of the rare-earth ion were opposite [6] . 

The origin of the O isotope effect in cuprates and manga­
nites is actually a matter of discussion. However, several 

recent studies l6] , [7] strongly suggest an interpretation 
based on the existence of Jahn-Teller polarons ( electrons 
dressed by their associated Jahn-Teller distortion l8]). The 
present work gives strong support to this picture since this 
concept is also able to give a qualitative explanation of the 
isotope effect in Ni perovskites [4,5] . Moreover, it consti­
tutes an important advance since, for the first time, a quan­
titative explanation which perfectly reproduces the experi­
mental observations is proposed. The model, based on 
Jahn-Teller polarons in a charge-transfer system (see refs. 
[4] and l5] for details), implies the following dependence 
of the metal-insulator transition temperature T Ml 

on the oxygen isotope mass: 
k0 T MI= 11- a exp (- yEJT/hw) cos$ 

Here /1 is the charge-transfer energy, EJT the Jahn-Teller 
energy, a is the proportionality constant between cos $ 
and the bandwidth Wb (Wb = a cos$),$ is the tilt angle of 
the NiO6 octahedra and w is the phonon frequency which 
depends on the O isotope mass (w is proportional to 
1/✓ffioxygen ). Fig. 3 shows the evolution of 11T Ml along the 
nickelate series together with the fit obtained with this 
model using w = 80 meV (for 160) and EJT = 400 meV. 
To be noted is the excellent agreement between the experi­
ment and the calculation, as well as the fact that the values 
of the parameters involved in the model (the charge trans­
fer energy /1 :::: 3e V and the bare band width Wb "' 8 e V ) 
are of the same order of magnitude as previously publi­
shed estimates from spectroscopic techniques [9 j. 

• Ll T Ml measured 

I 0 - Ll T Ml calculated 

8 g 
~6 

• Ni ~ 

• 0 ~'9 
<l 

4 

2 

0 .__.,__....___.____.____.,_.__.,__....___.____.____.,_.__.,___.___.__, 
0.968 0.972 0.976 0.980 0.984 

cos <I> 

Figure 3: Evolution of the isotope shi~ LIT Ml along the nickelate series from 
DSC and neutron diffraction data. The cosine of the tilting angle of the Ni06 
octahedra represented in the abcissa axis is a measure of the distortion of 
the perovskite structure. The straight line is the rt mentioned in the text 
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Structural investigation 

of the new inorganic 
spin-Peierls system a'-NaV20s 

■ T . CHATTER] ! (ILL AND MPI DRESDEN) , 

■ G . J . MCINTYRE (ILL), 

■ K . D. Liss (ESRF). 

Neutron and synchrotron x-ray diffraction experiments have been performed on the newly discovered inorga­
nic spin-Peierls system a.'-NaV20 5 above and below the spin-Peierls phase-transition temperature T SP· Superstructure 
reflections corresponding to the cell doubling along a and b and quadrupling along c have been observed in both 
neutron and x-ray experiments. By comparing the relative intensities of substructure and superstructure reflec­
tions in the neutron and x-ray data we conclude that the modulation below Tsp is due predominantly to displace­
ments of vanadium atoms. 

Ever since the discovery of high temperature supercon­
ductivity in doped antiferromagnetic cuprate materials 
there has been a renewed interest in low-dimensional 
quantum antiferromagnets. A linear S = 1/2 chain with 
antiferromagnetic interaction along the chain interacting 
with the three-dimensional phonons can lead to a spin­
Peierls (SP) phase transition. A dimerisation of the spin 
chain below the transition temperature T SP leads to the 
formation of a non-magnetic singlet ground-state [ 1-4]. 
The transition is called a spin-Peierls transition because it 
is a magnetic analog of a Peierls transition in quasi-one­
dimensional conductors. The transition was initially 
observed only in a few organic compounds (4] . The disco­
very of a SP-state in the inorganic compound CuGe03 [5] 
has renewed strong interest in this phenomenon. Recently 
Isobe and Ueda (61 have discovered a new inorganic 
spin-Peierls system a ' -Na V 205. Magnetic susceptibility 
measurements on both polycrystalline samples [6] and 
single crystals [7] have shown that a spin gap opens below 
T SP = 34 K and Raman scattering measurements [7 J also 

Figure I: The crystal structure of a'-NaV20s. The V atoms are coordinated 
by O atoms to form square pyramids. Na atms are surrounded by a bi­
capped trigonal prism of O atoms. 

show a crystallographic distortion at the SP transition. It is 
now established that a ' -Na V 205 is a spin-Peierls com­
pound with the highest critical temperature so far known 
Tsp = 34 K. 

According to Reference [8] a' -Na V 20 5 crystallises in the 
orthorhombic space group P21 rnn. The non-centrosym­
metric structure allows two independent V atoms in the 
unit cell. This led to the belief that the crystal structure 
contains V4+ ( S = 1/2)-chains along the b axis, in which 
spins are antiferromagnetically coupled. These chains are 
separated from the non-magnetic V5+.chains, which 
results in a quasi-one-dimensional behaviour. The coordi­
nation of the O atoms around V4+ and V5+ can be descri­
bed in terms of square pyramids. Na atoms are surrounded 
by a bi-capped trigonal prism of O atoms. 

We have performed neutron and synchrotron x-ray dif­
fraction experiments on the same good quality single crys­
tal of a'-NaV205. The crystal was small by neutron stan­
dards, but large by x-ray standards. A neutron diffraction 
study was possible due to the very low intrinsic back­
ground on D10; an x-ray study of the entire crystal was 
possible on the high-energy beam line ID 15 at the ESRF. 
Our room temperature data showed that the non-centro­
symmetric space group P21mn proposed in [8] is not right 
and the real space group is the centrosymmetric Pmmn. 
There is only one symmetry independent V-atom in the 
unit cell. Therefore the description that the structure 
contains both magnetic V4+ and nonmagnetic V5+ chains 
along the b axis is not valid, at least not at room tempera­
ture. Fig. 1 shows schematically the crystal structure of 
a '-NaV20 5 obtained on the basis of our neutron diffrac­
tion data at room temperature. We have observed super­
structure reflections by both techniques below Tsp = 34 K 
corresponding to cell doubling along a and b and quad­
rupling along c. Fig. 2 shows the temperature variation of 
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Figure 2: Temperature variation of the integrated intensity of the 3/2, I 12, 
I I /4 superstructure reffection of a'-NaV20s measured by neutron diffrac­
tion. The intensity of this reffection decreases with increasing temperature 
and becomes zero atT5p = 34 K. The inset shows a typical scan of the 3/2, 
I 12, I //4 reffection at T = 50 K. 

the integrated intensity of the 3/2, 1/2, 11/4 super tructure 
reflection measured by neutron diffraction. The inten ity 
of thi reflection decrea es with increasing temperature and 
becomes zero at T SP:::: 34 K. The superstructure reflections 
are very weak in intensity in the neutron experiment but 
much stronger in the x-ray case (Fig. 3). We have measured 
intensities of both substructure and super tructure reflec­
tions at 5 K both by neutrons and x-rays. 

The results of the e experiment allow u to reach a very 
important conclusion about the structural modulation of 
a' - a V 20 5 below T SP· The very fact that the inten itie of 
the superstructure reflections in the x-ray diffraction expe­
riment are of the order of I 0-1 those of substructure reflec­
tions whereas in the neutron diffraction the corresponding 
ratio is of the order of I 0-4 implies that the structural 
modulation below Tsp is essentially due to vanadium 
atoms. This is because the neutron cattering-length of V 
atoms is only - 0.0382(1)· 10-12 cm, wherea tho e of Na 
and O atoms are 0.363(2) · 10- 12 and 0.5805(4)· 10-12 cm, 
respectively. The x-ray atomic scattering factors in the for­
ward direction for V, Na and O are 23, 11 and 8 electrons, 
respectively. Thus the V atoms contribute very trongly to 
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Figure 3: Temperature variation of the intensity of the 3/2, I 12, 1514 super­
structure reffection of a'-Na V 20 5 by synchrotron x-ray diffraction. 

the x-ray intensities but very weakly in the neutron case. 
Indeed for this reason we could refine the neutron-diffrac­
tion substructure inten ity data (both from polycrystalline 
and single cry tal a' -Na V 20 5) collected at 5 K with para­
meters essentially of the high-temperature structure. This 
further supports the conclu ion that the tructural modula­
tion of a' -Na V 205 below T SP is essentially due to the di -
placement of V atoms. 

A possible model for the low temperature tructure can be 
obtained by "decorating" the zig-zag vanadium chains 
parallel to the crystallographic b axis. The doubling of the 
b axis can be easily realised by modulating the V-V di -
tance (short S and long L). In the room temperature pha e 
they are equal (D) along the zig-zag chain. So if one has 
the S-L-L-L-S-L... sequence at the low temperature in -
tead of the sequence D-D-D-D-D-D ... of room temperatu­
re then the unit cell i doubled along b. If we al o decora­
te the next parallel chains as we move along the a axi like 
L-S-L-L-L-S ... , L-L-S-L-L-L-S ... and L-L-L-S-L-L-L-S ... 
we get cell doubling along the a axis. 
Now it is easy to stack these chain in the a-b plane along 
c in order to get the cell quadrupling along the c axis, 
although there are several ways of doing thi . One such a 
model has indeed given a reasonable fit to the low-tempe­
rature diffraction data. The details of this model will be 
published elsewhere. 
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Strong coupling between the structure 
and magnetism of manganese perovskites 

■ K . V . KAMENEV , A . J . CAMPBE LL, D. M cK PA UL, M . R. LEE S, G . BA LAKRISHNAN (UNIV . WARW ICK), 

■ G. J . MCINT YRE (ILL) . 

The pressure-temperature phase diagram of La0_835Sr0.165Mn03 is found to exhibit extremely unusual features which 
include pressure independence of the Curie temperature in the orthorhombic phase, a re-entrance of the rhombo­
hedral phase at low temperatures, and a change of the type of the magnetic phase transition from second to first­
order at the intersection of the structural and magnetic phase boundaries. Comparison of the x-T, H-T and P-T phase 
diagrams reveals a common trend in the behaviour of La 1_xSrxMn03 (x ~ 0. 165), i.e. increase in Sr content, magnetic 
field or pressure leads to a crossing of the temperatures of the structural and magnetic phase transitions. We 
conclude that the unique observation that the structural transition may be driven by application of a magnetic field 
is due to strong coupling between the magnetic and structural transitions near the intersection. 

The ystem La1_xSrxMnO3 belongs to the family of doped 
manganese perovskites which exhibit colos al magnetore-
i tance near the ferromagnetic spin-ordering temperature. 

Samples with x = 0.165 undergo a first-order pha e-transi­
tion from the high-temperature rhombohedral (R.3c) to a 
low-temperature orthorhombic (Pbnm) phase at Ts = 295 K, 
and a second-order phase transition from the para- to the 
ferromagnetic tate at Tc = 261 K. Doping by Sr al o 
results in a change in the ordering; with increasing x, Tc 
increases from 238 K for x = 0.15 to 283 K for x = 0.175, 
whereas Ts decrea es from 380 K to 190 K. The magnetic 
and tructural pha e-transitions intersect on the x-T-phase 
diagram for a critical doping level Xc :::: 0.165 at about 
270 K 11 J. Application of a magnetic field to samples with 
x :::: 0.165 induces the structural tran ition from the ortho­
rhombic to rhombohedral state at room temperature 12Jl. 
The ame phenomenon al o occurs on application of pres­
sure. A recent strain-gauge dilatometric study showed that 
Ts = Tc at a pressure of approximately 3 kbar in 
Lao.835Sro. i 6sMnO3 { 41 . However, only isobaric temperatu­
re scans were pos ible in this study, and the type of transi­
tion, structural or magnetic, is only inferred indirectly. 
Here we report a more comprehensive investigation of the 
P-T phase diagram of Lao.835Sr0.165MnO3 by means of 
neutron diffraction. 

Neutron-diffraction measurement were carried out on a 
sample of Lao.835Sr0.165MnO3 on the single-crystal diffrac­
tometer DI 0. A high-pressure cell using gaseous helium as 
pre sure-transmitting medium allowed continuous variation 
of the temperature and pre sure in situ over a temperature 
range of 1.2-310 K and pressure range of 0-5 kbar. The 
orthorhombic (2 0 0) and (4 0 5) reflections were chosen to 
monitor the magnetic and tructural phase-transition , res­
pectively. The results of this investigation are summari ed 
in the pre ure-temperature pha e diagram in Fig. I. 
The P-T phase diagram of Lao.835Sr0.165MnO3 i defined 
by the lines of the structural and magnetic pha e-tran i-

tion . The first-order structural pha e-transition, Ts, is 
hown by the two ''Z" -shaped curves which enclose a 

metastable region where, depending on the history of the 
sample, either the rhombohedral or the orthorhombic phase 
can occur. The single line which tarts at Tc= 261 K at 
ambient pressure and ends at 282 K at a pressure of 5 kbar 
corresponds to the (normally) second-order para- to ferro­
magnetic phase-transition. The hatched area indicates the 
intersection of T s and Tc, and separates the four phases 
given by all possible different combinations of the two 
structural and two magnetic phases. These phases are mar­
ked on the diagram as Pr, Po, Fo or Fr, where "P" or "F' 
specifies the magnetic state as paramagnetic or ferroma­
gnetic and "r" or "o" denotes the structure as rhombohedral 
or orthorhombic. 

One of the key features of the phase diagram is that, due 
to the peculiar "Z"-shape of the structural phase-bounda-
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Figure /: The P-T phase diagram of La0.835Sr0.165Mn03. The phases are 
described in the text The observed Tc and T 5 are denoted by squares and 
circles, respectively. 



ries near the inter ection, ome of the line of the pha e­
transitions cannot be een by pure temperature variations. 
The phase boundarie which can be found during tempe­
rature variations at a constant pres ure are delineated by 
solid line in Fig. l; the phase boundaries hown by bro­
ken lines represent the transitions which can only be seen 
on isothennal pres ure change . 

By observing the temperature and pre ures of the pha e 
transitions found during pres ure variations we could 
connect the phase boundaries which were invisible in hea­
ting-cooling run , and had gone undetected in the dilato­
metric study. Isothennal pre sure variation allowed u to 
establish the "Z"-shape. It is also clear that the magnetic 
phase-transition mirrors the hystere i of the structural 
phase-transition in the crossing region which leads us to 
conclude that the structural change is a primary effect 
with respect to the magnetic one, and that the type of the 
ferro- to paramagnetic phase-transition switches from 
second-order to first-order, a most unu ual phenomenon. 
Pressure scan at 270 K (Fig. 2) illu trate clearly the loc­
king together of the structural and magnetic transitions in 
the region of inter ection of the pha e boundaries. 

Due to the hysteretic character of the fir t-order structural 
and, locked to it, the magnetic phase-tran ition, the inter­
section occupie the hatched area on the P-T-phase dia­
gram. In thi area the sample can be in any one of the Pr, 
Po, Fo, or Fr phases depending on the pres ure-tempera­
ture path by which it wa brought to the area. 
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Figure 2: Pressure dependendes of the intensities of (4 0 5) and (2 0 OJ at 
270 K on pressure release, along the path AB of Fig. I. 

In harp contrast to the pressure-independent Tc een in the 
orthorhombic phase below 3 kbar, the Curie temperature in 
the rhombohedral phase increase with applied pre sure 
with dT cf dP = 3.5°C/kbar. Given that the cell volumes are 
almost identical in the two structural phases, the change in 
the pressure dependence is particularly intriguing. To 
understand thi we note that Tc is sensitive to the Mn-O-Mn 
bond angle. When the crystal is compres ed in the ortho­
rhombic phase, the Mn-O-Mn angle is 180° by ymmetry, 
and pressure cannot affect it, changing instead the inter-pla­
nar di tance . In the rhombohedral phase the "ea y" direc­
tion of compression is the three-fold axi , which i at an 
angle to the Mn-O-Mn bonds, so that the Mn-O-Mn bond 
angle is more easily affected by applied pressure. 
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Figure 3: a) The x-T phase diagram of La ,_,Sr,MnO3 (based on [ I J), 
and b) the H-T phase diagram of Lao.835Sro.165MnO3 (based on (2], and 
experiments on 03 [3]). 

Finally, compari on of the x-T (I I, H-T [2.31 and P-T­
phase diagrams reveals a common trend in the behaviour 
of La1_xSrxMnO3 (x -0.160), i.e. increase in Sr-content, 
magnetic field or pres ure lead to intersection of T s and 
Tc- Even though it is impossible to give a definition of the 
Curie temperature in a magnetic field, we can suppo e 
that the abrupt decrease ofTs near H = 2 Ti related to the 
intersection with the magnetic pha e-tran ition in the 
plane of magnetic field and temperature [3] (Fig. 3). 
A comprehen ive tudy of the inter ection region can only 
be done if both the temperature and another parameter, 
one of x, H or P, is varied. Since isothennal variation of 
Sr-content (x) are obviously impossible and because of 
the difficulty with the definition of Tc in magnetic field, 
use of pressure as a second variable is the only practical 
means to probe this complicated phase diagram. 
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Quantum critical behaviour in 
a high-temperature superconductor 
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■ G . AEPPL I (NEC R ESEARCH IN ST.), 

■ j . KU L DA (ILL) . 

■ H.A . MOOK (OAK R I DGE NAT. LAB.) , 

We have used polarised (IN20) and unpolarised (TAS6, Ris0) neutron scattering to measure the wavevector and 
frequency-dependent magnetic fluctuations in the normal state (from the superconducting transition temperature, 
Tc = 35 K, up to 350 K) of single crystals of La1,86Sr0.14Cu04. The incommensurate peaks which dominate the 
fluctuations have amplitudes that decrease as I /T 2 and widths that increase in proportion to the thermal energy 
(k8 T) and energy transfer added in quadrature. The nearly singular fluctuations are consistent with a nearby quan­
tum critical point. [I] 

The nonnal tate of the high Tc cuprates i a unusual a 
their superconductivity. This has been well known for many 
years and is strikingly manifested in the re i tivity whkh is 
linear in temperature from above 1,000 K to just above Tc. 
The charge degree of freedom display a variety of peculiar 
propertie including some quite imple caling behaviour 
often invoked as a ignature of novel phy ic responsible 
for uperconductivity. The fact that electrons also carry 
spin together with the proximity of uperconductivity to 
magnetic ordering (see Fig. I) sugge t that similar beha­
viour might be expected in the magnetic properties of high 
Tc uperconductor . However, magnetic measurements 
have generally yielded complex and less univer al re ult 
than tho e which probe charge. We have used inelastic neu­
tron- cattering to study the magnetic fluctuations of the 
imple t high Tc material, La2-xSrxCuO4, over a much 

wider range of temperature and frequency than has pre­
viou ly been po ible. We have found a nearly ingular 
behaviour, in the ense of diverging amplitudes and length 
scale for T ➔ 0, indicating the presence of a low-Tor zero­
T phase transition. The latter i usually referred to a a 
quantum critical point. 

We have tudied the magnetic respon e of La2-xSrxCuO4 

for x = 0.14, clo e to the optimal doping for uperconducti­
vity (Fig. I). The magnetic re pon e of this system is pea­
ked at incommensurate wavevector determined by the geo­
metry of the Fermi surface for thi quasi-two-dimen ional 
metal 121. Fig. 2 shows that this respon e occurs only in the 
pin flip channel, confinning it magnetic origin. 

By combining the unambiguou detennination of the 
magnetic signal provided by a polarised beam (on IN20) 
with more rapid unpolarised measurements carried out on 
the TAS6 spectrometer at Ri ~ we have been able to cha­
racteri e the magnetic respon e of La2- xSrxCuO4 between 
Tc and 350 K for energie between 2.5 and 15 meV. Full 
polari ation analysis of the signal and background up to 
300 K on IN20 was u ed to verify background ubtraction 
u ed to extract magnetic cattering from the unpolarised 

Figure I: Schematic phase diagram of La2_,Sr,CuO4 showing the evolution 
from antiferromagnetism (AFM) through spin glass ordering (SG) to super­
conductivity (SC). Stripe ordering (shown in grey) occurs for double doping 
with both Sr (x) and Nd (y). The current measurements were for x = 0.14, 
shown as a red arrow along the T axis. 
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Figure 2: Polarised beam data collected on IN20 showing constant energy 
scans for 3.5 meV at T = 40 K (> T,). The incommensurate response occurs 
only in the spin nip channel, confirming the magnetic origin of the signal. 

data (Fig. 3a). The observed profiles were then fitted to a 
model, convoluted with the spectrometer resolution. The 
peak height (extracted from the fits) is proportionate to the 
imaginary part of the dynamical susceptibility x"(Q, ro) , 
being itself proportionate to ro as most of the measure­
ments took place in a low-energy regime. 

The peak value of the response is thus characterised by a 
single parameter XP" (Q, w)/ro, varying as l/T2 over the 
whole range of temperatures and energies probed (Fig. 
3b). Its integral <X"(w)>lw falls off more slowly due to the 
increasing width (decreasing correlation length) as tempe­
rature is increased. 

The linewidths (in momentum space), resulting from the 
fits, were found to scale linearly with the temperature and 
energy added in quadrature (not shown). This w/T scaling, 
together with the implied dynamical exponent, Z = 1 are 
consistent with expectations for a quantum critical point 
[4] . As for ordinary critical points the state of the system 
is characterised by the inverse coherence length K , whose 
value is obtained from the linewidths. The inset to Fig. 3a 
shows that the susceptibility varies as l/K3 which is 
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Figure 3: a) Temperature dependence of the peak intensity derived from 
full polarisation analysis ( difference between spin nip intensity for horizontal 
(HF) and vertical (VF) neutron polarisation) compared to unpolarised inten­
sity from Rise. b) Peak amplitude of intensity for the response. The inset 
shows the I/ K"J variation of the amplitude consistent with the quantum cri­
tical point prediction. 

consistent with the expected critical exponents for a quan­
tum critical point in a 2D insulating magnet. 

The nearly singular behaviour which could indicate a 
quantum critical point implies that there is a magnetic 
instability nearby in phase space. The antiferromagnetic 
state is far removed in doping from the superconducting 
phase and occurs at a commensurate wavevector so it is an 
unlikely candidate. However, as shown in Fig. 1, doping 
with Nd on the La site results in stripe ordering, so named 
due to the stripes of antiferromagnetic material separated 
by lines of charges {5]. This may be the instability which 
dominates the response at the temperatures and frequencies 
probed in these measurements, prior to the suppression of 
the low frequency response by superconductivity [2]. 
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Spin dynamics at the magnetic 
instability in CeCus-xAUx 

■ 0 . STO CK ER T , H . VON L ◊HNEYSEN (UNI V. KARLSRUHE) , 

■ N . P YKA ( ILL ) , 

■ M . LOEWENHAUPT (T U DRE S DE N ) . 

The heavy-fermion system CeCu6_xAux orders antiferromagnetically for Au concentrations x > 0.1 . At the critical 
Au concentration Xc "" 0.1 remarkable deviations from Fermi-liquid behaviour are observed in thermodynamic and 
transport properties below "" I K. To investigate the dynamics of this phase transition from a non-magnetic to a 
magnetically ordered ground-state in CeCu6_xAUx we performed inelastic neutron scattering experiments on single 
crystalline CeCu6_xAux (x = 0, 0.1, 0.2) on the IN 14 spectrometer at very low temperatures T ~ I 00 mK and magne­
tic fields up to B = 5 T. The dynamic correlations found for x = 0.1 together with the observed magnetic ordering 
for x = 0.2 provide a possible explanation for a scenario of the non-Fermi-liquid behaviour for x = 0.1. 

The concept of Fermi liquids has greatly contributed to the 
understanding of the low temperature properties of metals 
with interacting electrons. Even unusual metals such as 
heavy-fermion systems can often be described within the 
scope of this concept. Recently, a number of these mate­
rials have been found to exhibit striking deviations from 
Fermi-liquid behaviour. One of the scenarios to explain 
this non-Fermi-liquid behaviour is the proximity to a 
magnetic instability arising from the competition between 
the intersite interaction between localised magnetic 
moments and the onsite moment screening by conduction 
electrons. This leads to either a non-magnetic or a magne­
tically ordered ground-state. The exemplary system 
CeCu6_xAUx exhibits long-range antiferromagnetic order 
above the critical Au concentration Xc = 0.1 , while pure 
CeCu6 remains non-magnetic down to very low tempera­
tures. At the concentration Xc = 0.1, where the Neel tem­
perature is just suppressed to T = 0, the specific heat C 
depends on temperature T as C ex: TlnT, the magnetic sus­
ceptibility X varies as X ex: l - a✓T and the T-dependent 
electrical resistivity as .1p ex: T instead of the Fermi-liquid 
behaviour, i.e. err ~ x == const and .1p ex: T2 [ l ]. The 
observed unusual temperature dependencies for the speci­
fic heat and the electrical resistivity of CeCu5_9Au0_1 can 
be described by a model [2] based on the scenario of 2D 
spin fluctuations driving the magnetic to non-magnetic 
quantum phase-transition. This spin-fluctuation theory 
assumes a coupling of 3D strongly renormalised conduc­
tion electrons to 2D critical fluctuations at the magnetic 
instability. In order to shed light on the microscopic origin 
of this unique low temperature behaviour of CeCu5_9Au0_ 1, 

we performed inelastic neutron-scattering experiments on 
single crystals of CeCu6_xAUx (x = 0, 0.1, 0.2), since 
inelastic neutron-scattering is a unique tool for the inves­
tigation of magnetic fluctuations. 

Q-scans along [l O O], taken at comparable temperatures 
T < I 00 mK but different energy transfers hw, are shown 

in Fig. l. In previous experiments on CeCu6 only one 
broad commensurate correlation peak was found along 
[l O 0] at Q = (l O 0) for hw = 0.3 meV [3] . Due to a lar­
gely enhanced Q-resolution on IN14 and a smaller energy 
transfer we could resolve a pronounced double-peak struc­
ture that is visible in all investigated alloys. With increa­
sing x the double-peak structure is shifted towards hw = 0 
and appears in CeCu5_8Auo.2 as an elastic feature which 
represents short-range ordering evidenced by the large 
linewidth in Q. The shoulders near the magnetic peaks in 
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Figure I: Q-scans along [ I O OJ at different energy transfers n w in 
CeCu6_,Au, (kr= 1.15 A-1 ). Solid lines represent fits to the data with 
Lorentzian (x = 0, 0.1) and Gaussian line shape (x = 0.2). The asymmetry 
for x = 0 needs further investigation. 



CeCu5_8Au0_2 might be attributed to reminiscent correla­
tions of CeCu5_9Au0_ 1. In Fig. 2 we pre ent energy can 
for the non-ordering CeCu6_xAUx alloys, again at T < 100 
mK, at Q ::::: ( 1.2 0 0) where the pronounced inter ite cor­
relation are ob erved (Fig. I). The magnetic re pon e can 
be described by a quasiela tic Lorentzian line shape. Upon 
alloying with Au the re pon e become much narrower for 
x = 0.1 indicating the vicinity to magnetic ordering. The 
intersite fluctuations in CeCu5_9Au0_1 are al o ensitive to 
magnetic fields (B II (001]) Hke in CeCu6 131. A broade­
ning and overall decrea e of the quasiela tic response is 
observed and at B = 3 T the inter ite fluctuation are stron­
gly suppres ed a di played in the in et of Fig. 2. This i 
in line with the Fermi-liquid recovery in the thermodyna­
mic and transport properties in this field range 11 ]. 
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Figure 2: Energy scans at Q "' ( 1.2 0 0) and T < I 00 mK in CeCu6_,Au, 
(instrumental background subtracted, kr = 1.15 A-1 ). Solid lines are fits to a 
sum of a quasielastic Lorentzian and a resolution limited incoherent Gaussian. 
The inset shows the magnetic ffeld dependence of the quasielastic response 
in CeCu 5. 9Auo.1 (the instrumental background and the resolution limited elas­
tic line are subtracted for clarity). 

The correlation peaks found along a* (Fig. I) are in fact 
part of a more complicated tructure located in the 
a*c* plane. Q- can along [ho 0 ~] with ho = con t in 
CeCu5_9Au0_ 1 reveal a double-peak structure with only 
minor change in the maximum inten ity as one move 
away from the a* axis. In Fig. 3 the observed peak po i­
tions together with the linewidths are displayed by clo ed 
circles with vertical bar . An analy is of these peaks show 
the pre ence of rod-Like features of the dynamical magne­
tic response in the a*c* plane. This dynamical magnetic 
tructure for x = 0.1 evolves for x = 0.2 into both short-
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Figure 3: Positions of the dynamic correlations (x = 0.1) and magnetic Bragg 
peaks (x = 0.2 - I .OJ in the reciprocal ac-plane in CeCu6_,Au,. for x = 0.5 
from [ 4 ]). The vertical bars indicate the linewidth. The inset shows a sche­
matic projection of the CeCu6_,Au, structure (orthorhombic notation) on the 
ac-plane, in which only the Ce atoms are shown. The vertically (horizontally) 
hatched bands in reciprocal space correspond to the directions in real space 
marked by solid (dashed) lines (see inset). 

range ordering a described above (Fig. I) and long-range 
incommensurate magnetic order with Q = (0.625 0 0.275). 
At higher Au doping the wave vector remains nearly 
unchanged until x = 0.5, where a udden reorientation 
takes place to Q = (0.59 0 0) 141 which is then roughly 
con tant up to x = 1. The magnetic structure of the heavily 
doped CeCu6-xAux alloy (x = 0.5, 1.0) can be de cribed 
by moments aligned along the c axi with a sinu oidal 
modulation along the a direction whereas the tructure for 
x = 0.2, 0.3 ha yet to be determined. Fig. 3 summarise 
these results obtained in the different CeCu6_xAux cry tal . 

We recall that a 1-D feature in Q-space i related to a 2-D 
feature in real pace. Hence, the observed quasi 1-D dyna­
mical correlations in CeCu5_9Au0_1 correspond to a qua i 
2-D coupling between the Ce moments. The vertically 
(horizontally) hatched rod in Fig. 3 can therefore be 
identified with plane in real space, the projection of 
which onto the ac plane is indicated by solid (dashed) 
lines between the Ce atoms, shown in the inset of Fig. 3. 
The observed quasi 2-D fluctuations strongly support the 
propo ed cenario [21 with 2-D spin fluctuation coupled 
to 3-D quasiparticles leading to non-Fermi-liquid beha­
viour in CeCu6-xAUx, 
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Quasiparticles 
in the heavy-fermion superconductor 

UPd2Al3 

■ N . B ERNHOEFT, A . H IESS ( ILL ) , 

• N . S ATO , N . A so, Y . E N DO H , T. K OM A TSU B ARA ( T OHOK U U N I V ., S ENDA I ) , 

■ 8 . R oESSL I ( E T HZ AN D PSI V ILLIGE N) 

■ G . H . LA N D ER ( E I TU K ARL S RU H E). 

Experiments with the IN 14 three-axis spectrometer on a single crystal of UPd2Al 3 have shown that a low-energy 
diffuse response in this heavy-fermion superconductor interacts strongly with the local spin-waves. Below T N this 
response contributes a quasielastic peak (of width varying between 0.6 and 0.2 meY), and the real-space correla­
tion length increases on lowering temperature. Below T, the quasielastic response becomes inelastic; with a gap 
of~ 0.35 meY at 0. 15 K. A polarisation analysis experiment has verified that the response is predominantly trans­
verse at low temperatures. 

The ob ervation of gap , or p eudo-gap , in the magnetic 
fluctuation spectrum ha , of cour e, been reported pre­
viously in representative materials of the high Tc cla of 
uperconductor , in which the superconductivity develop 

out of a trongly correlated, but paramagnetic, state. To our 
knowledge previous explorations of thi phenomenon in 
the heavy fermion have been hampered by the small 
magnitude of the magnetic diffuse scattering cross-section. 
The Sf tates in uranium heavy-fermion materials are often 
antiferromagnetically polarised even when the material 
become uperconducting. Despite much effort, the only 
clear evidence obtained from neutron scattering of a 
connection between the Sf states and the uperconductivity 
is a small change that occurs in the Bragg peak inten ity a 
the material enter the superconducting tate 11 ]. 
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The compound UPd2AI3 is unu ual in that the Tc i high 
at - 2 K (our sample have Tc = l.9 K) and the magnetic 
ordering which occur at T - 14 K i characteri ed by a 
relatively large moment of 0.8 µ8 per U atom. Conflicting 
evidence ha been pre ented on the change of the antifer­
romagnetic Bragg peaks below Tc in this compound l~-41. 
More recently, it appear that some small effect may occur 
at the level of< 1% 151. Equally, the initial study of the 
dynamical properties 161 yielded an strongly damped pin­
wave with no change een in the response on entering the 
superconducting tate. These experiments were performed 
at Ri J.,'l with a resolution of 0.35 meV FWHM. 
Our fir t experiment were conducted in Sept. 1996 at 
fN 14 with constant kr = 1.3 A-1 (final energy of 3.5 meV) 
and an energy re olution of 0.12 meV (FWHM). 
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Figure I: Contour plots of the intensity of the scattered neutrons per pxed monitor time as a function of q around Q = [0, 0, 112], the ordered wavevector, and 
energy transfer far two temperatures, below (0.5 K) and above (2.5 K) T, . The solid lines represent the theory discussed in the text 



The important results of this experiment [7] are shown in 
Fig. I in terms of contour plots illu trating the intensity as 
a function of energy and wavevector around the ordered 
wavevector [O O 1/2]. The intense resolution-limited Bragg 
peak appears at E = 0, Q = [0 0 l/2], i.e. in the left-hand 
bottom comer of the plot. Far away from this point may be 
seen the damped spin-wave [6]. In the lower left-hand cor­
ner may be seen additional intensity. This is not the Bragg 
intensity, but represents additional low-energy spectral res­
ponse that is localised around the ordered wavevector. 
From its measured dispersion one may associate this mode 
with the quasiparticle response in the normal state. An 
approximate calculation indicates that this mode contri­
butes the major part to the low-temperature heat capacity, 
and is associated with the transition to superconductivity. 
As the temperature is lowered, thi qua ielastic response 
sharpens in q-space. Below Tc (Fig. 2) we have observed 
(October 1997 with kr = 1.15 A and a resolution of 
0.09 meY) what appears to be the opening of a gap. The 
centre frame shows that at low temperature the quasipar­
ticle mode exhibits a gap of - 0.35 meV and has a width of 
- 0.24 meY, considerably greater than the resolution. In 
contrast to the strong renormalisation at low energy on pas­
sing into the uperconducting state, the higher energy res­
ponse (> I meY) changes little between 0.15 and 3.5 K 
(compare lower two panels of Fig. 2). 
To address the question concerning the polarisation of both 
these modes we performed a full polarisation experiment 
on 1Nl4. The results are shown in the top panel of Fig. 2. 
The response at the lowest temperature for both modes is 
predominantly transverse. 

A preliminary data-analysis has been performed assuming 
that the two modes (initially quasielastic and spin wave) 
are coupled via a mean-field interaction. Implicit in such 
an interaction is the transverse nature of both modes. 
Within this approximation, the mutual coupling between 
modes leads to an enhancement of the low frequency part 
of the susceptibility, and a concomitant renormalisation of 
the effective low-energy quasielastic linewidth. With few 
parameters, the theory gives the solid curves in Fig. l , 
which are a reasonable representation of the data. As men­
tioned, the analysis allows an estimate of the extrapolated 
normal state heat capacity which is within - 20% of the 
measured value. The dramatic fall in the superconducting 
state implies the opening of a gap - which is indeed seen 
experimentally in Fig. 2. These experiments have, for the 
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Figure 2: Data taken in October 1997 on IN 14 with kr(~xed) = I. 15 A-1 
at the magnetic zone centre Q = [0, 0, //2). Top two panels are at 
T = 0.15 K, whereas the lowest panel is at T = 3.5 K. Recall that T, = I. 9 K. 
The top panel is taken with full polarisation analysis on IN 14 (a background 
of 80 counts has been subtracted and corrections made for imperfect pola­
risation) and shows that the magnetic response is transverse in nature. 

first time, identified a contribution in the f-electron dyna­
mical response that is connected with the superconducti­
vity in a heavy-fermion metal. Without the simultaneous 
high flux, energy resolution, and polarisation analysis 
available on IN 14 such effects would be difficult to 
observe, which explains why, despite much effort, they 
have not been reported previously. 
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Phonon-assisted tunnelling of hydrogen 
trapped in niobium: a two-state polaron 

■ A. W ORG ER (ILL). 

Interstitial hydrogen trapped by an oxygen or nitrogen impurity in Nb is confined to two states and shows a rich 
dynamic behaviour due to quantum tunnelling. At temperatures below I 0 K, the hydrogen impurity performs cohe­
rent oscillations about the trap atom. At higher T, adiabatic interaction with conduction electrons drives a cross­
over to overdamped motion; the relaxation rate decreases with temperature according to the law r oe T2K- I, as 
derived first by Kondo. At about 60 K, however, the rate shows a minimum as a function of T and increases on 
further rising the temperature. We report strong evidence for the behaviour above 60 K being due to coupling 
to lattice vibrations; the resulting rate is governed by multiphonon processes. 

Hydrogen in metals hows a variety of quantum pheno­
mena. In clean samples, it diffuses through the whole 
crystal through jumps between well-defined interstitial 
sites. On the other hand, oxygen or nitrogen impurities 
may capture the hydrogen atom, thus forming a two-state 
tunnelling centre on equivalent tetrahedral sites [I] . 
The resulting tunnel matrix-element in niobium has been 
measured by inela tic neutron-scattering; it takes a value 
of I!.. = 2.4 K for H trapped by an oxygen impurity, and 
I!..= 1.9 K for a nitrogen trap [2 3 J. 
Interaction with conduction electrons gives rise to dissipa­
tion and leads to overdamped, or incoherent, tunnelling 
above T = 10 K. Quasielastic neutron-scattering [31 
confirmed Kondo's prediction for the rate [41, 

r = ~ _l (21tkTJ2K - 1 
el Ii K I!.. (1) 

that decreases with rising temperature as T 2K- I, with a 
Kondo parameter K:::::: 0.055. This law describes quantita­
tively measurements on several impurity systems at 
various concentrations l l] . 
In real metals, however, coupling to lattice vibrations pro­
vides a second damping mechanism that prevails at suffi­
ciently high temperature [5] . 
Fig. l shows the potential energy landscape of a two-state 
defect as a function of the defect po ition q and one pho­
non coordinate xk. Due to the linear coupling term ,¼xk, 
the energy minima occur no longer at xk = 0, but are shif­
ted to finite value of the vibrational coordinate. As a 
consequence, the tunnelling motion involves both defect 

and lattice modes; when tunnelling from one well to the 
other, the hydrogen impurity drags its phonon cloud. This 
may be viewed as a two-state polaron, in analogy to the 
diffusion of a light particle in a solid f 6]. 
This polaron effect gives rise to an effective potential that 
changes shape for the particle dwelling in the left or right 
well, as shown in Fig. 2. At very low T, phonon dressing 
results in an apparent increase of the barrier height and 

q 

Figure I: Potential energy landscape as a function of the defect position 
q and the elastic mode xk . 



hence slows down the tunnelling motion. Recently, we 
have pointed out a few subtleties concerning the phonon 
damping rate [7 I. With rising temperature, the rigid pho­
non cloud 'melts', thus lowering the effective barrier and 
enhancing the jump rate. 
When summing an infinite series of multiphonon contri­
butions, we find a temperature-dependent correction fac­
tor to the electron-driven rate (I ), 

I'= I'e1 [1 + F(T)] (2) 

In the limit of low temperature, T < < To, the additional 
term in brackets vanishe , F(7) ➔ 0, whereas in the oppo­
site case, T >> T0, it exceed unity and hence governs the 
temperature dependence of the rate. The cross-over tem-
perature is given by kT0 = J t,, 3pv 5 I 3r2 , with ound 

velocity v, mas density p, and the elastic deformation 
potential y. There are well-known analytic expression for 
F(T), valid for T both well below and above the Debye 
temperature 171. For hydrogen in Nb, none of these limits 
is satisfied, and the correction factor F(T) has to be eva­
luated numerically. Details will be given in [8]. 

In Fig. 3 we plot quasielastic neutron- cattering data for 
Nb(OH)x and Nb( H)x, ob erved by Wipf and co-worker 
I l -3]. Becau e of the smaller tunnel energy, the relaxation 
i lower at nitrogen trap . The dashed lines account 
for damping by conduction electrons only, according to 
Eq. (1). The solid lines (2) take phonon coupling into 

Figure 2: Effective potential for the hydrogen dwelling in the le~ or in the 
right well. 
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Figure 3: Jump rates for hydrogen impurities for N and O traps. Dashed 
lines give the rate (equation I) driven by conduction electrons on~; solid lines 
(equation 2) take phonon coupling into account 

account. The parameter used for the fit are v = 2 260 m/s, 
p = 8.4 g/cm3, and r= 0.2 eV, resulting in T0 = 23 K. The 
minimum in the rate occur at about 2 T0. 

Below 20 K, the solid lines differ little from the dashed 
ones, i.e., dissipation is driven by conduction electrons 
only. Between 30 and 70 K, the polaron effect reduces the 
rate slightly below the undressed value. Above 70 K, 
however, multiphonon processes prevail , and the rate 
increases with T. This behaviour i characteristic for pho­
non-assisted tunneling. At till higher T, the rate levels off 
towards the high-temperature result r oc T- 1/2 181. ln the 
whole range, the data agree well with the theoretical 
curve. In particular, the constant ratio of the rates for N 
and O traps assures that we are in the quantum regime, 
where r oc ,12- 2 K holds true. 

In summary, Fig. 3 hows how the polaron effect 
influences the damping rate. At low T, creening by 
conduction electrons results in a decreasing r with rising 
temperature. Above T0 phonon coupling cause a strong 
increase of the rate. Comparison with qua ielastic neu­
tron- cattering data proves the relevance of phonon-a i -
ted tunnelling for the dissipative dynamics of trapped 
hydrogen impurities above about 60 K. 
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~ 
Theory and data analysis for excitations 
in liquid 4He beyond the roton minimum 

■ F. P I STOLESI (ILL) . 

The hybridisation of the single-particle branch with the two particle continuum in the region beyond the roton is 
reconsidered by including the effect of the interference term between one and two quasi particle excitations. Fits 
to the latest data by B. Fak and J. Bossy with our model allow us to extract the dispersion relation of the final part 
of the 4He spectrum for momenta between 2.3 A-1 and 3.6 A-1 with improved accuracy. In contrast with previous 
measurements and data analysis we find that it never crosses the line of two times the roton energy as expected 
theoretically. Moreover, evidence for an attractive interaction between rotons in this range of momentum is found. 

It is well known that the branch of the excitations in 4He 
flattens out for momentum Q ~ 2.4 - 3.4 A- 1, where one 
excitation can decay into two excitation (specifically two 
roton ) fulfilling energy and momentum conservation. 

This phenomenon was first predicted by Pitaevskii [ l l 
who exploited the logarithmic divergence of the two-roton 
density of states to find the exact form of the Green func­
tions in a restricted region of energy around 2-1 (-1 is the 
roton energy). The explicit value of the parameters ente­
ring the Green functions cannot be inferred from the theo­
ry and should be extracted from the experimental data. In 
particular a crucial parameter of the theory is the two­
roton interaction potential V4 a it determines qualitative­
ly the termination of the spectrum. A a matter of facts for 
an attractive interaction, due to the effective bi-dimensio­
nality of the decay process, we always have a bound state 
(£8 < 2.1), and in this case the hybridisation between the 
one particle branch and the two-roton excitations gives 
ri e to a one particle branch that approaches asymptotical­
ly E8 with a decreasing weight. For positive V4 , instead, 
the spectrum terminates with an essential singularity at a 
critical value of momentum Qc at energy 2-1. In both case 
we should never observe a sharp peak at energy larger than 
2-1 as for such energy excitation become unstable 
towards decay into two roton . 

The experimental data (for a recent review ee Ref. 12]) 
how clearly that the hybridi ation does take place but 

they leave open questions. The position of the peak at 
momentum larger than 2.6 A-1 eem to be above the 2~ 
line in contra t with theoretical expectations. The experi­
mental resolution is not enough to guarantee that the peak 
i really sharp, so it could also be a weakly damped peak 
at energy slightly larger than 2~, but again this would not 
agree with theory. Moreover, a satisfying quantitative 
agreement between experiment and theory has not been 
found so far [3] as even the sign of V4 is still undetermined. 

The validity of Pitaevskii's theory (extended successively 
by many authors 151 is re tricted to the small region in 

energy where the logarithmic singularity dominates, and it 
cannot be applied to higher energies. So one encounters 
difficultie to analyse data for large value of Q because 
most of the spectral weight of S(Q, c.o) is moving to higher 
energies. Moreover, o far no theory has taken into 
account the interplay between the one- and two-quasipar­
ticle response function that becomes more and more 
important for large Q and c.o. 

We have thus considered this effect by studying a simple 
model where two real numbers a and P parametri e the 
coupling of neutrons to one and two roton excitations. We 
thereby include interference effects in neutron scattering 
parametrised on the hybridi ation amplitude V3 and the 
interaction V4. The theory depends on the exact roton­
roton response fu nction x(c.o) and on the bare one roton 
Green function. It applies, in principle, to a larger energy 
range than the Pitaevskii ' one, as far as one can guess the 
form of x(ro). In particular in the narrow region of energy 
around 2-1 we can use the explicit expression for x(c.o) 

2 • • • • • • • lmx., (<ll) 

-- lmx,(ro) 

0, 2A 2 3 
ro(meV) 

ol-.J.:!:!:!2~::::::~---'"'~-~s~--':-6----,7~=:::Je 
ro (meV) 

Figure /: Data from [6] and best fit for sets of data with Q = 2.3 - 3.2 A-1. 
In the inset the fitted lmx( w) is compared with the free one. 



given by Pitaevskii 's theory. Outside this region Imx(w) 
hould be related to the joint density of states of two 

noninteracting rotons but as it i not ea y to have a rebable 
e timate of the exact one we preferred to extract al o x(w) 
from the data. 

We have performed different kinds of fits to the data by 
Fak and Bossy f 6] with our ex pre sion for S(Q, w). We 
performed our fits by assuming no dependence on Q of all 
the parameter , apart from the bare dispersion relation 
which i expected to be the only parameter strongly 
dependent on Q. The fits have been done by rninirni ing 
globally the x2 for S(Q, w) over the bi-dimensional region 
Q and w and not by minimi ing it separately for each 
value of momentum. We find that thjs procedure reduces 
greatly the error bars on the fitted parameters and it gives 
more confidence in the reliabibty of the theory. 

We studied two different problems. First we wanted to 
determine V4 and for this purpose we performed a fit with 
a cut-off in energy of 1.7 meV (slightly larger than 
26 = 1.5 me\/). In this region the modified Pitaev kii theo­
ry should work quantitatively, a effectively we find. The 
interaction potential turns out to be attractive with a 
V4 = -4.7me V A.3 and a tiny £8 = 26 - 1.3 µe V. 

Second we wanted to study the applicability of the theo­
ry to the whole region of energy O < w < 12 me V and 
extract from the data x(w). This has been possible with a 
econd fit to the data without any cutoff and minimi ing 

the x2 al o over the possible hapes of x(w). In Fig. l we 
report the result of the fit compared with the data and the 
fitted Lmx(w) compared with the non-interacting one 
lmXo(W). 

The peak at 26 is due to the attractive interaction. Note 
that the p parameter is crucial to obtain a good fit, also if 
we have completely free x(w). The fit with a cutoff in 
energy (not shown) turn out to be even more accurate. 

The two different fits sugge t nearly the same dispersion 
relation for the quasiparticles as shown in Fig. 2 together 
with the one taken from Ref. 12] . 
In conclusion experiments agree with theory when data 
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Figure 2: New dispersion relation (or the region 2.3 < Q < 3.6 A- 1 
compared with previous measurements. In the inset the complete disper­
sion relation is reported. 

are properly analysed. In fact within the re olution of the 
data it i not possible to extract the po ition of the sharp 
peak without a suitable analysis. The identification of the 
energy at which 26 ha a maximum with the position of 
the pole in the qua iparticle Green function is wrong a 
continuum and di crete contributions are of the ame 
order of magnitude. The convolution with the experimen­
tal resolution leads to a broad peak at energy slightly 
higher than 26 that has been previously interpreted as the 
quasiparticle energy. Experiments at higher re olution in 
this region would be useful to verify the presence of a 
sharp peak at the position uggested by our analysis. 
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Cf) 

Investigation of storage of ultra-cold 
neutrons (UCNJ in traps 

■ V. V . NESV IZHEVSKY. P. GELTE N BORT (IL L ), 
■ A . V . STREL KOV (JINR. D uBNA), 
■ P. S. IA YDJI EV ( RAL D 1ocor/ lNRNE S0F 1A). 

UCNs stored in traps are used in many experiments in fundamental physics such as the measurements of the neu­
tron lifetime or electric dipole-moment. It is known t hat losses of neutrons from such traps are due to the 13-
decay, up-scattering and absorption on a surface but we have identified for the first time a complementary mecha­
nism. This arises from an increase in energy of the neutrons (probability~ I 0 - 5 per collision with trap wall) resulting 
in a higher energy spectral cut-off which is about twice that for the initial stored neutrons. This is a different pro­
cess from normal up-scattering to thermal energies but the result is that higher energy neutrons can then escape 
in the bulk of material by the known processes of up-scattering and absorption or penetrate through the trap wall 
if it is thin enough. Further experiments will show whether this effect is relevant to the anomalous UCN loss 
puzzle known for many years. 

One of the most attractive feature of UCNs (energy 
~ 10-7 eV which corre ponds to a jumping height in the 
Earth 's gravitational field~ 1 m) is that they can be stored 
in trap due to total internal reflection from a surface if the 
energy of UCNs is lower than the Fermi-potential barrier 
of the urface material ( pecific to each material). Long 
(theoretically predicted) torage times of UCNs in traps 
which correspond to long observation times in experi­
ments ( ~ 900 ec, the neutron ~-decay life time) are very 
attractive for experiment in fundamental physics. The 
investigation of this phenomenon itself revealed an inter­
esting physical behaviour: large additional temperature­
independent so-called "anomalous" lo es 11 ]. Anyway 
the best storage times of UCNs in trap are always much 
horter than theoretical expectation. The investigation of 

UCN storage i a long-tenn project involving a PNPI­
JINR (Ru sia) collaboration. More recently an increase of 
international scientific collaborations, particularly with 
ILL, has led to an intensive experimental programme on 
the ILL UCN facility PF2. 

One of our recent results was the observation of "anoma­
lou " penetration of UCNs through the thin wall of a sto­
rage volume 12]. In the present experiment we investiga­
ted the nature of this effect u ing a gravitational 
spectrometer (Fig. I). This consists of a vertical stainless 

teel cylinder (0.6 m diameter and 2 m height, in ome 
measurements the internal surfaces are coated with 
Fomblin oil) and a plane polyethylene absorber that 
provides an upper cut-off (height = energy) to the UCN 
spectrum. A thin foil eparated the storage volume from a 
curved neutron guide that connected it to a UCN gaseou 
detector. A very low background count-rate of~ 5 • 10-4 
counts/ ec wa achieved by careful de ign of hielding 
configuration and detector electronics. The et-up guaran­
teed that, without penetration of the UCNs through the 
thin foil, there would be no correlation between the count­
rate in the detector and the UCN flux in the storage 

lc=aic:=11----- polyethylene absorber 

!----gravitational spectrometer 

Figure I: Diagram a( the installation. 

..-curved neutron 
guide 

-ucN detector 



volume. If neutrons penetrate the foil then the count-rate 
should increase proportionally to the UC flux at the foil 
position. False effects which could be related to above­
barrier neutrons (neutron energy higher than the Fermi­
potential barrier of the foil ) in the initial UCN spectrum 
are avoided by tailoring the spectrum by means of the 
above mentioned polyethylene ab orber. Fig. 2 shows the 
time dependence of the count rate. The spectrometer is 
filled with UCNs for 110 sec, then the entrance valve is 
closed (0 sec in Fig. 2). During the filling the absorber is 
always at such a height that the spectrum cut-off i at an 
energy significantly lower than the Fermj-potential barrier 
of the foil. In the first 70 sec after clo ure the injtial UCN 
spectrum is cleaned from above-barrier neutrons (above­
barrier for the foil) . The dashed green ljne correspond 
to the extrapolation of the count-rate of above-barrier 
neutrons in the initial spectrum. Neutrons counted after 
80 sec. are penetrating "anomalously" through the foil. 
The red line is the normalised time dependence of the sub­
barrier UCN flux at the foil position. The time dependen­
ce of the UCN flux inside the trap was caljbrated in a sepa­
rate experiment with a mall hole in a thick foil. We 
checked and elimjnated the most probable experimental 
errors: the effect of residual above-barrier neutrons; a 
significant probability for specular reflections at trap 
walls; pin holes in the thin foils; possible broadening of 
the UC spectrum due to vibrations. 

The energy dependence of the probability for penetration 
(ratio of the penetrating flux to the initial flux at the foil 
position) of UCNs through foils with djfferent absorber 
heights was measured for a 11.5 µm Al foil (Fig. 3, 
circles), a 15.0 µm Be foil and for two 17 .8 µm Al foil 
(Fig. 3, squares). All three curves show simjJar behaviour: 
I. the higher is the initial UCN energy the hjgher is the 
probability for penetration, 2. simple linear extrapolation 
of the data shows that there is no penetratjon if there are 
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Figure 2: The time-dependence of the nux of neutrons penetrating through 
17.8 µm-thick Al foil. 
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Figure 3: The dependence of the penetration probability versus the absor­
ber height Single I 1.5 µm Al foil (circles), two 17.8 µm Al foils separated by 
a polyethylene ring (squares). The squares are scaled to account for the 
differing thickness of Al in the beam. 

no neutrons in the initial spectrum with an energy higher 
than about half of the potential barrier of the thin foil (the 
barrier correspond to an ab orber height from the bottom 
of~ 60 cm for Al). This result is valid both for Al and Be 
foils although the heights of their potential barrier are 
almost 5 times different. 

The two Al foils (in Fig. 3, quares) were eparated by a 
polyethylene ring mounted in such a way that it i out of 
the direct beam. While for above-barrier UCNs the trans­
mission through two foils or one foil of double thickness 
are almo t equivalent, uh-barrier neutron (if they pene­
trate through the first foil) would be trapped in the inter­
foi l region (small probability of penetration per one colli­
sion) and therefore almost all of them would have been 
totally lost in the polyethylene ring. This measurement 
gave a key to the interpretation: it clearly showed that 
above-barrier neutron are penetrating through foils! Thjs 
seems to be a contradiction as no residual above-barrier 
neutrons are in the injtial UCN spectrum, but it actually 
yields the explanation: UCNs are gaining in energy by 
interacting with a surface. This idea was also verified by 
an additional variation of the detector height (above what 
would correspond to the initial pectrum cut-off) and 
counts were tjll seen. This mall gain in energy i a dif­
ferent proce from " normal " up- cattering to thermal 
energies, but it is in line with a general hypothesis by 
A.V.Strelkov and A.D.Stoika proposed for the explanatjon 
of anomalou UCN losses I 3 J. Thus the probability of 
cattering the UCN to a very narrow energy range 

(1Q-7eV) i about a large a the total probability of up-
cattering at clean surface to all other energie . 

As oon a the tored UCN gain in energy, mo t of them 
are lo t in our et-up immediately in the polyethylene 
ab orber. Indeed when the neutron ab orber is lifted by 
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Figure 4: The same dependence as in Fig. 2 but also with the data and blue 
line corresponding to the raising the absorber by 0.5 m after the spectrum 
cleaning (t > 80 sec). 

half a meter after having established the initial spectrum 
(i.e. after 70 sec) the penetrating UCN flux increased by a 
factor of about 25 (a shown in Fig. 4; blue squares)! The 
solid blue line in Fig. 4 wa calculated u ing the measure­
ment of the time dependence of the UC flux at the foil 
position and the a umption of a con tant probability for 
the generation of above-barrier neutrons created from sub­
barrier one . The ab orber movement it elf does not pro­
duce a noticeable false "heating effect". The pectrum of 
such "energised" UCN has been measured by raising the 
absorber to different heights during the UCN storage 
(after the spectrum cut-oft). One al o ob erves an energy 

cut-off in the integral spectrum, i.e. no higher energies for 
higher absorber heights which corresponds to the maxi­
mum energy in the final spectrum which is about twice the 
maximal energy in the initial spectrum. In future experi­
ments it will be important to identify the process and the 
experimental conditions which are responsible for this 
energy change. 

Today there is no clear theoretical explanation but such a 
proces would help to understand many puzzles in UCN 
physics. Therefore it is important to continue investiga­
tions with careful simultaneous control of all alternative 
channels of escape of UCNs from a trap. 

The main result of the present experiment con i t in the 
ob ervation of a new escape channel of UCNs from traps 
resulting from the pre ence of constant admixture of 
above-barrier neutron in the UCN pectrum which can 
not be eliminated even by the most efficient known method 
of pectrum cleaning (by means of the "almost perfect 
absorber" - polyethylene, installed above the storage volu­
me). It is caused by a change in the energy of UCN . 

Thi energy increa e caused the penetration of UCNs 
through 56 µm Be foil a een in our previous experiment 
121- It could be relevant to explain the additional tempera­
ture-independent anomalous lo e of UCNs 111 which 
have about the same rate but were mea ured at lower tem­
perature and with different surface material. The relation 
of the current observation to this and other experiment 
involving UCNs needs to be tested by future experiments. 
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d) 

Right-handed currents 
and symmetry breaking 

H . ABE LE (UN IV. HE IDEL BERG) . 

Parity is maximally violated in weak interaction: only left-handed fermions take part in the interaction. In the modern 
grand-unified theories, the universe originally is left-right symmetric. Parity violation arises only due to a sponta­
neous symmetry breaking at some intermediate energy scale. Recent neutron-decay measurements from various 
mixed American-British-French-German-Russian collaborations try to shed light on this question. 

Left and right 
Asymmetries are common in daily life. We find more 
screw with a right-handed thread than screws with a left­
handed thread. This has something to do with the fact that 
more people (up to 95%) use the right hand rather than the 
left one. If we look at bio-chemistry we realise that funda­
mental to life is another left-right asymmetry: proteins, 
common to all living creature , are made of amino acid . In 
general, amino acids exist in the "left-hand" L-alanine and 
the ' right-hand" D-alanine. A a urpri e proteins con ist 
exclusively of L-alanine. The widely accepted assumption 
is thi : "a particular hi torical accident wa one- ided, and 
ever ince then the lopsidedne s ha propagated it elf" 11 J. 

ow let u consider particle physic . eutrinos are exclu­
ively left-handed. A right-handed neutrino ha not been 

found, yet. As a consequence neutron decay generates a 
~-asymmetry, where electron show chirality. At first 
glance particle physics shows a feature similar to bio­
chemistry. However, there i , a we believe, a fundamen­
tal difference between the left-handed neutrino and the 
left-hand amino acid: in particle phy ics a particular phy­
sical law itself i not ymmetrical under reflection in 
space. Otherwise laws of nature tend to be ymmetric with 
respect to mirror inversion or parity transformation. 
Electromagnetism, gravity and strong interaction show 
invariance. Also the biochemical examples do not show a 

shutter OS PF I ---­
polariser (P1)----­
upstrearn shutter (LiF) 

diaphragm I 

entrance window ---

lack of ymmetry taking the physical laws as a basi . 
Nevertheless some authors I 1 'i I tate that it was within 
bound of po sibility that the bio-chemical asymmetry 
might be induced by the parity violating weak interaction. 

After the discovery of parity violation, weak currents were 
considered to have vector minus axial vector structure. A 
a consequence, only left-handed fennions take part in 
charged-current weak interaction. This peculiarity is 
incorporated into the standard model of particle physics. 
On the other hand, most grand unification theories favour 
the existence of a left-right symmetry in the early univer­
se. Then parity violation is a con equence of the sponta­
neous breakdown of thi ymmetry. In contrast to the tan­
dard model, parity i not violated to 100% and 
right-handed neutrino would be reminjscent of the initial 
symmetry. A left-right symmetry is incorporated in the 
following way: a left-handed WL and a right-handed WR 
replace the left-handed W gauge boson of the standard 
model. WL and WR are combination of two mass states 
WI and W 2 with masses m I and m2 and a mixing angle ½: 

W1 =\¾,cos½ - WR sin ½ 

W2 = WL in ½ - WR co ½ 

The dominance of left-handed currents require m1« m2. 

Neutron experiments try to shed ljght on the origin of 
parity violation. 

earn stop 

Figure I: Experimental set-up of the PERKED II instrument on the PF I cold neutron position. 



Experimental details 
Observables in neutron decay are neutron lifetime, neu­
tron spin and spin and momentum of proton and electron. 
Up to 1990, all results from neutron decay were in agree­
ment with the standard model I 21. Then in 199 I, a new 
value of the ~-asymmetry A was published I 3 I. The expe­
riment was done at LNPI (Gatchina). Decay events were 
recorded by a scintillation detector for electrons and a 
photomultiplier tube with CsI(Ti) layer for protons. The 
absolute value for A wa ignificantly lower than in earlier 
measurements and in disagreement with the standard 
model. It i not surprising that this result of [ 31 was fre­
quently interpreted as a possible signature of the existen­
ce of right-handed currents in weak interaction H-6J. A 
more recent publication of Schreckenbach et al. 17 I on A, 
on the other hand, gave a value which wa slightly higher 
than the previous values, o that the situation was far from 
satisfactory. In that experiment the tracks and the energies 
of the decay electrons were measured with a time projec­
tion chamber and with plastic scintillators. 

We present a new measurement of the ~-asymmetry A, 
which, here, is the difference of electron count rate in two 
hemispheres for two opposite neutron polari ation states. 
The instrument PERKEO Il ha two electron detectors in 
each hemisphere and wa in tailed at the PFI cold neutron 
beam-position at the ILL (Fig. I). The detector solid-angle 
of acceptance is 2 x 21t and the energy threshold i 60 keV. 
The main component of the PERKEO TI pectrometer i a 
superconducting l T magnet in a split-pair configuration, 
with coil diameter of about one meter. The decay electrons 
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are guided by the magnetic field to either one of two scin­
tillation detectors with photomultiplier readout. An unpo­
larised ~-spectrum is shown in Fig. 2a. The measured 
electron spectra Ni j(E) and N.J, j{E) in the two detectors 
(i = 1,2) for neutron spin up and down, re pectively, define 
the experimental asymmetry as a function of kinetic 
energy E. 

N1(E) -NT(E) 

N 1cE) + NTCE) 

The asymmetry data, fitted between 325 keV and 675 keV 
are shown in Fig. 2b. We obtain A = - 0.1189( 12) [8] . The 
maximum correction we had to apply to the raw asymme­
try Aexp is about one order of magnitude mailer than in all 
previous work. This value differs by more than three stan­
dard deviations from the value - 0.1139( 11) adopted by 
the particle data group in I 996 l 9 I. The consequences for 
physics within or beyond the standard model will be dis­
cus ed in the next paragraph. 

Right-handed currents 
Several recent evaluations of neutron decay data favoured 
the existence of a right-handed weak gauge-boson with a 
mass tate m2 between 207 Ge V /c2 and 369 Ge V /c2 at 
95% confidence level I .5 I. Here we pre ent a new evalua­
tion of thi question, based on the new neutron decay data 
and ~-decay mea urement [ IOI . 

In our earch for a right-handed W bo on, we concentra­
ted on two parameters, the mas -squared ratio 
8 = (m~/ m~) and the mixing angle S· Fig. 3 shows an 
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Figure 2: a) Neutron ~spectrum. +: Electron energy spectrum a~er adding opposite neutron spin orientation Ni and Nl . *: background which was subtracted 
from the raw data. The solid line shows a fit in the energy range between 325 keV and 6 7 5 keV and the dotted line shows an extrapolation to lower energies. 
b) Neutron ~symmetry. The solid line shows a fit ta the experimental asymmetry Ae,p and the dotted line shows an extrapolation to lower energies. 
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Figure 3: Umits on right-handed currents (inferred from neutron decay data and nuclear {3-decay measurements) are shown as contours in this plat of the mass 
ratio 8 parameter vs . mixing angle ( . The region outside the contour lines are excluded with 90%, and 95% C.L. , respectively. a) Status I 994: 
the standard model prediction for parameters 8 = 0 and z = 0 are excluded by more than two sigma. b) Status I 997: the result is consistent with the standard­
model prediction. 

exclusion plot for o and S· The 90% and 95% C.L. 
contour line are displayed. Fig. 3a shows the situation in 
1994 [ 16 ]. The allowed region is not consi tent with the 
standard model prediction o = 0 and s = 0. A fit to the 
data was consistent with the assumption of a right­
handed W. Fig. 3b shows the situation in 1997. We take 
new direct measurements of the neutron lifetime into 
account. These measurements were done at the ILL 
[ 11, 121 and in Gatchina [ 131. For the ~-asymmetry A we 
use ref. [71 and our new value additionally. A measure­
ment of A provides the information on mixing S· We also 

use a new value 114 I for the neutrino asymmetry coeffi­
cient B, which places better restriction on the ratio o. As 
can be seen from Fig. 3b the new result i consistent with 
the standard-model prediction at 90% C.L. 

To summari e, we have measured the ~-a ymmetry 
in the decay of free polari ed neutrons and obtain 
A = - 0.1189( 12). The corrections applied to our raw data 
are not larger than the quoted error. Our evaluation of all 
neutron data i consistent with the standard model pre­
diction of the electroweak interaction. No right-handed 
current were found. 
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Cf) 

Vibrational modes in nuclei 

■ H . G . B ORNER, C H. D OLL, M. )ENTSCHEL (ILL), 
■ R. F. CASTEN (YALE UN IV.). 

One of the central challenges in nuclear physics has always been to understand the interplay between the concepts 
of each nucleon moving in individual quantised orbits and that of coherent excitations (e.g. vibrations or shape oscil­
lations) of the nucleus as a whole.The issue relates to the nature of the nucleus as a many-body quanta! object and 
to the role of the Pauli Principle in this fermionic system. Despite years of studies, both experimental and theore­
tical, we do not understand these collective excitations. More accurately stated, the understanding we have long 
thought to be in hand now appears to need a major revision. New techniques and experiments at the ILL have played 
a very important role, both in this questioning of traditional concepts and in pointing the way to an understanding. 

Aside from the "central" potential to which all the 
nucleons are subject, there are attractive residual interac­
tions that primarily affect the outermost, or valence, 
nucleons. These interactions lead to correlated motions 
and, thereby, to collective excitation-modes of the 
nucleu . Macroscopically, these modes can be viewed a 
nuclear-shape oscillations. The best studied vibrational 
modes are those involving quadrupole (ellipsoidal) 
shapes. ln spherical nuclei - that is nuclei with proton and 
neutron numbers close to magic numbers - these are oscil­
lations of quadrupole shape away from sphericity. In 
deformed nuclei, they are oscillations around the mean 
deformed quadrupole shape.These latter can be of two 
basic types, called p and y. P-vibrations are oscillations 
that pre erve the axial symmetry of the deformed ellip oid 
but increa e or decrea e the degree of deformation. 
y-vibrations are shape excursions perpendicular to this 
axis in which the nucleus momentarily takes on squashed 
axially asymmetric shapes. Fig. I chematical ly illu -
trate these shape oscillations and shows the nuclear 
level- cheme that result from them. ( ote that, on top of 
each vibrational excitation in a deformed nucleus, there is 
a band of levels corresponding to an adiabatic rotation of 
the nucleus a a whole.) For the deformed case, there is a 
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Figure I: Phonon and multi-phonon excitations in spherical and deformed 
nuclei. 

characteristic quantum number, called K, which is the pro­
jection of the total angular momentum on the symmetry 
axis. For P-vibrations, K = 0, for they-mode, K = 2. 
As these vibrational phonons behave as bosons, one can 
envi age uperpo itions of them - multi-phonon states. 
Projection quantum numbers add algebraically. Hence, for 
the y-mode there are two 2-phonon excitations, with 
K = 0 and 4. The mo t telling experimental signature of 
these are the observation of deexcitation transitions 
(y-rays) to the single phonon band whose strength corres­
ponds to matrix elements that are comparable to or grea­
ter than the deexcitation matrix elements from the y-vibra­
tion to the ground-state band. 
But there is a problem with this simple picture of multi­
phonon states. Although the vibration are boson-like, 
they are compo ed of fermions (protons and neutron ). 
Micro copically, the wave functions of the e vibration cor­
re pond to linear combinations of "particle-hole" excita­
tion in which a particle in an occupied orbit is elevated to 
a vacancy in an unfilled orbit and the fermions out of which 
the e vibrations are constructed occupy single-particle 
state with, in genera], rather low angular momentum j. Due 
to the Pauli Principle, each orbit, which has 2j + I magne­
tic substates, can only contain at most 2j + 1 identical 
nucleons. This ha long been thought to impede ignifi­
cantly the creation of uch modes. Indeed, for thirty years 
a long-standing is ue in the study of the collective beha­
viour of nuclei has been whether multiphonon vibrational 
excitations could exist in nuclei that are non spherical. 
It was therefore an important fundamental result in 1991 , 
when an experiment at the ILL [I) using the GRID tech­
nique (Gamma Ray Induced Doppler broadening 12Jl) 
found a state in 168Er which could be associated with a 
2-phonon y-vibrational mode (yy-mode). The GRID study 
deduced the lifetime for this state (here K = 4). The abso­
lute transition matrix elements can be directly obtained 
from the measured lifetimes. 
In the GRID technique the lifetime of a nuclear late is 
obtained by an analysis of the Doppler broadening of a 



deexcitation y-ray transition (see Fig. 2): highly excited 
nuclei are produced by thermal neutron-capture, these 
deexcite to lower energy-states via emission of y-quanta 
which induce a recoil to the nuclei. The excited atoms 
move in the bulk of the target material and are slowed 
down by collisions with the surrounding atoms. 
Meanwhile the still excited atomic nuclei deexcite by 
secondary y emission. The probability of these emissions 
depends on the ratios (t/'t) where t is counted from the 
emission of y's inducing the recoil and 't is the lifetime of 
the intermediate state. If the nucleus is in motion when it 
deexcites (t::::: 't) they-ray energy will be Doppler-shifted. 
If it is stopped, the normal transition energy will be mea­
sured. The Doppler effects are on the order of eV. Thus the 
y-ray, typically with energy - 1 MeV, must be detected 
with a resolution of Llli/E::::: I 0-6, three orders of magnitu­
de better than obtainable with the usual Ge semi-conduc­
tor detectors. Fortunately this i feasible for the GAMS4 
and GAMS5 crystal-spectrometers. 
The experimental result for 168Er immediately had both 
far reaching theoretical and experimental con equences. It 
led to experiments, by other , to confirm this result (which 
they did [3 ]), and it led to searches for multi-phonon states 
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Figure 2: Broadened GRID lineshape measured for a 2.7 MeV ')'-transition 
with the new GAMSS spectrometer. Dashed line: instrument response, full 
line: ~ed GRID /ineshape. 

in other nuclei (which were successful). Most of these 
searches took place at the ILL using GRID, but important 
independent contributions were made at other laborato­
ries. Finally, it led to major revisions and corrections to 
some of the theoretical models. 
Experimental work, triggered by the observation of the 
2-phonon state in 168Er, has gone in three general direc­
tions. One has been to look for additional if modes. 
Remember: projection quantum numbers add algebraical­
ly and the first example found in 168Er was of the y-vibra­
tional type where the K-quantum number (see introduc­
tion) added up to 4 (2+2). Such additional if modes with 
good collectivity have been found in I64Dy [41 and I66Er 
[5] . Secondly, there have been searches for the case where 
the K-quantum number for the y-vibration adds up to 0 
(2-2). Without going into any detail one may say that the 
success in finding examples of these has perhaps had an 
even more profound impact. It turns out that for the lowest 
K = 0 excitation which was thought to be generally the 
P-vibration (see Fig. I) there is evidence that in some 
cases it is instead this second partner of the if mode. This 
was again deduced from the pattern of the observed tran­
sition strengths - in 158Gd for example -, determined via 
lifetime measurements. The third direction concerns the 
study of the P-vibration (where we have seen that some of 
the states at least, which previously were assigned to be 
P-vibrations, are instead if-vibrations). New experiments 
- on 1s2sm and 166Er [5] by others and on t78Hf with 
GRID - are finding at least a few good candidates for col­
lective P-vibrations and 178Hf reveals the first good candi­
date for a 2-phonon P-vibration. In other cases like 164Dy 
[6) and I68Er [6] the situation is more complex as several 
excitation modes (collective and single particle) seem to 
compete. Clearly, there is a richness in these vibrational 
modes heretofore unrealised. Whenever the appropriate, 
sufficiently sensitive, experiments have been carried out, 
many of them at ILL, they almost always reveal new 
examples of multi-phonon states. As a result of all this 
work most basic concepts of nuclear collective motions 
are undergoing radical and unexpected revision. 
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Inelastic and Quasielastic Scattering 
with Neutron and Synchrotron Radiation 

A workshop (attended by about 50 people) aiming to 
review the ILL instrument profile concerning inelastic and 
quasielastic scattering techniques concluded that x-rays 
complement rather than compete with neutrons. As a 
result the ILL's ongoing instrument development pro­
gramme can stand unchanged. This review was requested 
by the scientific council to take into account present and 
short-tenn capabilities of inelastic x-ray techniques and to 
increase awareness of potential in this field. 

The scientific programme was centred around the presen­
tations of the two ESRF inelastic beamlines: the backscat­
tering spectrometer ID 16 (F. Sette) and the nuclear reso­
nance bearnline ID18 (R. Ruffer/ A. Chumakov). This 
was followed by presentations from ESRF 'inelastic' users 
(most of whom turned out to be experienced neutron scat­
terers as well). An animated di cussion, chaired by Bill 
Stirling the chainnan of the scientific council at the time, 

concluded that synchrotron and neutron techniques are 
indeed strongly complementary and approved the ILL's 
instrument development programme. 

Fabrizio Barocchi, Univ. Firenze, (centre) explaining his planned Brillouin spec­
trometer to Peter Verkerk, TU Delft, (le~) and Ubaldo Ba~le, Univ. Firenze. 

Diffusion des Neutrons et Sciences des Materiaux 

The aim of this school was to encourage French (materials 
science) laboratories to use neutrons. Some 40 partici­
pants followed the courses given by 13 teachers not only 
from the neutron centres, but al o neutron user from 
CNRS/university laboratories. Their evaluation question­
naire gave warm feedback for both the cientific program­
me and the organisation logistics. 

This school was mainly financed by the training program­
me of the CNRS (Centre Nationale de la Recherche 
Scientifique) with financial contribution from CEA 
Saclay and ILL. The course are available on the web 
(www.ill.fr) under ILL's documentation. Enjoying the coffee on a lovely spring-day in Pinsot 

Aperiodic'97 

Exciting talks and posters on polytypes and incommensur­
able phases, including phase transitions, were presented at 

The partidpants of Aperiodic'9 7. 

Aperiodic'97, the international conference on aperiodic 
cry taJs. 150 participants from Europe and abroad enjoyed 
an extremely interdisciplinary approach to the discussions. 
It is clear that quasicry taJs are catching the interest of a lot 
of scienti ts. One of the main ubjects was the structure 
determination of aperiodic ystems, which is the base of 
all further studies on these systems. In addition, there were 
interesting results on diffu e scattering associated with 
defects. There is an increa e of simulation work compa­
ring results with experiment. The conference was organi-
ed jointly by LTPCM (CNRS and INPG) and ILL. 



Workshop on the PIAFE project 

PIAFE is a project for a facility to extract intense radioac­
tive ions from a fission source. 4 g of mu exposed to an 
appropriate neutron-flux in the PNl (Lohengrin) channel 
would give about 1Q14 fissions per second. The fission 
products will be ionised, accelerated and mass separated. 
Further ionisation and post acceleration up to 6 Me V will 
provide beams for the studies of the dynamical properties 
of those unstable nuclei. A steering committee under the 
chainnanship of P. Armbruster was therefore established 
to guide the new PIAFE project and to seek funds for its 
implementation. 

At the workshop, which gathered some 50 scientists, ILL 
confirmed its policy: PIAFE is a project to be supported 
by an autonomous scientific and technical collaboration. 
PIAFE is not an ILL project, but ILL wants it to be 
constructed and is therefore ready to take its mandatory 
share particularly in the domain of source-handling, radio­
activity confinement and safety. 

The workshop discussed the most important and recent 
scientific motivations for the project. It was clear that due 
to the enormous intensities produced by PIAFE, the pro­
ject is a good candidate to fulfil 'NuPECC's recornmenda-

tions to build in Europe one or two high-intensity (second 
generation) radioactive ion-beam facilities 

Recent developments at ISOLDE (CERN, Geneva) on 
radioactive ion-sources were presented. It was shown that 
they could be adapted to the PIAFE source, thus impro­
ving still more the competitivity of the project. But it 
requires new research and development which have been 
undertaken by the members of the collaboration. 

A friendly discussion between Claire Tamburello (/SOLD£, CERN), Mitsuo 
Koizumi UAERl,Japan) and Matthias Keim (/SOLD£, CERN), from le~ 

1 NuPECC is the "Nuclear Physics Collaboration Committee", an associated committee of the European Science Foundation, which is supported by most of the nuclear­
physics laboratories in Europe in order to define a common and collaborative policy on the development of nuclear science. 

Congress of ATSR 

ATSR (Association pour Les 
Techniques et Les Sciences de 
Radioprotection) held its 19th confe­
rence in Grenoble's ATRIA World 
Trade Centre under the motto "Half a 
century of radiation protection in the 
major nuclear facilities", sponsored 
by the Grenoble city council and pro­
moted by the CEA Grenoble and the 
ILL. The array of radiation-protection To a successful congress, from left Jacques Italia, Michel 
equipment on display and the quality Desto~ Constantin Vroussos, Paul Bory. 

The progress made in the field of 
radiation protection over the last 50 
years demonstrates that the vast 
majority of problems have been over­
come. The experts have a thorough 
understanding of the technical aspects 
of radiation protection, even if the 
issues of low doses and low-level 
waste still need to be examined in 
greater detail. It is nevertheless clear 
that it would be worthwhile trying to 
improve communications between of the discussions helped to ensure 

that this 19th ATSR Congress successfully fulfilled its 
objectives. Its programme covered a broad range of topics: 
• radiation protection strategies: developments and chal-

lenges 
• radiation protection and the environment 
• feedback and optimisation 
• legal aspects of radiation protection 
• metrology and dosimetry instrumentation 
• calculation and analysis methods 
• incidents and accidents 
• management of radioactive waste. 

decision-makers, operatives and the general public in order 
to demystify the subject of radiological hazards. It is essen­
tial that staff working in and around nuclear facilities be 
given access to information and training, two elements 
which form the cornerstone of radiation protection. Two 
hundred delegates attended the congress, including 39 
guest speakers - specialists from the field of radiation pro­
tection - who took stock of the developments in radiation 
protection over the last 50 years. The French Department 
of Employment and Department of Health were both repre­
sented, the latter through OPRI (the Office for Protection 
against Ionising Radiation), as was the European Union. 







Nie/s Pyka running a cryomognet 
experiment on IN 14. 

Will it work? 
Francis Tasset (le~) and Eddy Lelievre-Berna on D3. 

Frederic Thomas checks DI O's 
cryogenic set-up. 
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3He insert for standard orange cryostat 

M . DE PA LMA, F. T HOM A S ANOS . P UJOL (ILL) . 

In 1998, t he Sample Environment Laborator y w ill be making availab le to experimentalists a simplified vers ion of the 
3He insert for orange cr yostats. Th is equipment, w hich is presently under test, has the following characteristics: 
• maximum sample dimensions: diameter: 42 mm, length: 90 mm. 
• minimum temperatu re: 400 mK. 
• pure al uminium calorimet er (AS), internal diameter 45 mm, external diameter 48 mm. 
Hence, fo r t emperatures down t o 400 mK t he much more complex dilution systems can be avo ided and this sys­
tem, which is not more difficult to use than a standard orange cryostat, can be operated by the users avoiding the 
long preparation and coo l-down t imes characteristic of dilution cryostats. 

This insert features an extra cooling circuit which uses the 
same 3He ga to cool the sample from room temperature 
to 4 K (see Fig. I). Temperatures between 4 K and 0.4 K 
are obtained by switching to the Joule-Thom on expan­
sion circuit al o hown on the figure. 

In this insert no exchange ga is required, not even for fa t 
cool-down. Thermali ation is guaranteed in the in ulation 
vacuum via ample holder conduction. When, for 

Exchange gas 

Vacuum 3He pump 

------lHe injection 

._. __ Cooling circuit 

~ ----+--+--Joule-Thompson 
expander 

Heat exchanger 

----+----Sample 

Vacuum chamber 
at 2K 

Figure I: Schematic view of the 3He insert 

example, electric fields have to be applied to the sample 
this represents a significant advantage. 
Nevertheles it is always possible to use exchange gas in 
the ample chamber ju t a in a cla ical dilution unit. 
Cooling time is about 3 hours and the refrigerating power 
at 0.5 K is 300 µW. 

In order to automate the cool-down procedure a 
Macintosh computer is used to control the various para­
meters (temperature, cold valve, etc.) of the orange cryo­
stat and to execute the different valve sequences of the gas 
handling equipment. There is a graphical display of the 
temperature progress available to the operator. 

The real view of the insert, presented by Maurice De Palma. 



Neutron spin-echo studies 
of ultrasonically excited perfect crystals 

■ B. FARAGO ( ILL ), 

■ E . I OLIN, E. RA ITMAN ( FEI RIG A), 

F. MEZEI ( HMI BE RL I N) . 

Perfect single crystals have relatively low reflectivity for neutrons and x-rays because they are too perfect. 
Ultrasonically excited crystals can show nearly an order of magnitude increased reflectivity. Here we present a 
first real energy-analysis of this increased Bragg scattering showing it to be inelastic in origin. 

It was ob erved a long time ago [I] that the scattered 
inten ity of a Bragg peak in perfect cry ta! (e.g. Si) can 
be increa ed by an order of magnitude when it i excited 
by ultrasound. At first ight this is not that surprising, as 
ultrasound produces local deformations in the crystal, so it 
should change the extinction length. 

Alternatively it can be argued, that there mu t be ome 
extra scattering from phonons which are excited by the 
external ound source. Indeed this wa observed by means 
of x-ray diffraction 121 at extremely mall deviation from 
the Bragg angle corresponding to the wave vector of the e 
low-energy phonons. 

With high-re olution neutron spin-echo one can resolve 
the small energy exchange corresponding to the ultra­
sound frequency. Si( 111 ) reflection was used with the 
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Figure I: Scattered intensity of the Si( I I I) re~eetion as a function of the 
output voltage of the frequency generator at f = 73.5 MHz and 2 I O MHz. 

detector at 120° to choose the longe t (A "' 5.43 A) pos-
ible wavelength neutron (the neutron pin-echo mea­

sures directly the correlation function S(Q, t) where the 
time range is proportional to 1,)). This set-up allowed the 
time interval up to 8 nsec to be covered. The Si( 111) 
ingle crystal wa placed in Laue (transmi sion) geometry 

with a transver e acou tical-wave Li bO3 tran ducer 
glued on the top with the displacement amplitude parallel 
to the Q-vector of cattering, Q "' 2 A- 1. 

In Fig. I the scattered inten ity i shown as a function of 
the frequency generator output voltage. (The ten ion feeds 
the transducer through a high frequency I 0 x amplifier). 
At 73.5 MHz a 15-fold increa e with till a 2-fold increa e 
at 210 MHz of the scattered intensity could be obtained. In 
Fig. 2 we pre ent the norrnali ed correlation-function 
S(Q, t) mea ured by neutron spin-echo at 210 MHz at dif­
ferent excitation levels. This shows well-defined oscilla­
tions of S(Q, t) with no sign of damping which means that 
the sound wave excites phonons at frequency w = 210 
MHz without observable life-time. This observation is in 
good agreement with the small absorption and scattering 
of ultrasonic phonons in silicon. S(Q, w) consists of a delta 
function corresponding to the elastic scattering and two 
additional sharp excitations at ± 210 MHz . 

Bela Farago (right) and Gyiirgy Kali set up IN 11 C. 
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Figure 2: S(Q, t) I S(Q, 0) as measured with neutron spin-echo at 
f = 21 0 MHz with different excitation levels. No higher harmonics are appa­
rent, and there is no detectable damping. 

Decomposing the signal S(Q, t) into a form of const. + 
( 1-const.) • cos( wt) and comparing to the increased total 
intensity we find that in fact almost all the additional 
scattered intensity is coming from the inelastic phonon 
scattering! 
We have to note here that although the incoming beam on 
IN 11 is monochromatised only roughly (about 18% 
FWHM) the Si crystal acts as a monochromator, so no 
smearing in the Fourier time happens. 

In Fig. 3 the 73.5 MHz data are shown. Clearly at stronger 
excitations the curve cannot be described any more with 
one single cosine fu nction. 1n fact above 60 m V up to 6th 
harmonics at least had to be included to get a good fit to 
the data (solid lines). evertheless the amazing fact is that 
again the ela tic intensity stays almost constant and all 
additional scattering is inelastic. This amounts to 87% of 
the total at 150 mY! 

It is also well known that deformation of a single cry tal 
increa es its reflectivity by increa ing the effective pene­
tration-length a the d-spacing slightly changes through 
the thjckness of the crystal. It might be less known [ 3 J that 
the ultrasound applied to a deformed crystal fir t sharply 
decreases and then increase the reflectivity with increa­
sing amplitude (Fig. 4). 
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Figure 3: S(Q, t) I S(Q. 0) at f = 73.5 MHz. The addition of higher harmo­
nics is evident with increasing excitation voltage. 

Using neutron spin-echo we find that in fact where the 
total inten ity decrea es, the elastic inten ity decreases 
even fa ter, and furthermore the phonon contribution i 
higher than in the case of a non-deformed crystal. There is 
no elementary explanation for this, one has to con ider the 
full dynamical diffraction theory [4] . 
This is the fir t time 15 I that such clear o ci llatory beha­
viour could be ob erved by neutron spin-echo and we are 
looking forward to extend these studies to less-ordered 
material . 
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Spherical neutron-polarimetry 
with Cryopad-11 

■ F. TASSET, j . B ROWN, E. LEL IEVRE -BERNA , T. ROBERTS, 5 . P UJOL AND E. BO URGEAT-LAM I (ILL). 

Spherical neutron polarimetry, the ultimate step in polarised neutron methods, allows a new approach to the study 
of magnetism by neutron-scattering. It is made possible by replacing the adiabatic coil arrangement used on IN20 
for classical uniaxial polarisation-analysis with the zero-field polarimeter Cryopad. We give here a short descrip­
tion of this arrangement and two examples of magnetic studies which could not be done or were not successful 
using simpler methods_ 

Investigating the final spin state of a scattered neutron 
gives valuable information on what it has seen in the 
sample. A complete theoretical de cription of ela tic 
magnetic neutron-scattering therefore includes the effect 
on neutron beam polarisation as well a the usual cross 
section. It requires two equations which are called 
Blume' equations and where first derived in the early 60' 
[ 1.21, At a position k in reciprocal pace, the magnetic 
interaction vector being Q(k) = pM_i_( k), with p = 0.2695 
10- 12 ( cm/µ 8], the calar equation (I) de cribe how the 
neutron cro s-section depend on the initial polari ation 
vector Pi: 

aa - NN* + P ·•QN* + P · ·Q*N + Q ·Q* an - , , 
+ iPdQ* A Q) (I), 

and the vector equation (2) for final polarisation P r is 
nece ary to describe how the neutron polarisation is rota­
ted and/or created during the scattering proce s 
- d(j - - -Pr an = PiNN* + QN* + Q*N 

-i(Pi AQN*- Pi A Q*N)+Q(Pi·Q*) 
+ Q*(P i • Q) - Pi (Q • Q*) - i(Q* A Q) (2). 

The measurement of (I) being known a polarised neu­
tron-diffraction, we call the measurement of (2) neutron 
polarimetry. Because full neutron polarimetry necessitates 
the simultaneous and independent control of the three 
component of the two polarisation vector , we call it 
spherical neutron-polarimetry. 
Spherical neutron-polarimetry i difficult to accomplish 
becau e the magnetic moment of the neutron interact 
with small magnetic fields (like the earth's field). This 
result in parasitic preces ions of the polarisation and 
spherical neutron-polarimetry is only possible using some 

sort of zero-field neutron polarimeter in which the initial 
and final neutron polarisation vectors propagate in a well­
defined manner. Cryopad is, to our knowledge, the only 
zero-field polarimeter which is able to accomplish such a 
difficult task up to large scattering angles. Invented and 
developed at ILL [J.41, it comprises two cylindrical low­
temperature Niobium Meis ner shield transparent to neu­
tron and to their polari ation. They are key ingredients 
for a preci e control of the magnetic field and hence of the 
polarisation direction along the neutron trajectory. 
Cryopad-11 represents the current tate of thi unique 
facility [) I (Fig. I). It features numerou practical impro­
vements relative to the prototype Cryopad-1: 

.-------secondary incident coil 

,----inner Meissner screen (IMS) 

zero field sample chamber 

Figure I: Schematic top view of Cryopad-11. 

---primary 
turnabout coil 

,----outgoing 
nutator 



I. A monolithic magnetic design: higher reliability and 
ease of use. 
2. A large diameter size for the cylindrical Meissner 
shields: 

- better geometrical and magnetic field precision 
- possibility to use larger beam size and samples 
- larger scattering angle (in conjunction with redesig-
ned nutators) 

3. Room temperature zero-field chamber 
- open to any non-magnetic sample environment 
- possibility to field-cool the sample outside Cryopad-II 

4. Long liquid He autonomy (1 week), cheap and very 
easy operation 
Magneto-electric domain formation in Cr20 3 f 6J 
For an anti-centrosymmetric magnetic crystal, one cannot 
obtain information about 180° antiferromagnetic domains 
by measuring the cross section or by only analysing the 
polarisation in the direction Pi [7] . Therefore, spherical 
neutron-polarimetry is the only neutron measurement able 
to determine such magneto-electric domain populations. 

Cr 

0 

Figure 2: The magnetic structure of Cr2O3. The domain which is illustrated 
is that which is stabilised when the crystal is cooled in electric and magnetic 
fields applied in the same sense parallel to c. 

Spherical neutron-polarimetry was used to determine the 
imbalance in the population of 180° domains in antiferro­
magnetic Cr203 produced by cooling through the Neel 
temperature under different conditions. We could show 
that cooling with combined electric and magnetic fields 
along the trigonal axis leads to single domain crystals. The 
type of domain produced depends on whether the fields 
are parallel or antiparallel. The domain shown in Fig. 2 is 
obtained by cooling in parallel fields. The magnetic 
moments on the Cr3+ ions point towards the centre of the 
smaller triangle of ligand oxygens. The magneto-electric 
mechanism which is most effective in stabilising a parti­
cular magnetic domain during the magnetic annealing 
process is probably the g-factor effect. 
It is to be noted that, although the spherical neutron-pola­
rimetry measurement had to be done with zero-field in 
Cryopad, the prior cooling of the sample in an applied 
field was done outside and the sample environment devi­
ce finally inserted in the large ambient-temperature cham­
ber of Cryopad-11. 
Triangular magnetic structure in U14Au51 [8J 
The determination of magnetic arrangement in structures 
with zero propagation vector is difficult because of the 
coincidence of the magnetic and nuclear reflections. By 
looking at nuclear-magnetic interference terms which 
arise in such reflections, spherical neutron-polarimetry is 
particularly applicable to the determination of such arran­
gements. Contrary to a prior determination using powder 
neutron-scattering data which led to a collinear structure 
with moment parallel to the c axis, spherical neutron­
polarimetry measurements on a single crystal of U 14Au51 
have shown that the structure is non-collinear with the U 
moments confined to the a -b plane (Fig. 3). 

Figure 3: Projection on (00 I) of the magnetic structure of U 14Au51 
showing the relative directions of the moments on the U I and U2 atoms. 
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3He neutron-spin filter at ILL: 
first experiments 

■ K . ANDERSEN, W . HEIL , D . HOFMANN, H. HUMBLO T, j. KULDA, E. LELIEVRE-BERNA , F. TAS S ET (ILL), 

■ 0 . SCHARPF (TU M0NCHEN) . 

The strongly spin-dependent absorption of neutrons in nuclear spin polarised 3He opens the possibility for pola­
rising neutrons over the full spectrum of cold, thermal and hot neutrons. Optical pumping of metastable 3He atoms 
in a plasma at I mbar is a very efficient method for producing large quantities of spin-polarised 3He gas. Subsequent 
polarisation-preserving compression by a two stage compressor system allows the preparation of neutron-spin 
filter cells of about 300 cm3 volume with 4 bar of polarised 3He (PHe = 50-55%) within 4 hours. The neutron-spin 
filter is closed off by a valve and moved for remote operation. Relaxation times around I 00 hours can be achie­
ved in cesium-coated neutron-spin filter cells. This makes it sufficient to refill the cells with fresh gas only once a 
day keeping an average PHe close to 50%. We report results of two recent experiments performed at ILL which 
demonstrate the high potentiality of 3He neutron-spin filter for polarised neutron applications. 

The principles and method for the production of 3He spin­
filter cells wa described in la t year's annual report. Here 
we give two examples of the use of these filters on exis­
ting ILL instruments. The most striking example of the 
parity non-conservation effect in neutron optic is the di -
covery of the large parity non-conservation dichroism in 
the p-wave resonance in I39La at A z 0.33 A [ I j. Briefly 
stated, the coherent forward cattering amplitude f(0) of a 
neutron wave propagating through a target material in the 
presence of a parity non-con ervation interaction will 
acquire a parity non-conservation component which can 
be written f PNC= C • < cr • k > [21, where cr is the Pauli 
spin and k the neutron wave-vector, and where C, which 
can be complex, is the parity non-conservation amplitude. 
The imaginary part off PNC describes the helicity-depen­
dent neutron absorption (dichroism) [3 I, while the real 
part indicates a different phase-velocity for the two neu­
tron helicity states which is equivalent to a rotation of the 
neutron spin about its momentum vector. At the D3 neu-
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Figure I: Parity non-<onservation neutron spin-rotation cPr,Nc observed in 
the vicinity of the frwave resonance in I 39La. The error bars on the data points 
give the statistical error achieved after I Z hours of data-taking. The solid line 
shows the theoretical prediction. 

tron diffractometer, the incident neutrons from the hot 
ource were polarised and monochromatised using the 

200 reflection of a CoFe crystal. Both parity non-conser­
vation dichroism and parity non-conservation spin-rota­
tion were measured, using a zero-field polarimeter 
constructed at Gatchina (A. Serebrov, A. Petukhov et al.). 
Finally, the unit of crossed polariser and analyser with a 
5 cm thick I39La-target in between were added to the set­
up (expected spin-rotation: d<l>pNc/dl z 4 mrad/cm). The 
3He-neutron-spin filter in thi case was u ed as an analyser. 
Preliminary results on parity non-con ervation pin-rota­
tion are presented in Fig. I and show the statistical accura­
cy achieved in a 12 hours of counting time. In total the 
measurement lasted 3 weeks, in the cour e of which two 
cylindrical 3He cells optimised for short wavelengths were 
used in a sequence of daily interchange. Their relaxation 
times were 60 and 90 hours, respectively. Fig. 2 shows the 
wavelength dependence of both the analysing power A 
deduced from the measured flipping ratio and the total 
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Figure 2: Wavelength dependence of both the analysing power A deduced 
from the measured ffipping ratio and the total transmission Tn for a cylindri­
cal neutron-spin filter cell with I = 20 cm, <I>= 5 cm, PHe = 3.02 bar and 
PHe = 52%. Dashed line: wavelength dependence of the figure of merit (or 
the 3He filter. 



transmission T n of the neutron-spin filter cell. 
Projected experiments along these lines try to increase the 
experimental accuracy by at least three orders of magnitu­
de in order to reach the predicted sensitivity needed to 
investigate P, T-violating effects [41. In particular, it has 
been shown that the P, T-violating interaction is enhanced 
near a p-wave resonance by the same factors as in the case 
of P violation [51 . 
The second experiment demonstrated the possibility of 
large solid-angle polarisation analysis. In order to exploit 
the rich spectrum of possibilities of polarisation analysis a 
large solid-angle instrument can gain a significant advan­
tage in counting rate over a single detector system. At ILL 
the diffuse scattering instrument D7 is equipped with 
32 analysers incorporating a total of 6 000 supermirrors 
which are distributed over an angular range of 180° in the 
equatorial plane [6] . The mirror reflectivity drops off 
rapidly for neutron wavelengths shorter than 3 A which 
prevents their use for thermal neutrons. 3He-neutron-spin 
filter however, can be used for both cold and thermal neu­
trons. Positioned close to the sample a large fraction of 41t 
can be covered making its use feasible on existing multi­
detector instruments. The neutron-spin filters were placed 
to the left and right of the sample (silica glass) on D7 and 
fixed on a tum-table with the sample centred on the axis 
of rotation. Each cell covered 90° in the equatorial plane. 
The two banana-shaped cells were made out of ordinary 
silica glass internally coated with cesium whkh showed a 
relaxation time of 15 hours only, resulting in an average 
3He polarisation during the measurement of PHe = 30% at 
p = 2.2 bar. 

The monochromatic beam (A = 4.8 A) on D7 is polarised 
by a superrnirror bender polariser which is followed by a 
flipper placed between the polariser and the sample. 
Helmholtz coils provided a homogeneous guiding field in 
the vertical direction for both neutrons and the 3He spin. 
Fig. 3 shows the measured flipping ratios for both cells by 
scanning them through the direct beam. They were monit­
ored using a 3He detector unit positioned downstream 
from the sample table. As expected, a constant flipping 
ratio can be observed which reaches 6 and 8.5 respectively. 
With the 3He neutron-spin filter cells in the scattered 
beam, however, the flipping ratio is reduced and strongly 
correlated to the measured counting rates in the individual 

detector units. The reason for this can be traced back to the 
poor transmission T of neutrons through the walls of the 
3He container (T "' 60%) at this wavelength. 

The cell itself acts as a second scatterer and background 
cannot be subtracted in the usual way. In particular neu­
trons scattered from the cell edges which do not pass 
through the full filter-length dilute the effective analysing 
power. A mark II version of a banana-shaped cell is now 
under construction and will be made out of pure silicon 
which is highly transparent for neutrons, and in this way 
we hope to get a uniform distribution of flipping ratios in 
the scattered beam. Using silicon single crystals as a 
container material or at least for certain parts such as 
entrance and exit windows will have several advantages. It 
will for instance allow polarisation analysis on small­
angle neutron scattering instrumentations without lowe­
ring the high angular resolution of such devices. 

In conclusion, the availability of the 3He filter and its use 
on a variety of existing instruments at ILL has been 
shown. It is a realistic perspective that further improve­
ments of the present technology will provide neutron-spin 
filter cells with a 3He polarisation of about 70%. This was 
the declared aim from the early stage of this project. 
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Figure 3: Large so/id-angle polarisation-analysis. Full circles: measured 
ffipping ratios by scanning the neutron-spin filter cells (No. I, No.2) through 
the direct beam. To facilitate a direct comparison the data points are shi~ed 
to the actual angular positions of the cells in the scattered beam arrange­
ment Open circles: measured ffipping ratios in the scattered beam (silica 
glass scatterer) in the angular range of the D 7 detectors of [- 70°, - 160°} 
and [30°, 120°}, respective~. Triangles: intensity measured in the individual 
detector units. 
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Continuous efforts are made to upgrade the performance 
of all instruments but progress is limited by money and 
manpower rather than by ideas. Nevertheless, progress 
has been made, e.g. the extension of the Q-range of the 
pin-echo spectrometer IN 11. News on this spectrometer 

and a continuous update on instrument improvements can 
be found in the « ILL News for Reactor Users » which 
appears twice a year. One example is given here, the 
improvement to the diffractometer DIA for it use in 
tress measurements. 

ln addition, ILL has launched a major upgrade programme 
of 5 instruments planned for the period I 996 - 2000. This 
involves the straightening of two neutron guides and the re-
iting of two instrument to view the full guide apertures: 

D 17 which is being rebuilt as a dedicated reflectometer and 
the low-Q diffractometer D 16 which will have a new focu­
sing monochromator and new detector. 

The work on the guides is currently in progress and the old 
instrument D 16 and D 17 have been dismantled - the 
upgraded instruments are scheduled to begin commissio­
ning before the end of 1998. These changes will also per­
mit the time-of-flight spectrometer IN5 to receive all the 
neutron from its guide (previously shared) and it will be 
equipped with a focusing guide and a new chopper sys­
tem, the pecification for which is now finali ed. 

There are two remaining upgrade in progress. One is the 
rebuild of the primary pectrometer of the three-axi ins­
trument INS, which is being carried out in collaboration 
with Spain and for which design work i currently in pro­
gress. The final project is the replacement of the detector 
ystem on the diffractometer D4 by a new ystem ba ed on 

nine microstrip detectors which will increase the count 
rate by a factor of ten. A separate report i given below on 
the first, very ucce ful te t of the prototype detector. 

Tests on D4C (from left: Henry Fischer.Andre Rambaud, Dominique Fe/tin, Pierre Palleau). 



Recent developments in the D4C 
diffractometer project 

H . F I S C HER (ILL) . 

The D4C project involves replacing the 2 existing multiwire detectors of the D4B liquids diffractometer with 
9 microstrip detectors, thereby greatly increasing both the counting rate and detector stability. These two crite­
ria are essential to extending the range of feasible isotopic-substitution experiments. The D4C prototype detec­
tor was successfully tested in Nov. 1997 along with the new instrument control and data-acquistion system. Further 
tests will be conducted in early 1998 in order to finalise the designs for neutron shielding and coll imation. 

The D4 instrument in its pre ent configuration, D4B, is 
optimi ed for diffraction experiment on liquids and 
amorphous olids, having a relatively high incident flux at 
short neutron wavelengths. The 9 microstrip detector of 
D4C will increase the solid angle of detection and hence 
the counting rate by a factor of I O compared to the aver­
age configuration for D4B' 2 multiwire detectors, in 
addition to improving the tability of detector cell effi­
ciencie . High counting rate, good detector stability and 
low background counts are crucial feature for accurate 
mea urements of static structure-factors, especially in the 
context of sensitive isotopic ubstitution experiments used 
for determining partial structure-factors. 

The D4C prototype detector wa te ted in ov. at the te t 
beamline of ILL's detector group. The 1-dimen ional 
64-cell detector, which is the world' first microstrip 
detector to function at 15 bar 3He, performed to expecta­
tions on the very first day of te ts. Fig. I shows a close-up 
of the frontside of the D4C prototype which has a detection 
height of I 00 mm and width of 64 x 2.5 = 160 mm. The 
experiments also succe sfully tested the new 
VME + UNIX instrument control and data-acquisition 
system, who e software permitted storage, retrieval and 
analysi of data sets from the prototype detector. 

The microstrip technology for D4C is the same a that 
already in service for the newly operational D20 detector. 
ln a microstrip detector, the ionisation electrons resulting 
from the 3He(n, p)3H + 764 keV nuclear reaction are 
attracted to a substrate of electrically conducting glass 
which supports the high voltage anodes and cathodes in 
the form of an array of clo ely spaced ( ~ I mm period) 
metallic strips. The strong electric field near the very nar­
row ( I O µm) anodes precipitates an avalanche cascade of 
econdary ionisation, resulting in a very large gas gain for 

a given applied potential. The proximity of the cathodes 
ensures a rapid evacuation of positive ions and therefore a 
very small intrinsic deadtime that i , however, convoluted 
with the collection time of the total charge produced along 
the particle traces, being on average about I µs for D4C. 

The choice of a comparable electronic integration time­
con tant lead to an optimi ed trade-off between energy 
resolution and maximum counting rate, the latter being 
about 200 kHz per detector cell for D4C after accounting 
for coincidence logic and Poi on tatistics corrections. 
Other than the stable fixed nature of the substrate-suppor­
ted electrode , the superior energy-resolution as compared 
to conventional multiwire detectors lead to an improved 
stability in detector-cell efficiencies. The goal for D4C i 
to have cell efficiencies table to I 0-4 over several days. 

The spatial re olution i determined fundamentally by the 
mean path-length of the nuclear reaction particles (proton 
and triton) in the gas mixture; in our ea e the choice of 
0.3 bar CF4 quench gas and 15 bar 3He gives about 

Figure I: Close-up of the D4C prototype detector (front face) . 
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Figure 2: D4C detector response for an incident beam width of I mm. The 
cell spacing is 2.5 mm. 

2.3 mm, which is slightly smaller than the cell spacing of 
2.5 mm (each cell consisting of 2 anodes + 2 cathodes). 
Fig. 2 shows the response of the D4C prototype detector 
to an incident beam (A= 2.5 A) of 1 mm width and 25 mm 
height centred on the 32nd cell. The diffuse tails, resulting 
from diffraction by the 10 mm thick aluminium entrance 
windows, are at the 1 % level and are not problematic for 
diffraction from liquid or amorphous samples. Fig. 3 
shows a diffraction diagram from a sample of polycrystal­
line sapphire (Al203). 

In order to insure low background neutron counts for the 
D4C detector system, whether ambient or due to second­
ary diffusion from the sample, several materials have been 
tested for the D4C collimation and shielding design. For 
example, the lowest-angle detector's beam-stop and colli­
mation will be made of high-density I0B4C, having an 
absorption constant of about 160 cm- I for neutrons of 
A.= 0.7 A (80 cm-I for A.= 0.35 A). The ambient neutron 
shielding will consist of several centimetres of thermal-

ising material ( e.g. polyethylene) followed by borated 
polymer and finally cadmium. The precise design of the 
D4C shielding and collimation will be finalised following 
the results of tests with the prototype detector at the D4 
experimental zone in early 1998. The final 9-detector 
assembly should be tested in early 1999. The D4C project 
is expected to engender a total downtime for the D4 ins­
trument of only about 1 month. 
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Figure 3: Diffraction diagram for a sample of sapphire (3 mm diameter 
cylinder) as measured by the D4C prototype detector. 



Stress measurements on D1A: 
a new high precision strain-scanner 

■ T . PIRL ING A N D R . WIMPOR Y (ILL) . 

A number of big improvements for strain-scanning has been carried out on the 2-axis high-resolution diffracto­
meter DI A Alignment has become easier with the addition of laser, TV-camera and theodolites. The recent addi­
tion of a highly efficient two-dimensional position-sensitive detector has reduced data-acquisition time conside­
rably. A Eulerian-cradle and a smart stress-rig for I SkN load extend the applications of the instrument. An important 
development is the addition of a radial collimator instead of slits, that are normally used for strain-scanning expe­
riments. Computer simulation and first measurements have shown that a collimator is essential for the perfor­
mance of precise measurements. 

The neutron strain-scanning method has become more and 
more important as a non-destructive method for measu­
ring stresses in all kinds of materials with crystalline 
phases, such as metals, alloys, ceramics and composite 
materials. These materials are of industrial relevance as 
well as of interest for the materials scientist. As neutrons 
can penetrate materials up to several centimetres the 
method is applicable to real components as well as to 
small mock-ups or just samples of a material. The appli­
cations range from analysing stresses during manufactu­
ring at different stages of production - extrusion, rolling, 
machining, welding, heat-treatment - and causes of failu­
re of used components to the development of new mate­
rials and the verification of computer models. It is also a 
good method to calibrate other measuring techniques and 
determine elastic constants of materials. 

The high penetrating power of neutrons means that this is 
the only non-destructive method that gives space-resolved 
information about stress deep within materials. The probe 
for stress is the d-spacing of the crystalline phases in the 
sample. Their variation must be measured with high accu­
racy, typically ~did = 10-4. From the shift of the corres­
ponding Bragg-peak one gets information about the (elas­
tic) stress state whereas analysis of the peak shape can 
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Figure I: Different set-ups for strain scanning: on the le~ side the common 
set-up with slits. On the right side the radial collimator now installed at ILL 
(PSD = position-sensitive detector) 

give information about plastic deformation. 

The common set-up of a strain scanner is shown in Fig. 1 
(left). It consists of a high-resolution (neutron) diffracto­
meter with an xyz-translation table for sample positioning 
and a pair of slits that defines the measuring or gauge 
volume. The gauge volume is at a fixed position in the 
centre of the diffractometer and the sample is moved to 
scan its properties. 

The size and shape of the primary beam is defined by an 
aperture close to the sample. A vertical slit is positioned in 
front of the detector and as close to the sample as possible. 
(Fig. 1, left). These two apertures define the gauge volu­
me. But this is an oversimplification and it is not only the 
divergence of the neutron beam that leads to inaccuracies 
as we will see later. What are the requirements on a high­
precision strain scanner? 

There are two types of resolution to be considered: lateral 
and angular resolution. The latter means the accuracy with 
which the peak positions can be determined. As the peak­
shifts are much smaller than the peak width this is a ques­
tion of how well the peaks can be fitted. High counting 
rates and many measuring points in the peak are needed. 
The strain scanning set-up at DIA includes a highly effi­
cient two-dimensional position-sensitive detector, develo­
ped at the ILL. With this detector high counting-rates in a 
reasonable time with angular resolution of better than 
0.05° in 2 0 are possible. Measuring the true peak-shape 
is also important for a good fit and, of course, for the ana­
lysis of plastic deformation. This is a question of the per­
formance of the optical components. They are also res­
ponsible for the lateral resolution because they define the 
gauge volume. 

We have developed a computer simulation program to 
determine the accuracy of the experiment. The program 
calculates the image of the peak on the detector while 
scanning the sample through the gauge volume, performs 
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Figure 2: Simulations of a scan along a linear stress gradient and through a 
surface ( red curve) in an iron like sample. The diagram shows a comparison 
between the use of a secondary slit and a collimator for two different peak­
widths: 0.4° and I 0• The measured peak-shifts are the same for the colli­
mator (blue curves, almost superimposed) but depend a lot on peak width 
for the slit (yellow and green curves). The surface effect is much smaller for 
the collimator extending to less than 0.5 mm below the surface. This shows 
the good de~nition of the gauge volume which is nominally I x I x I mm3 
in both set-ups. Note that there are errors along the gradient even with the 
gauge vol4me totally in the sample when using the slit set-up. 

a fit and plots the resultant peak parameters. This leads to 
some surprising results concerning the slit set-up. 

The computer model of the slit set-up shows that the size 
of the gauge volume is not well defined. Apart from beam 
divergence it is not sharp edged, its size depends strongly 
on the peak width, the detected peak shape becomes 
asymmetric at interfaces and along stress gradients which 
leads to misinterpretation of the peak position and makes 
peak-shape analysis impossible. Fig. 2 shows the result of 
the simulation of a scan through an artificial sample that 
contains a stress gradient as well as an unstressed surface 
region to see the consequences of the surface effect itself. 
The surface effect occurs at interfaces and surfaces and 
means that the centre of gravity of the emitted radiation is 

- collimator, perpendicular 
-er slit, perpendicular 

- collimator, tangential 

shifted when the gauge volume is only partially filled. 
This leads to a shift of the peak position on the detector. In 
case of a slit system the peak also becomes asymmetric 
which complicates peak fitting. 

The yellow and green curves show the result using a 
conventional slit for peak widths of I O and 0.4° respecti­
vely: there is a strong dependence of the measured posi­
tion on the peak width. As these errors depend on the 
sample it is impossible or at least very difficult to correct 
them properly. But simulations show also that there are 
conditions under which precise measurements can be per­
formed with the slit set-up. These are roughly: the peak­
width should be smaller than 0.3° and the distance of the 
secondary slit to the gauge volume should be less than 20 
mm. This allows only measurements near the surface or in 
small samples. But it is the big advantage of the neutron 
method to penetrate right through thick samples. So the 
slit does not then meet the requirements for accuracy. 

The solution to these problems is to use a radial collima­
tor positioned between sample and detector (Fig. I right). 
The results of the simulation for this set-up are also shown 
in Fig. 2 (blue curves). The collimator defines the secon­
dary component of the gauge volume as nearly ideally 
sharp and independent of the properties of the sample. 
There is no additional peak-shift near stress gradients nor 
any dependence on the peak width. Only the surface effect 
remains but it is much smaller because of the good defi­
nition of the volume, and, more importantly, it is an ins­
trumental constant which can be corrected. In all measu­
ring conditions, including the surface, the detector sees the 
true peak shape of the reflection so that peak-shape analy­
sis is now possible. 

Position in sample (mm) 

Figure 3: Measurement of pseudo-strain near the surface of a powder sample. The inset demonstrates how the gauge volume (gv) penetrates the sample (s) 
in reµecting geometry. Transmission geometry means the sample is turned by 90° so that the scattering vector is parallel to the surface. « Position in the sample » 
means the position of the centre of gravity of the gauge volume. 0 is the position at the surface, negative positions are in the sample, positive positions outside. 



In August 1997 the strain canner at the DI A high-resolu­
tion powder diffractometer, was equipped with a radial 
collimator and a 2-dimensional position-sensitive detec­
tor. The collimator i 450 mm long and ha 22 channel 
each with an input aperture of only 0.42 mm and a diver­
gence of 0.19° ! It was specially made by Euro­
Collimators (U.K.) and shows excellent performance. The 
focal length of the collimator is 150 mm and it leaves 
enough space for many applications. By installing diffe­
rent slit masks at the end of the collimator - next to the 
detector - the gauge volume can be defined between 
0.5 and 1.1 mm. 

The angular resolution of the detector depends on its di -
tance from the gauge volume and i typically 0.05° per 
channel. 

A first experiment to verify the performance of the colli­
mator is shown in Fig. 3. It focuses on the problem of the 
surface effect that results in what are called pseudo-strains 
when analysing data, because mea ured peak-shifts are 
cau ed by instrumental errors and not by the sample. To be 
able to measure the surface effect without additional com­
plications we used for the measurements a rectangular 
shaped thin-walled aluminium container filled with 
Ni-powder, so that the sample has no strain gradient. The 
reflection measured wa the (111) which occurs at 94.7° 
in 2 8 at a wavelength of 2.99 A. Two scan were perfor­
med: one with the scattering vector perpendicular to the 
surface (arrow in Fig. 3) and the other with the cattering 
vector parallel to it. The ample wa canned perpendicu­
lar to the surface. From the fitted peak position the train 
wa calculated and i plotted in Fig. 3. One can ee that 
using the collimator the urface effect starts at less than 
0.5 mm in the sample, whereas it tart already more than 
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--e- zero deformation 
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Figure 4: The ( I I 0) iron renection using a wavelength of l . 99 A for a gauge 
volume of I. I mmJ in the tensile, undeformed and compressive regions of a 
bent iron tube. The full peak widths at half maximum in l 0 are inserted in 
the graph. 

I mm below the surface for the lit geometry, which is in 
good agreement with the simulations. 
The simulations and measurements described above show 
that the diffraction peak- hape is not distorted when using 
the collimator which is therefore important for the accura­
te determination of peak shapes. Fig. 4 show an example: 
the results of a measurement of the 1 10 reflection of an 
iron tube, bent o as to have I 0% plastic deformation in 
the tensile and compre sed regions. The object of the 
experiment i to relate the micro copic behaviour as 
revealed in the diffraction peak-positions and widths to the 
macroscopic properties important to the engineer. 
Data were obtained for both the radial and axial direction 
for which the results for the broadening were almo t iden­
tical. The peak broadening is related to the plastic defor­
mation and this relation has to be establi hed by calibra­
tion experiments specific to the sample material being 
measured. 
By comparing peak shapes with known deformations (ten­
sile, compressive and a combination of the two) as well as 
microscopic modelling of plastic deformation, the infor­
mation obtained in a diffraction peak can be interpreted 
with more accuracy. 

Conclusion 
The ILL now has available a high-precision strain scanner 
equipped with a radial collimator which has been shown 
to be essential for accurate measurements. Examples of 
experiment already performed are pla tic train in metal 
and residual stress in wear-resistant new generation coa­
tings in synchroniser for automotive gear . 

Thilo Pirling (le~) and Robert Wimpory show the previous DI A set-up with 
slits and the position-sensitive detector. The stress rig is on the sample table. 





The reflectometer ADAM is operational 

■ R . S IEBRECHT, A . S CHREYER , F. A DAMS, H . Z ABEL ( R UHR- U NIVERSITAT B OCHUM). 

Since summer 1997 the reflectometer ADAM (Advanced Diffractometer for the Analysis of Materials) is available 
to the neutron community. Outstanding features like high intensity, large dynamic-range and high resolution make 
ADAM an excellent tool to probe density profiles. Furthermore, the availability of polarised neutrons with spin 
analysis offers extended possibilities in the field of magnetic reflectivity at ILL. A variety of sample environments 
like a cryo-furnace, a magnet and a gas-loading chamber are offered for this new instrument. As a collaborating 
research group instrument ADAM was conceived and is operated by the University of Bochum/Germany. It is avai­
lable for users via ILL proposals and the Deutsche Verbundforschung. 

After a construction and test pha e of about one year the 
new reflectometer ADAM is now open to users. Since 
1996 a variety of tests have shown the instruments high 
performance [ I J. Fed by a cold ource (neutron guide 
H53) the (002) graphite monochromator selects a wave­
length of A= 4.4 A at the peak-flux position of the neutron 
guide. The monochromator focu es the beam vertically 
down to a height of 50 mm (FWHM) at the sample posi­
tion. The scattering plane is horizontal and thus suitable 
for the study of any non-Liquid sample. In Fig. I we show 
the reflectivity of a sputtered iron isotope superlattice of 
the following composition: 

50A Pd/ 90A 56Fe I [lOA 57fe / 90A 56fe]15 / MgO. 

Since neutron are en itive to i otopes and due to 
ADAM' high dynamic range we measured superlattice 
peaks up to the 6th order. Additionally, we were able to 
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ea ily resolve thickness oscillations of a total sample thick­
ness of 1650 A (see inset of Fig. I). This clearly demons­
trates the instrument's high resolution. The option of pola­
ri sed neutrons with spin analysis offers the possibility to 
study vectorised magnetic-den ity profiles. The polarisa­
tion analysis set-up is characterised by a high efficiency 
with flipping ratios of 35 under ordinary experimental 
conditions. The high flux (e.g. 2- 106 n-cm·2.s-I For a col­
limation of I rnrad) at the sample position and the low 
background yield a dynamic range up to eight orders of 
magnitude a demonstrated by the reflectivity of a Si wafer 
in Fig. 2. In Fig. 3 we show different reflectivity curves for 
a puttered [ I 5A Cu / 34A Co h / A1203 uperlattice with a 
trong uniaxial magnetic anisotropy. The measurement 

reveal the orientation and the magnitude of the magnetic 
in-plane Co moments for two di tinct ample orientation . 

In 3a) the ferromagnetically coupled moments are aligned 

0.01 0.02 0.03 0.04 0.05 

Oz= (A-1) 

0.4 0.5 

Figure I: Re~ectivity of an iron isotope superlattice (50A Pd 190A 56fe I [IOA Slfe I 90A 56fe ] 15 I MgO). A wide dynamic range combined with a high 
resolution made it possible to measure 6 superlattice oscillations and thickness oscillations for a total sample thickness of 1653 A. 
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Figure 2: Renectivity of a Si wafer over nearly 8 orders of magnitude 
measured with ADAM. 

along the polarisation axi of the neutron which yield a 
large plitting between the + + and the - - reflectivity. 

In 3b) the magnetisation vector i rotated by 90° to be 
parallel to the pin-flip axi a hown on the right-hand 
ide. Now the orientation of the magnetic moments gives 

rise to a purely magnetic ignal in the - + and + - chan­
nel. This experiment is just one example for the pos ibili­
tie in the regime of neutron reflectivity with polarisation 
analy is. Besides the sy terns pre ented here organic 
ample have also been studied 12] . Especially in the field 

of biology the interest in neutron reflectivity is growing 
considerably and ADAM will al o be an ideal instrument 
for the investigation of Langmuir-Blodget films, biologi­
cal membranes or polymers. Independent of the research 
field we already have a high demand of beam time and 
further instrumental improvements will make ADAM 
even more interesting. At the end of 1998 a 2-dimensional 
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Figure 3: Repectivity of a (ISA Cu I 34A Co),IAJ203 superlattice with a strong 
uniaxial magnetic anisotropy. In a) the ferromagneticalo/ coupled Co moments 
are aligned along the non-spin-Pip axis (NSF) causing a maximum splitting 
between the ++ and - repectivity and no spin-pip intensity. With the magne­
tisation vector aligned along the spin-pip axis (SF) in b) the magnetic splitting 
in the ++ and - - channels vanishes. At the same time due to pure spin-Pip 
scattering the superlattice structure is reproduced in R- + and R+-. 

position- ensitive detector will be available. By removing 
the nitrogen-cooled Be-filter a wavelength of A= 2.2 A i 
accessible extending the Q-range up to 5.4 A-1. This will 
open the possibility of high and small-angle scattering 
within the same experimental set-up. 
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The 21t image-plate detector LADI 

The development by ILL and EMBL of the large area image-plate detector, aimed primarily at the study by the Laue 
technique of the structure of biological molecules at medium resolution, has now reached the stage where the 
advanced prototype can be made available to users. The performance is illustrated below by a comparison of LADI 
data on the solvent regions of coenzyme BI 2r with results obtained using other techniques. 
In addition, test experiments have been carried out to demonstrate the potential of the Laue technique using this 
detector not only for large-scale structures using cold neutrons, but also for small unit-cell crystals using a ther­
mal neutron beam. Two such experiments are outlined below; they were carried out at the end of a thermal neu­
tron guide and concern a disordered molecular crystal and a magnetic phase-transition. 



Crystallographic analysis of solvent regions 
in biomolecular crystals: coenzyme B12r as a test case 

■ P . L ANGAN , M . L EHM A NN, S . MA SON ( ILL ) , 

C . W ILK INSON ( EMB L) , ■ G . ) OGL, C . K RAT KY { U N IV. G RAZ) . 

In spite of its tremendous potential biological significan­
ce, high-resolution single-crystal neutron studies of biolo­
gical macromolecules have been rare, due to the prohibit­
ive crystal size needed (> 5 mm3) and the long data 
collection time (weeks to months). The LADI detector on 
a cold neutron beam allow the data collection time and/or 
required crystal volume to be decreased by up to 2 orders 
of magnitude for medium-resolution studies. We have col­
lected neutron diffraction data on LADI and high-resolu­
tion single-crystal diffractometer D 19 using the same 
crystal specimen of BI 2r grown from D20/06-acetone. 

x-ray u 

? 

DI ~ 
0 

0 
Q 0 

LADI 

Figure I: Difference density omit maps for the crystal structure of B12r, com­
puted from synchrotron x-ray data (0. 9 A resolution, top), D 19-data ( 1.0 A, 
middle) and LAD I-data ( 1.43 A. bottom). The map posses through the atoms 
of the dimethyl-benzimidazole base, whose hydrogen atoms have been omit­
ted for the calculation of phases. Nate that all three maps ore contoured at 
the some /eve/ of significance. Positive contours ore drawn in red, negative 
ones in blue. 

Moreover, we also collected synchrotron x-ray data from 
B1 2r crystals grown from water/acetone under otherwise 
identical conditions (EMBL station X3 I at DESY, 
Hamburg). The LADI data extend to a medium resolution 
of 1.43 A. while both D19 and synchrotron data extend to 
high resolution of less than I A.. The compari on of the 
LADI results with results from D 19 the world-wide best 
biological high-resolution neutron diffractometer as well 
as with synchrotron x-ray diffraction results constitute 
a unique and extremely challenging test for the perfor­
mance of this new instrument. 

x-ray 

LADI 

Figure 2: Omit maps through the atoms of a solvent water molecule, whose 
hydrogen (top) or deuterium (middle and bottom) atoms have been omitted 
for the phase calculation. 



A comparison of the results of the three experiments is 
shown in the form of so-called "omit" maps, Fig. I and 2. 
These maps consist of density sections through correspon­
ding parts of three crystal structures, and they were com­
puted by omitting hydrogen/deuterium atoms in the cor­
responding phase calculations. The height of peaks (or 
depths of minima) indicate the power of the corresponding 
data set to determine hydrogen or deuterium atom posi­
tions. Fig. 1 is a section through the dimethyl-benzimida­
zole part of the B12r moiety. Clearly, the high-resolution 
monochromatic neutron data (D 19) are outstanding in 
revealing hydrogen positions, which appear as negative 
peaks in neutron density maps. Surprisingly, the medium 
resolution LADI data are at least as good in revealing 

these positions as the high-resolution x-ray data, in spite 
of the much better statistical significance of the latter. This 
view is corroborated in Fig. 2, which shows a section 
through three atoms constituting a solvent water molecu­
le. Again D 19 wins but LADI comes second with regard 
to revealing the deuterium positions. Since we know from 
experience that proton positions are invisible in x-ray elec­
tron density maps of proteins diffracting to 1.5 A or less, 
the power of the LADI data is impressive. LADI is there­
fore a novel powerful tool for locating H or D positions 
in biological macromolecules, and it will tremendously 
enhance the use of neutron diffraction as a comple­
ment to x-ray crystallography in many areas of struc­
tural biology. 

N ickel hexammine salts 

■ P . SCHIEBEL ( I LL AND UN I V. T OBINGEN) , 

H . G . BU TTNER , G . J. KEARLEY , M . S. LEHMANN (ILL), 

■ K . BURGER. W. PRANDL ( U N I V. TOBINGEN) . 

Nickel hexammine salts Ni(NH3)6 Y 2 (Y = Br, Cl, I, NO3, 

PF6) form face-centred cubic lattices in their high-tempe­
rature phase (space group Fm3m). The incompatibility of 
the molecular symmetry 3m of NH3 with the ymmetry 
4mm of the lattice site gives rise to the orientational disor­
der found in these compounds. Although the nickel 
hexammine salts and their order-disorder phase-transi­
tions have been investigated with several different tech­
niques, there is still considerable lack of structural data. 

In the test experiment, a deuterated nickel-hexammine­
chloride crystal (Ni(ND3)6CI2) of 1.5 mm3 volume 
was used, being measured at 4 different cry tal settings 
(~ = 0°, 20°, 40°, 60°) each for 50 min. After indexing and 
integrating the measured data 105 symmetry-independent 
Bragg reflections were obtained. The nuclear-density dis-

.,, 
'" a) 

Figure 3: a) Cut through the Ni(ND3)6Cl2 unit-cell parallel to the face of 
the unit cell at z = 0. b) Cut parallel to the face of the unit cell at z = I 14 
where the maximum deuteron-density occurs. 

tribution is derived from a combination of conventional 
crystallographic split-atom density interpolation and 
maximum-entropy density reconstruction. Fig. 3 hows 
how the deuteron density obtained in Ni(ND3)6Cl2 is 
concentrated on a plane perpendicular to the 4-fold axis. 

This finding can only be explained by a movement of 
the ammonia centre of mass combined to the rotational 
motion of the ammonia molecule and is due to the 
rotational-translational coupling found in these com­
pounds [1 ,2) . 

Recent studie on a series of nickel and cobalt hexammi­
ne salts showed a similar density distribution which can 
consistently be explained as a consequence of rotational­
translational coupling in an anharmonic crystal-potential. 
However, all these previous data were collected on a four­
circle diffractometer requiring a single crystal of 30 mm3 
volume with an average measuring-time of 6 days to col­
lect the data, whereas on LADI we measured 4 sets of dif­
ferent orientations, 50 min. each, on a 2 mm3 crystal. This 
gives a gain of a factor 100. 

Neutron Laue-diffraction combined with maximum­
entropy methods provides a powerful tool for a direct 
observation of the density distribution of dynamically 
disordered molecules. It offers a new and unique 
method to study the freezing of molecules in crystals 
and the associated order-disorder phase-transition. 



The magnetic structure of 40/oGa doped FeGe2 

■ C . WILKIN S ON (EMBL GREN O BLE} , 

■ J.B . FORS YTH (RAL) , 

■ P . J . B ROWN, D . M YLES (ILL) , 

■ A . Z . MEN ' SH I KOV (INST. ME T A L PH YSI CS, E KATERINBURG) . 

It is known [31 that the tetragonal antiferromagnet FeGe2 

has a paramagnetic to antiferromagnetic spiral transition at 
289 K (propagation vector 1+80 0) with 8 varying from ~ 
0.053 at the tran ition to 0.0 at a econd transition to a 
simple colinear antiferromagnetic commensurate phase at 
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Figure 4: Laue diagrams of 4%Ga doped FeGe2 at 306 K and 87 K. 

263 K. Adding 4% of Ga to FeGe2 extends the range of 
stability of the incommensurate phase. Typically, such 
magnetic structures have been studied in monochromatic 
powder or single-crystal neutron-diffraction experiments. 

Powder diffraction works well in the case where the 
magnetic structure is relatively simple and whilst mono­
chromatic single-crystal methods provide the most precise 

way of following the development of individual reflection 
in complex structures like that of FeGe2, they are relative­
ly slow. One way to speed up the survey of reciprocal 
space is to use a white-beam (Laue) technique, which for 
it efficiency relies on the use of a large detector [4 I. The 
text experiments used a crystal of 36 mm3. At 306 K, 
above the paramagnetic transition temperature, exposure 
times of 5 min. were sufficient to give Laue diagrams in 
which the strongest (nuclear) reflections saturated the 
detector (upper part of Fig. 4). The main beam passes 
through the centre of the hole seen in the top right comer 
of the image. Exposures were taken at I O K temperature 
intervals down to the lowest achievable specimen tempe­
rature of 87 K and in order to see clearly the magnetic 
reflections which developed over this range the exposure 
times were raised to 20 min . 

The 87 K image is shown in the lower part of Fig. 4. The 
most prominent extra reflections correspond to a propaga­
tion vector ( I +8 0 0 ), with three other equivalent domains 
giving vectors ( 1-8 0 0), (0 I +8 0) and (0 1-8 0 ) with 
8 ~ 0.1. Thi gives a characteri tic pattern of four magne­
tic satellite-reflections in the « star » around nuclear­
reflection positions; the cluster around the (012) nuclear 
position is marked. The groups of four first-order satellites 
are the prominent feature of the diagram but reflections 
which can be indexed as higher-order satellites are also 
present; the most significant have indices of the type 
(h + n8 k + n8 I) with I even. 

It is clear that this technique offers a rapid and quan­
titative method for the study of magnetic structures, 
particularly when the magnetic and nuclear Bragg 
reflections are resolved on the Laue diagram. 
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List of instruments 
ILL INSTRUMENTS JOINTLY FUNDED INSTRUMENTS 

DIA (1/2) powder diffractometer operational D821 (1/2) single-crystal diffractometer operational, with EMBL 

D28 powder diffractometer operational LADI (1/2) LAUE diffractometer commissioning, with EMBL 

D3 single-crystal diffractometer operational IN15 spin-echo spectrometer operational, with FZ Jiilich 

D4 (1/2 with INI) liquids diffractometer operational and HMI Berlin 

D7 diffuse-scattering spectrometer operational 
D9 single-crystal diffractometer operational CRG INSTRUMENTS 

D10 single-crystal diffractometer operational ADAM reflectometer CRG-8 operational 

D11 small-angle scattering diffractometer operational DlA (1/2) powder diffractometer CRG-A operational 

016 small momentum-transfer diffractometer under reconstruction DlB powder diffractometer CRG-A operational 

D17 reflectometer under reconstruction D15 single-crystal diffractometer CRG-8 operational 

D19 single-crystal diffractometer operational D23 single-crystal diffractometer CRG-B under construction 

D20 powder diffractometer operational EVA reflectorneter CRG-B operational 

D22 small-angle scattering diffractometer operational 
IN3 three-axis spectrometer CRG-A operational 
IN12 three-axis spectrometer CRG-B operational 

INl (1/2 with D4) three-axis spectrometer operational IN13 backscattering spectrometer potential CRG (currently unused) 
IN4 time-of-flight spectrometer commissioning IN22 three-axis spectrometer CRG-B under construction 
INS time-of-flight spectrometer operational S18 interferometer CRG-C commissioning 
IN6 time-of-flight spectrometer operational S20 topography CRG-B operational 
INS three-axis spectrometer operational (closed end of 1997) 
INlO backscattering spectrometer operational S51 Avogadro CRG-C operational 
INll spin-echo spectrometer operational 
IN14 three-axis spectrometer operational TEST BEAMS 

IN16 backscattering spectrometer operational CT1 , CT2 detector test-facility 
IN20 three-axis spectrometer operational I 

S42 Laue crystal alignment facility 
PFl neutron beam for fundamental physics operational T3 neutron optic test-facility 
PF2 ultracold neutron source for fundamental physics operational T13A,C monochromator test-facility 
PNl fission product mass-spectrometer operational T17 te t cold neutron-beam test-facility 
PN3 gamma-ray spectrometer operational S10, S34, uninstrumented beam-positions 
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Beam-time allocation 
beam-time beam-time number 

instrument requested allocated of 
(in days) (in days) experiments 

ADAM* 51 27 3 
DJA * 163 124 29 
DJB* 218 110 

~ 
45 

D2B 348 188 81 
D3 275 150 14 
D4 194 92 22 
D7 261 167 14 
D9 377 185 23 
DIO 319 183 20 
D11 267 155 58 
DJS* 85 49 5 
D16 241 150 16 
D17 246 143 27 
Dl9 159 168 12 
D20 108 95 31 
DB21 164 163 6 
D22 287 155 65 
EVA* 99 55 6 
IN! 139 80 12 
IN3* 79 89 6 
IN4 72 0 0 
lN5 382, 167 37 
IN6 418 169 47 
IN8 349 190 23 
lNl0 269 142 22 
INl l 485 157 16 
IN12* 43 54 6 
IN14 421 171 21 
IN15 64 26 4 
IN16 314 177 31 
IN20 188 119 14 
PFl 670 158 3 
PF2 406 186 11 
PNl 348 . 186 14 
PN3 .a 458 201 13 
S20* 0 24 3 
TOTAL 8967+ 4655 760 

* CRG instruments. 
+ A purely Russian proposal was not included in the beam-time request 
because the meetings took place before Russia became a scientific member. 
However, the statistics by country were recalculated including Russia a~er 
the signature of the contract (table 2) and therefore in table 2 the total 
beam-time request is higher than in table I. 

Overall the subcommittees of the scientific council (meet­
ings in Oct. '96 and Apr. '97) scrutinised over 1000 pro­
posals, out of which over 700 proposals received beam 
time, allocating over 4600 instrument days of beam time 
on the different instruments; 760 experiments were carried 
out. The table above shows the request and allocation of 
beam time per instrument. 
Note that D4 and INl share a beam and that the CRG ins­
truments offer a reduced number of days for ILL users. 
DlB gave a reduced number of days, because it became a 
CRG instrument in May, when D20 came into operation. 
D 16 and D 17 are slightly down in their allocation, becau­
se they stopped operation earlier, i.e. in the middle of the 

last cycle, so that the reconstruction work on these two 
instruments could start. Both instruments will be shut 
down in 1998. For PF2 several experiments share the 
beam taking neutrons alternately, so the table contains the 
beam-days allocated but gives the total number of experi­
ments running simultaneously. 
The table below shows the distribution of beam-time 
request and allocation amongst the member and scientific­
member countries: 

co11ntey allorated 
in% 

AUT 116.4 1.3% 76.1 1.6% 
CH 417.5 4.6% 202.1 4.3% 
D 2489.9 27.7% 1399.3 30.1% 
E 309.4 3.4% 170.7 3.7% 
F 2410.0 26.8% 1358.1 29.2% 

GB 2377.9 26.5% 1140.7 24.5% 
I 282.8 3.1% 134.9 2.9% 

RUS 582.8 6.5% 172.3 3.7% 

total 8986.7 100.0% 4654.2 100.0% 

In 1997 the number of members increased from six to 
eight; they were France, Germany, UK, Spain, Switzer­
land, Austria, Russia and Italy. 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 nationality. For a proposal involving laborato­
ries from more than one member country, the total number 
of days is divided equally among the collaborating coun­
tries. When a proposal involves a collaboration with a 
non-member country, the allocated time is attributed enti­
rely to the collaborating member country (or countries). 
When ILL scientists are proposers or co-proposers, the 
allocated « ILL time » is attributed among the member 
countries according to their financial contributions to ILL. 
Local contacts are not counted as proposers. 
In 1997, three-quarters of ILL's annual 1350 visitors came 
from the member countries including 372 from France, 303 
from Germany and 237 from the UK and many of them 
were welcomed more than once. There were thus almost 
2500 visits and over 750 experiments. The distribution of 
beam time for these experiments amongst the different 'col­
leges' was as follows: 14% of the days were allocated to 
nuclear and fundamental physics (college 3), 15% to struc­
tural and magnetic excitations (college 4), 35% to crystal 
and magnetic structures (college 5), 9% to structure and 
dynamics of liquids and glasses (college 6), 8% to materials 
science, surfaces and spectroscopy ( college 7), I 0% to bio­
logy (college 8) and 9% to structure and dynamics of soft­
conden ed matter (college 9). 



Reactor operation 
number of number of number of 

cycle n° start date finish date days scheduled days operation unscheduled observations 
shutdowns 

108/2* 4/2/97 01/3/97 25 25 
~ 

I 0 r, .. ., 
109 11/3/97 02/5/97 50 50 2 Beam-line flux 

di !\l mea urement on 10/3/97 
llO 21/5/97 10/7/97 50 50 

·~1 
0 

.)'1 ' . Cold ource flux 111 7/8/97 26/9/97 50 50 0 measurement on 6/8/97 
112 13/10/97 2/12/97 50 50 0 Cold source flux 

measurement on 13/10/97 

* The fuel element used for cycle I 08/2 was already partially used for cycle I 0811 in 1996. 

The 1997 operating schedule was based on 225 days 
spread over 4.5 cycles. The major shutdown needed to 
carry out lengthy maintenance work now takes place bet­
ween December and January in order to reduce electricity 
costs. The inter-cycle shutdowns needed to replace the 
fuel element last around two to three weeks. These shorter 
hutdowns are also used to carry out minor maintenance 

work, as well as the periodic checks which must be per­
formed before each start-up. 

There was one ignificant incident to report in 1997. 
During the night of I to 2 January, the operation of the 
general compressed air system was disrupted due to a 
power failure on an air dryer. Venting operations carried 
out on the sy tern on 2 January revealed the presence of 
lightly contaminated water in the pipework. Investi­

gation to establi h the origin of the water revealed it to be 
from a tank containing Lightly radioactive effluents. 
These effluents are kept in continuous circulation by a 
flow of compressed air, which enters the lower part of the 
tank and i evacuated through a vent connected to the 
gaseous effluents ystem. The disruptions to the compres-
ed air system triggered the automatic closure of this vent 

causing a momentary increa e of pressure inside the tank. 
Part of the tank's content wa forced back into the com­
pressed air pipework. As a result of this incident, the 
contaminated sections of the compressed air system had to 
be isolated immediately and a temporary system set up. 
Although thi was without consequence to the safety of 
staff or the general public, the reactor start-up was delayed 
by a week. To date, all the contaminated pipes have been 
dismantled and di posed of as radioactive waste. New 
equipment ha been in talled and the compressed air sys­
tem is once again operating at its original capacity. In the 
second cycle, two unforeseen reactor shutdowns occurred, 
but in both ea es the beam time was recuperated by exten­
sion of the reactor operating cycle. The table above sets 
out the operating and shutdown periods in 1997. 

In 1997, a number of pieces of equipment were replaced, 
including the converter sets used to power two heavy 
water shutdown coolant pumps and the computerised sys­
tem for monitoring the reactor's thermodynamic characte­
ristics. As far as new projects are concerned, efforts have 
been focused for the most part on installing the new guide 
tubes Hl7-Hl8. Within the framework of thi project, the 
reactor division has, among other things, made modifica­
tions to the water-tight panel of the swimming pool of 
guide tubes Hl-H2. 

1997 brought a satisfactory conclusion to the fuel cycle 
question, with the signing of a commercial contract bet-

Jacques Correard (le~) and Christian Barbe supervise the transport of 
the first nask containing two burnt fuel-elements. 



ween ILL and COGEMA for the removal and reproces­
sing of ILL's spent fuel-elements. The first flask contain­
ing two elements left ILL on 15 December 1997, with 
other shipments from ILL planned for the beginning of 
1998. The campaign will then continue with the transfer of 
fuel elements currently held in interim storage at the CEA 
Cadarache facility. 

Problems have been encountered regarding the supply of 
fresh uranium for the reactor, due to delays in deliveries 
from Russia. Every effort is being made to obtain supplies 
of uranium as soon as possible, so that the regular pro­
duction of fuel elements and hence normal reactor-opera­
tion can continue in the future. 

An extensive programme of maintenance work on the 
detritiation facility was completed at the beginning of the 
year. The facility was restarted at the beginning of April 
for the treatment of the reactor's heavy water. Once this 
process was completed, the faci lity was shut down again 
at the beginning of November. It was decided to operate 
the detritiation facility during the summer months in order 
to reduce electricity costs. No particular problems were 
encountered during the treatment process and as a result of 
this campaign it was possible to reduce considerably the 
level of activity of the reactor's heavy water. The detritia­
tion facility's operational characteristics once again 
resemble those observed prior to the 1991 shutdown. 

Instruments 
The instrumental facilities at the ILL are shown in the 
schematic diagram on page 99. Besides the ILL instru­
ments there are CRG-instruments, which are operated by 
external Collaborating Research Groups. There are cur­
rently 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 scien­
tific 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 ins­
truments are used full time for specific research pro­
grammes by the external group which has exclusive use of 
the beam. 
DB21, LADI and IN15 have a special status, since they 
are a joint venture of ILL with other laboratories: in the 
case of DB21/LADI with EMBL and for IN15 with FZ 
Jillich and HMI Berlin. The list of instruments by type as 
at December 1997 is summarised below (CRG instru­
ments are marked with an asterisk *) 
• powder diffractometers: DlA*(note that DIA is only 

half a CRG instrument), DlB*, D2B, D20 
• liquids diffractometer: D4 
• single-crystal diffractometers: D3, D9, DIO, D15*, D19, 

DB21 , (D23* under construction), (LADI in 
commissioning) 

• small-angle scattering: Dl 1, D22 
• small momentum-transfer diffractometer: (D 16 in 

reconstruction) 
• reflectometers: ADAM*, (D 17 in reconstruction), EVA* 
• diffuse-scattering spectrometer: D7 

• three-axis spectrometers: INl, IN3*, IN8, IN12*, INl4, 
IN20 (spin-echo option in commissioning), (IN22* 
under construction) 

• time-of-flight spectrometers: INS, IN6, (IN4 in commis­
sioning) 

• backscattering and spin-echo spectrometers: IN IO, 
INl 1, IN16, IN15 

• topography: S20* (being dismantled after 1997) 
• nuclear-physics instruments: PNl, PN3 
• fundamental-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 
instruments and are not available as 'user' instruments. 

Subcommittee 7 hard at it (from left Herve Jobic, Inst Catalyse Vi/leurbanne, 
Andreas Mager/, Univ. Erlangen,John Tomkinson, /SIS Didcot, Bernd Asmussen, 
Univ. Kiel, Win fried Petry, TU Munchen, Mark Johnson, Jurgen Schreiber, 
Frauenhofer Inst Dresden, Gernot Kostorz, ETH Zurich, Robert Richardson, 
Univ. Bristol, Christian Janot, Univ. Roma). 



Instrument performance 
The table below gives a summary of instrument perfor­
mance for 1997 (for ILL-funded instruments). For each 
cycle a record is kept of any time lost from the total avail­
able beam-time, and the reasons for the lost time are ana­
lysed for all the instruments. The table gives a global sum­
mary for the year: 
Overall about 300 days of the total available beam-time 
were lost due to various malfunctions (compared to 1996 
the loss of beam time decreased by 100 days). However, 
most of this time was not lost to users because time for 
minor breakdowns, tests, calibrations and scheduling dif­
ficulties is allowed for by initially scheduling about 80% 
of the total available beam-time. Thus the total number of 
days delivered to users was higher than the number of 
days originally scheduled: 4648 compared with 4530 ori­
ginally scheduled. Please note that CRG instruments are 
not included, because they are not operated by ILL. The 
record for D 1B gives only the figures for the one and a 
half cycles when it was operated by ILL at the beginning 

instrument days lost % lost 

DlA 10.8 6.1 % 
DlB 0.0 0.0 
D2B 6.5 2.9% 
D3 9.5 4.2% 
D4 3.4 2.7% 
D7 10.5 4.7% 
D9 4.0 1.8% 
D10 9.8 II 4.4% 
D11 16.0 7.1 % 
D16 12.0 I 5.3% 
D17 16.2 7.9% 
D19 7.5 3.3% 
D20 2.8 2.1 % 
DB21 11.0 4.9% 
D22 33.5 14.9% 
INl 16.0 13.1 % 
INS 6.2 2.7% 
IN6 22.5 10.0% 
INS 11.5 5.1 % 
INlO 18.3 8.1% 

I 
INll 19.5 8.7% 1 

IN14 10.5 4.7% 
IN15 0.0 0.0% 
IN16 13.1 5.8% 
IN20 9.0 

1, 

4.0% 11 

PFl 0.1 0.0% 
PF2 . 2.0 0.9% 
PNl 1, 32.0 14.2% 
PN3 2.5 1.1 % 
Total 316.5 

I Ii 

11 

of the year. D 1B was replaced by D20 which became ope­
rational in May; D20's performance is indicated for 
3 cycles, but it still had some commissioning experiments 
in this period. Moreover, IN15, the high-resolution spin­
echo spectrometer, was only performing for 1 cycle, in 
autumn, as a fully scheduled instrument. 
Detailed comments on the larger beam-time losses (10% 
or more) are as follows: 
• D22's loss is mainly due to breakdowns of the velocity 

selector. 
• IN 1 experienced some time loss due to a breakdown of 

the monochromator's motor. Because of the high activi­
ty of the monochromator the intervention could not be 
undertaken immediately and delayed the repair. 

• IN6's lost time was mainly due to the breakdown of the 
ageing Fermi chopper. A replacement has now been 
ordered. 

• PNl 's time loss was caused by breakdowns in high-ten­
sion equipment; the equipment is now replaced. 

sched. days days used instrument 

184.0 188.5 DIA 
62.0 63.0 DlB 

190.0 196.0 11' D2B 
182.0 181.0 I ' D3 
83.0 97.5 D4 

191.0 192.0 D7 
186.0 208.0 D9 
182.0 184.3 11 D10 
163.0 154.0 D11 
169.0 162.0 I D16 
158.0 170.5 D17 
181.0 185.5 D19 
93.0 107.5 D20 

164.0 196.0 DB21 
167.0 165.3 D22 
101.0 93.0 INl 
167.0 193.0 INS 
214.0 200.0 IN6 
189.0 I 195.0 INS , 

170.0 ·' 187.5 INlO 
157.0 

. 
154.0 INll 

176.0 175.5 IN14 
26.0 26.0 IN15 

177.0 187.0 IN16 
182.0 186.0 IN20 
217.0 216.9 PFl 

t 
* * PF2 

198.0 166.0 PNl 
201.0 217.5 PN3 

4530.0 4648.4 Total 

* PF2 consists of several long-term experiments so comparison of days scheduled and used is not meaningful. 
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Name: 
Founded: 

Facts and Figures for 1997 
Institut Max von Laue - Paul Langevin (ILL) 
1967 

Associates: France: Commissariat a l'Energie Atomique (CEA) 
Centre National de la Recherche Scientifique (C RS) 

Federal Republic of Germany: Forschung zentrum Jiilich (FZJ) 
United Kingdom: Engineering and Physical Sciences Research Council (EPSRC) 

Countries with Scientific Membership: 

Staff: 

Budget: 

operacing 
costs 

Bodies: 

Reactor: 

Spain: Comisi6n lnterministerial de Ciencia y Tecnologfa (CICT) 
Switzerland: Schweizer Bunde amt for Bildung und Wi enschaft (SBBW) 
Austria: Osterreicrusche Akademie der Wissenschaften (OAW) 
Russia: Rus ian Ministry of Atomic Energy (Minatom) 
Italy: Istituto Nazionale per la Fisica della Materia (INFM) 
402 people including 52 experimentalist in the scientific sector 
243 French, 70 German, 56 British, 33 other 
372.042 MF (excluding taxes) 

Others 
15% 

Income In MF 
306.962 - 82.51 % 
26.358 - 7.08% 
31 .960 - 8.59% 
4.462 - 1.20% 
2.300 - 0.62% 

from associates, (divided: F 37.87%; D 37.13%; UK 25.00%) 
from scientific members, 
carry-forward from 1996 
own income 
income from CRGs 

Expenditure in MF (Including expenditure on CRGs) 
181.520 - 48. 79% staff costs 
65.989 - 17.74% operating costs 
31.305 - 8.4 I% investment costs 
88.143 - 23.69% fuel cycle 
5.085 - 1.37% old obligations 

Purchases In HF (total 59.3 HF) 
39. 1 MF - 66% France 
7.3 MF - 12% Germany 
4. 1 MF - 7% UK 
8.8 MF - 15% Others 

Steering Committee, meeting twice a year 
Scientific Council with 8 Subcommittees, meeting twice a year 
Management Board, meeting weekly 
58 MW, running 4.5 reactor cycles per year (with cycle of 50 day ) 

Experimental Programme: 
about 760 experiment (allocated by ubcommittees) on 25 ILL-funded 
and 9 CRG instruments 
about 1350 visitors coming from 33 countries 
about I 000 proposals submitted and 700 accepted 

Experiment Selection by the Scientific Council via its 8 Subcommittees: 
nuclear and fundamental phy ics (college 3) 
structural and magnetic excitations (college 4) 
crystallographic structures ( college Sa) 
magnetic structures (college Sb) 
structure and dynamics of liquids and glas es (college 6) 
materials science, surfaces and pectroscopy (college 7) 
biology (college 8) 
structure and dynamics of soft-condensed matter (college 9) 

Scientific Life: based on I O colleges 
8 of which map on to the subcommittees plus two others: 
instrument and technique (college I); theory (college 2) 
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This list gives publications received during 1997 resulting from research 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 

ABELE H. , BAESSLER S., DUBBERS D., LAST J., 
MAYERHOFER U. , METZ C., MULLER T.M., 
NESVIZHEVSKY V.V., RAVEN C., SCHARPF 0 ., 
ZIMMER 0. A measurement of the beta asymmetry A 
in the decay of free neutrons. 
Physics Letters B 407, 212-21 8 (1997) 

ACET M., WASSERMANN E.F., ANDERSEN K.H., 
MURANI A.P., SCHARPF 0. Large moment fluctua­
tions in Fe- i anti-Invar (abstract). 
Journal of Applied Physics 81, 3876 (1997) 

ACET M., WASSERMANN E.F., ANDERSEN K.H., 
MURANI A.P. , SCHARPF 0 . The anomalous tempera­
ture dependence of the paramagnetic response of Fe­
rich fee Fe-Ni. 
Europhysics Letters 40, 93-98 ( 1997) 

ADAM M., LAlREZ D., KARPASAS M., GOTTLIEB 
M. Static and dynamic properties of cross-linked 
poly(dimethylsiloxane) pregel clusters. 
Macromolecules 30, 5920-5929 (1997) 

ADAM M., LAIREZ D., RASPAUD E. , FARAGO B. 
Dynamic properties of semidilute solutions at the theta 
point [Phys. Rev. Lett. 77, 3673 (1996)]. Errata. 
Physical Review Letters 78, 1197 (1997) 

AEBERSOLD M.A., ANDRES H., BUTTNER H.G., 
BORRAS-ALMENAR J.J. , CLEMENTE J.M., CORO­
NADO E., GODEL H.U., KEARLEY G.J . Magnetic 
excitations in polyoxometalate tetrameric clusters. 
Physica B 234-236, 764-765 (1997) 

AEPPLI G., MASO T.E., HAYDE S.M., MOOK 
H.A., KULDA J. early singular magnetic fluctuations 
in the normal state of a high-Tc cuprate superconductor. 
Science 278, 1432-1435 (1997) 

AIN M., LORENZO J.E., REGNAULT L.P., DHA­
LENNE G., REVCOLEVSCHI A. , HENNION B .. 
JOLICOEUR T. Double gap and solitonic excitations in 
the spin-Peierls chain CuGe03. 

Phy ical Review Letters 78, 1560-1563 (I 997) 

AiN M., REGNAULT L.P., DHALENNE G., REVCO­
LEVSCHI A. , LORENZO J.E. , JOLICOEUR T. 
Double gap in the spin-Peierls compound CuGe03. 

Journal of Applied Physics 81, 4393-4395 (1997) 

ALBA-SrMIONESCO C., FUJIMORI H. , MORINEAU 
D., FRICK B. A study of the glass transition of molecu­
lar liquids as a function of pressure and temperature. 
Progress of the Theoretical Physics. Supplement 126, 
229-233 ( I 997) 

ALBlNATI A., KLOOSTER W.T., KOETZLE T., FOR­
TIN J.B., RICCl J.S ., ECKERT J., FONG T.P., LOUGH 
A.J ., MORRIS R.H., GOLOMBEK A.P. Single-crystal 
x-ray and neutron diffraction structure determination 
and inelastic neutron scattering study of the dihydrogen 
complex rrans-[Ru(Hz)(H)(dppe)il[BPh4]. 

lnorganica Chimica Acta 259, 351 -357 (1997) 

ALEFELD B. , HAYES C., MEZEI F. , RICHTER D., 
SPRINGER T. High-resolution focusing SANS with a 
toroidal neutron mirror. 
Physica B 234-236, 1052-1054 (1997) 

ALEGRIA A., CE DOYA I. , COLMENERO J. , 
ALBERO! J.M., FRICK B. QENS investigation of the 
segmental dynamics of a PVMFJdPS miscible polymer 
blend. 
Physica B 234-236, 442-444 (1997) 

ALLEN F.H ., HOY V.J., HOWARD J.A.K., THALLA­
DI V.R., DESIRAJU G.R., WILSON C.C., MCINTY­
RE G.J . Crystal engineering and correspondence bet­
ween molecular and cry tal tructures. Are 2- and 3-
aminophenols anomalous ? 
Journal of the American Chemical Society 119, 3477-
3480 (1997) 

ALLE SPACH P., FURRER A. , GODEL H.U., 
FURER N., BUTTNER H.G. Crystal electric field and 
dimer splitting in Cs3Er2X9 (X= Cl, Br). 
Physica B 234-236, 744-745 (1997) 

ALMAIRAC R., BORDALLO H.N., BULOU A .. 
NOUET J., CURRAT R. Slow dynamics and in tability 
in BaZnF4. 

Physical Review B 55, 8249-8256 (I 997) 

ALO SO J.A., CASAIS M.T., MARTINEZ-LOPE 
M.J., MARTINEZ J.L., FERNANDEZ-DIAZ M.T. A 
structural study from neutron diffraction data and 
magnetic properties of RMn205 (R=La, rare earth). 
Journal of Physics Condensed Matter 9, 8515-8526 
(1997) 

ALONSO J.A., MARTINEZ-LOPE M.J. , CASAIS 
M.T. , MACMANUS-DRISCOLL J.L. , DE SILVA 
P.S.J.P.N., COHEN L.F., FERNANDEZ-DIAZ M.T 
Non-stoichiometry, structural defects and properties of 
LaMn03.a with high 6 values (0. J J-,og].29). 
Journal of Material Chemistry 7, 2139-2144 (1997) 

ALONSO J.A., MARTINEZ-LOPE M.J., GARCIA­
MUNOZ J.L., FERNANDEZ M.T. Crystal structure 
and magnetism in the defect perovskite LaNi025. 

Physica B 234-236, 18-19 (1997) 

ALONSO J.A., MARTINEZ-LOPE M.J ., GARCIA­
MUNOZ J.L. , FERNANDEZ-DIAZ M.T. A structural 
and magnetic study of the defect perovskite LaNi025 
from high-resolution neutron diffraction data. 
Journal of Physics Condensed Matter 9, 6417-6426 
(1997) 

AMARA M., MORI P., BOURDAROT F. 
Experimental study of the magnetic phase diagrams of 
DyCu. 
Journal of Physics Condensed Matter 9, 7441-7454 
(1997) 

ANDERSEN K.H., STCRLING W.G., GLYDE H.R. 
Momentum distribution and final -state effects in liquid 
4He. 
Physical Review B 56, 8978-8987 (1997) 

ANTORRENA G., LE CAER G., MALAMA B., 
PALACIO F., RESSOUCHE E., SCHWEIZER J. 
Magnetic structure of the molecular compound 
Fe(dtc)2CI. 
Physica B 234-236, 780-782 (1997) 

ARBE A., RICHTER D., COLMENERO J., FARAGO 
B. Coherent quasielastic scattering from internal relaxa­
tions in polymers. 
Physica B 234-236, 437-441 (1997) 

ARRJGHI V., HIGGINS J.S. Molecular dynamics of a 
main-chain liquid crystalline polyester below the crys­
talline to nematic phase transition. 
Journal of the Chemical Society Faraday Transactions 
93, 1605-1612 (1997) 

ARTIGAS M., BACMAN M. , FRUCHART D., 
MORALES M.F., TOMEY E. Transition metal distri­
bution in the Er Mn 12./ex (0.,xS8) compounds. 
Physica B 234-236, 155-156 (1997) 

ARZUMANOV S.S., BONDARENKO L.N., KOROB­
K.INA E.l., MOROZOV V.l. , PANIN Y.N. , FOMIN A.I. , 
CHERNYAVSK.11 S.M. , SHILKIN S.V., GELTE -
BORT P., DREXEL W. , PENDLEBURY J.M., 
SCHRECKENBACH K. Observation of selective 
enhancement of the capture of ultracold neutrons by 
nuclei . 
JETP Letters 65, 1-6 ( 1997) 

BAFILE U., BE MORE C.J., EGELSTAFF P.A., MOS 
B. , SUCK J.B., VERKERK P., ANDERSEN K.H., 
BAROCCHI F., COOK J.C. Heavily damped sound 
modes in dense krypton gas studied by neutron 
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