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he In LiLUt Laue-Langevin (ILL) is an 

international research centre using 

neutrons to probe th e microscopic 

structure and dynamics of a broad range of 

materials from the molecular, atomic and 

nuclear point of view. The combination of the 

world's mos t powerful neutron source wi th 

dedica ted in trumentation enables the study 

of a wide variety of sc ientific ques tions. Pro­

blems in solid-state physics. material s sci-

ence. chemistry. the biosc ience and the 

ea rth sc iences as well as nuclea r ph ys ics 

and engineering are inves tigated. For th ese 

diverse studies. the Institute offers its exper­

im ental facilities (some 30 instruments) to 

sc ientists from its partner nations via a peer­

review system: confidential industrial experi­

mcn ts arc al o welcom ed and a limited 

amount of bea m time is granted Lo scientists 

from non-partner countri es. 
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he goal of the ILL is clear - to main­

tain and enhance our position as the 

world's most productive neutron sca t-

tering centre. To achieve this we cannot sim­

ply stand still. The world is changing and sci­

ence is changing. The population at large - our 

ultimate source of funding- is, paradoxica lly, 

becoming increasingly suspicious of the direc­

tion in which science is taking us as a society 

and yet, at the same time, embracing with 

gusto the very products of technological 

advance which are the fruits of scientific 

research. Of course we have competitors in the 

neutron field, whose aim is to succeed to the 

position which the ILL occupies: ISIS in the UK; 

the SNS in the USA; the JHP in Japan; and, fur­

ther in the future. the ESS in Europe. We wish 

the ILL itself is changing 

lennium Programme is the visible expression 

of change, more fundamental changes are being 

addressed and adopted within the whole organi­

sation. The ILL is becoming more outward 

looking. Our scientists are on more advisory 

panels than ever before - LLB, SNS, FRMII, FZ 

Jiilich, ARRII, ESS ... Our reactor engineers 

are collaborating with other centres world­

wide -Taiwan, St. Petersburg, Australia, Mu­

nich, China ... Our Directors are active in Euro­

pean groupings - the EIROforum, the ESS 

Council. ENSA and the EU Round Table. Nearer 

to home, the links with ESRF and with EMBL 

are becoming stronger and more productive, 

and our interactions with the town of Grenoble 

and the Rhone-Alpes Region are increasing. The 

ILL is becoming more responsive. Consultation 

with our user corn-

munity has been 

and is responding to the challenge 
enhanced - on a sim­

ple level by the intro­

duction of user satis­

them all well. Our field is sufficiently strong 

to allow friendly competition and collaboration 

to coexist to mutual advantage. 

But the ILL itself is changing and is respond­

ing to the challenge. Whilst the ambitious Mil-
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faction forms and an electron ic club for users, 

by the organisation of a series of User Forums, 

and by the hugely popular Millennium Sym-

posium held in Spring 2001. The Sc ientific 

Council has been restructured to enhance its 

scientific mandate. The instrument sub-corn-



mittee is playing a centra l role in the defini­

tion of the Mi llennium Programme. At the 

same time, the introduction of the 35 hour 

working week in France ha resulted in the 

implementation of a forma l sy tern for out of 

Collaborative projects with ESRF' for an engi­

neering re earch support laboratory F'aME and 

a Partnership for Structural Biology with EMBL 

a the third partner have been started. Scientific 

output has been excellent in quality, well ahead 

the implementation of a formal system for 
out of hours support by the technical services 

hours support by the technical services sup­

porting the users and for Sunday working for 

our scientists. previously illega l. 

The ILL is becoming very afety and security 

aware. Grenoble is a region of moderate seismic 

activity. This year ha een the completion of a 

series of calculations which simula te the reac­

tor and the surrounding buildings. Equally well 

new instrumentation is being built following strict 

codes of earthquake resi tance. A series of 

inspections, of a confidential nature, have been 

conducted by external authorities. all with a 

positive outcome. Safety training of sta ff and 

visitors has been augmented as have 

of the field in terms of quantity, and cost effective 

in terms of value for money. Mo t importantly, there 

is a renewed commitment to the lnstitut by our 

Associates - now three equal partners once again 

- and by our Scientific Partners with a clear 

recognition that modest investment will bring a high 

leverage in terms of scientific output. 

Our staff have risen to the challenge admirably 

and I wish to thank them publicly for that. 

On a personal note. I did not expect a year ago 

to be writing the 2001 Director's report. It is a 

role which I savour and, in spite of (or perhaps, 

access arrangements to specific wnes. "the ILL has the wind in its sails,, 
2001 has been a year of very positive achievements 

for the ILL. We have now secure supplies of fuel 

until beyond 2007. Operational procedures have 

been reviewed, confirmed and strengthened where 

necessary. The Millennium Programme with its 

second year completed is progressing at full steam 

ahead. The Millennium Symposium was highly 

successful. A comprehensive ILL Roadmap has 

been published. Earlier instrument upgrade pro­

grammes are now completed and delivering sci­

ence. There are now nine instruments being rebuilt 

and two neutron guides. The underlying infrastruc­

ture is being systematically renewed and upgraded. 

because on all the trials and tribulations and 

all the challenges, I am enjoying the job. 1 shall 

endeavour to do my best. We have, however, said 

au revoirto Dirk Dubbers during 2001 and I wish 

to express my gratitude to him for his unques­

tioned commitment to the ILL. It was he who 

had the vision to launch the Millennium Pro­

gramme. As he wrote last year "the ILL has the 

wind in its sails." It most certainly has! 

~~ ,-----
Colin CarJJJe 



Formally, the ILL is a non profit­
making F'rench company under civil 
law. which is governed by an Interna-

tional Convention signed at Foreign Ministry 
level by three counLrie - France. Ger­
many and Lhe United Kingdom . Our Asso­

ciates - the CNRS and the CEA repre­
senting France. the FZ Jillich representing 
Germany and the EPSRC representing the 
United Kingdom - own and administer the 
lnstituL. They are also respon ible For all 
liabilities and even tual decommissioning 
cos t . Currently the third Convention. 
which run until 31 sL December 2003 i 
operational and the fourth Convention is 
presently being prepared for signature. 

Although the ILL i an in ternational organi-
aLion. its starr are not paid Lax-free 

sa larie . but instead they are enveloped 
within Lhe French tax. employment and 
social security systems which has marked 

advantage but al o marked di ad ant.ages 
From whichever point or view you look at it. 
The lnstiLut is answerable to F'rench legal 

bodie and to F'rench security authorities. 
We exist and operate within the French 
"loi de trava il" . Our staff repre entative 

bodie ar Lho e laid down by F'rench law 
and are a signiFicanL presence in the ILL' 
daily life. We have strong links Lo the Mairie 
of Grenoble and urrounding communitie . 
to the PreFecture of the lsere and to the 
Council or the Rhone-Alpe Region . 

Whil tour Associates own Lhe Facility and 
contribute the largest amount to the almost 
62 1\,1€ annual opera ling co L . Lhe ILL 

what· .
11 

, 
e I . 

also benefits From Lhe scientific partner­
ships or six other nations - Austria. the 
Czech Republic. Italy, Spain. Switzerland 
and Russia - who togeth er contribute 
14.2% or the operational costs or the 

whereas Lhe Head of the Reactor Division 
is a permanent ILL employee. These five 
people together constitute the Manage­
ment Board or the lnsLitut and are respon­
sible for its day-to-day operation. 

the ILL also benefits from the scientific 
partnerships of six other nations 
lnsLituL. All nine partner countries in addi­
tion can and do contribute to capital pro­
jec ts at the In tiLuL. within the lnstiLut's 

priorities but according to their own priori­
Lies also. 

Our governing body is the Steering Com­
mittee which meets twice-yea r! and is 
made up or representatives or the Asso­

ciates and the Partn er together with 
Directors and Staff Representative . Within 
Lhe framework of the International Con­

vention. th Steering CommiLlee has the 
ultimate re ponsibility For determining 
operational and inves tment strategies ror 

the lnstitut. 

The lnsLituL has a Direc tor and two A so­

ciate Director . one From each or the As o­
ciaLe countries. appointed on horHerm 
contracts normally of 5 years. The Direc­
tor's role i in genera l taken al ternately by 
the German and British appointee. The 
two Associate Director are al o respon­
sible respectively for the Science Division 
and the Projec t and Techniques Division. 
The Head of Lhe Administration Division is 
al o appoi nted on a , hort-term contract. 
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The scientific life of Lhe lnstiLut is guided 

by Lhe Science Policy Board. with input 
From the ILL:s nine cientific colleges. A Sci­
entific Council. comprising 17 external 

scientists from the member states. advi es 
the Directors on sc ientific directions ror Lhc 
lnstitut. on the evolution or the instrument 

suite to best meet the needs of the pro­
gramme and as esses the sc ientific output 
of the lnstitut. IL is helped in this process 
by the Instrument Sub-Commiuee and by 
the Chairmen of the 8 ScienLiFic Sub-Com­
mittees who twice-yearly peer review the 
exp rimenL proposal . 

Our community of users is world wide 
although sc ienti st from non-par tn er 
nation have acce only by co llabora-

our interactions wit 
have been enhance1 

Lion with co ll eagues rrom partner 
nation . Thi s use en riches Lh c sc ientific 
Ii Fe of th e ln sLilUL but ha · been increasing 
of late th ank LO the improved in Lru­
mentaLion. a trend which will require 



som e auenlion. Our interac tion with 
our user commun ity have been enhanced 
in the pa L two years in order lO be bet­
te r inform ed of their need and to be 
more re pon ive to emerging demands. 
The Millennium Symposium in April 2001 
was the major event of the yea r but our 
informal erie of U er Forum . at wh ich 
resea rcher on site on a given day are 
invi ted to a meeting with DireclOrs and 
ILL group leaders. have al so been impor­
tant. We are transform ing our in ter­
actions to elec tronic means - propo als 
are now 100% elec tronic as are feedback 
form s. Much of our comm un ica tion with 
users is now elec troni c although the 
, nnual Report will rema in in printed 
fo rm for some Lime ye t. 

The ILL is composed of four Divisions. 
each with its distinct role and. it is true 
to say. its own culture. Effort have 
been mad to bring tho e culture close 
toge th er whil t recogni ing th e ne d for 
difference . The Science Divi ion taff 
the in trument and delive r th e ci­
ence: th e Pro jec t and Technique Divi-
ion designs and bu ilds new in trument . 

Why Ne 
eutroi;i beam have the power, when 

directed at amples, to robe whaL i 
invi Ible using other radiations. The: can 
appear to behave either a particle or a 
waves or a micro copic magnetic dipoles. 
Their pecifi propertie enable them to 
reveal information which i often impo -
Ible LO a e s u ing other techniques. 

Etectrlcally , eutral - the are non­
de tru tiv and can penetrate deep into 
matter making them an ideal probe for 
biological materials and amples under 
extreme conditions. 
Micro coplcally 1agnetlc - they pos­
sess a magnetic dipole moment which 
makes them sensitive to both electronic 
and nucl ar spin . Preoi e detail or the 
magneti behaviour at the atomi level 
an be inve ligated. 

Wavelengths or Angstrom - their 
wavelengths range from 0.1 A LO 1000 A 
making them an ideal prob of atomic and 
molecu lar stru Lures ranging from 

ventional afety and ~ ith hea lth and 
working practice - 200 I ha een a 
igni fi cant strengthening of the sa fety 

culLUre of the lnstitut which wi ll con-
deve lops new con cepts and main tains tinu e. 
beamlines and instruments operational: 
the Reactor Division deliver the neu-
tron . operate and man the reactor 
24 hours per day every day or the ear 

The ILL' neutron ource is the finest in 
the world, being based on a single element 
58.3 MW nuclear reactor design d for 
high brightne s. The main mod ra tor is 
the ambient op co urroundin the 
core which delive n 
h rmal n 

rons? 
monatomi ing,I ystals LO complex 
biopolym 
En~rgles or mllllelectronvolts - their 
energi are or the sam magnitude a th 
energie or diffu ive motion in solid 
and liquid . the coherent waves in single 
crysta l (phonons and magnon ~ and the 
vibrationa l mode in molecu le . An 
energy ex hange between the incoming 
neutron and the sample of between 1 µeV 
(even 1 n with spin-echo) and 1 V 
can readily b detected. 
Randomly sensitive - the variation of 
scattering power from nucleus to nuoleu 
varies in a quasi-random manner. Thi 
mean that lightaLOms are visible in the 
pr enc ' of heavy atoms and neigh­
bquring atom may be distinguished. In 
additlon I oLOpic ub titution (for exam­
ple D for H, or one nickel i otop for 
another) can allow contra t to be varied 
in certain ampl . The neutron I par-
ticular! n itive to hydrogen atom . 

Lo 5 in trument on the operational fl oor 
of the reacLOr. In all there are more than . 
40 operational instrument . 25 or which 
have full public access. 

The ILL monitors the papers published as 
a result of the use of our faci lities. This 
indicate abou t 350 papers p r year. 
Every third year a more rigorou search 
is done which uncover a furth r 300 
a r . The a rage number of p 



Directors directing 

• In September the ILL welcomed orberl Konig (left) as the new llead 
of the Admini lration Di\1sion and in January 2002 Werner Press (right) 
a the new A ociate Director from Germany. who Lakes up the post or Head 
of the Pro ject and Technique Di\i ion. 

On 25 cptember al hi farrwell "pot". thr ILL thanked Dirk Dubbers for ► 
hi contribution over almo t four years a ILL Director. Colin Carlil e. 
nominated as Director of the lnstilut for a five-year period. hand o, cr a 
parting gift. as the baton changes hand. 

Prom the lell. M. Destol. Major of Grenoble. and Mme Berger. Di rector or 
the C R . with Chri Li an Vettier (Prench Di rector. Head or ciencc Di i­
sion) during their vis it Lo the ILL on 4 eptember. The vi itors were 
impres eel with lhe ILL's facilities and good relations were cemented with 

◄ our In lilul. 

The "Millennium Programme" wa pre ented LO over 350 international 
neutron users and the cientific community al a pecial ympo ium on 
6 and 7 April. Prom the lefl. Colin Carlile (ILL Director) . nton lleidemann 
(Deputy ll eacl of the Projects and Techniques Dlvi Ion) and Reinhard 
cherm (P.T.B .. Braun chweig. ILL Director 1994-1997). T 
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Science at the lnsLiLuL Laue Langevin 

combines the scientific programme 

achieved by the user of our facility and 

the re ea rch accomplished by the ILL staff. 

Visitors from all around the world and ILL sci­

cnLi t are making use of our advanced facili­

ties to perform their top cla s cience. otonly 

does the ILL provide neutron beams and in tru­

ments to users. but vigorou and ambitiou in­

house research programmes are al o encoura­

ged and ca rried out in all fields of research. In 

particular. strong pro-acti ve moves have been 

the subject of investiga tion. The unique charac­

teristics of neutron - to penetrate deeper into 

materials. to detect the different isotopes of the 

ame element and to probe the dynamic of atoms 

and molecules over a wide energy range- allow 

the investigations of concrete problems uch as: 

conformations of hydrogen bond : lubrication. 

high temperature ynthesis: and the structu re of 

model membranes. The large va riety of this pro­

gramme is witnessed by the scientific summaries 

from Colleges and by the highlights proposed by 

scientist from our u er community. 

strong pro-active moves have been made to facilitate 
access to neutron experiments in life science 

made to facilitate acce s to neutron experiment 

in Life Sciences, which has led to the creation 

of the Deuteration F'acili Ly labora tory. In mag­

neti m. the di tinction of Jane Brown who wa 

awa rded the Walter Haig prize from the Euro­

pea n N utron Scattering Association and Lh 

Guthrie Prize and Medal from the Institute of 

Phys ics (UK) demon trates the world-class 

ca libre of the in-house research activity at ILL. 

The cientific programme carried out at the 

ILL focusses on the use of neutrons for a wide 

va riety of scientific applications ranging from 

Particle Physics to Chemistry and Life Science , 

taking in Material Science and ba ic Condensed 

Matter Phy ics. Indeed. neutrons at ILL are 

exploited in many ways, both a a probe and as 

Experimental achievements depend fundamen­

tally on the performanc of our in truments and 

their continuous d velopmenL. Quality of service 

and support are al o required to genera te world­

leading sc ience. A further aspect which ha 

been observed i the growing need for simula­

tions to explore the information contained in 

experimental data, either ba ed on computer cal­

culations and/or theoretical models. 

The ILL relies on the many co llaborators who 

submit their contribution to the highlight in 

order to illustra te the richness and the breadth 

of the research performed at the most powerful 

neutron scattering facility in the world. We are 

very grateful to those who have eagerly con­

tributed Lo this year· version. 



scientinc highlights 

Ross STEWART, COLLEGE 4 SECRETARY 

HTTP://WWW,ILL.FR/COLLEGEs/C4/INOEX.HTM 

CLEMENS RITTER, COLLEGE SB SECRETAR Y 

HTTP://WWW.ILL.FR/PAGES/SCIENCE/IGROUPS/OIF _I.HTML 

T he Ludy of magneti m ha been the 
realm of neutron cattering and con­
tinues to be. The determination of 

magn tic structures is till as important 
today as it was 50 years ago. The increased 
flux and resolution of neutron in trument 
nowadays permits the determination of tem­
perature. field and pre ure dependent 
change in magnetic propertie in parallel 
with accompanying ubtle tructural change . 

The ucces of neutron in the profound 
study of GMR-m anganiLes. double pe­
rov kites or magnetocaloric materials is 
overwhe lming. Complicated magnetic 
structures having sine-wave. helica l or 
spiral-type antiferromagn Lie tructures 
are routinely studied now: legion is the 
number of revisited magnetic tructure . 
Fru trated magnetic ystems. uch as 
pyrochlore or jaro it s may be tudied 
progressively, first by powder diffraction 
and then by single-crystal diffraction and 
finally with polari ed neutron to pin­
point the cro saver between short-range 
and long-range magnetic order as a func­
tion of magnetic dilution or minor devia­
tions of the lattice from perfect - frus­
trated - symmetry. 

Magnetic powder diffraction i the nece -
ary first step in the study of magnetic 
hape memory alloy . where the marten­
itic tran ition prohibits ingle cry tal 

diffraction studie due to the irreproducible 
formation of multi-domains. Magnetic multi­
layer of ub-micron Lhickne can be m a-
u red on single crystal diffractometer in 

3-axis mode to minimise background. Vor­
tex lattice of classical and unconventional 
uperconductors are now not only merely 

d Lected. but the ir formation proces e 

Magnetism 

and dependence on temperature. applied 
field and electric current are being tudied. 

Elastic magnetic scattering studie with 
polarised neutron have b en u ed for a 
long time in the determination of spin­
densilie and complex magnetic truc­
tures. More demanding are the recent 
experiments determining the magneti ation 
density in molecular magnets or separa­
ting orbital and spin contribution in para­
magnetic tran ition metal . 

Thi year has een several new deve­
lopment in ILL in trumentalion \ ilh 
relation to studie of magnetic pha e 
tran itions and excitation . otably. in the 
field of neutron polari ation ana ly is 
(NPA) with the I 20 3-axis. D3 single 
crysta l and D7 diffu e sca ttering spec­
trometers. 

In the ea e of I 20 the new horizontally 
focu ing Heu ler monochromator has 
been in tailed. providing an order of mag­
nitude increase in neutron flux at 1.3 . o 
le than three out of even contribu­
tion to this year· magneli m ection of 
the ILL annual report are PA studie on 
I 20. and it is clear that this upgrade 
wi ll have a major impact in Lhe study of 
magnetic excita tion using po lar ised neu-
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trons. otable among L the e contribu­
tion is the tudy of Caciuffo and hi team 
on the study of magnetic excita tion in U02 

using inelastic spherica l neutron 
polarimetry with CRYOPAD II. in which 
there are shown to be no pin-fluctuation 
along the magnetic propagation vector in 
the low energy magnon branch. As the 
authors point out. Lhi anomalou re ulL. 
in a "well-characterised" magnet. high­
lights the exciting cientific in ights which 
come about as a re ult of ne\ and effec­
tive instrumentation. 

The inve ligation of the nature of the 
interplay between magnetic fluctuation 
and superconductivity continues Lo 
develop. Thi year. reports on the p-wave 
superconductor SrRu04 and an investi­
gation of the pseudogap in YBa 2Cup 6+, are 
included. Experiment ched ul ed for the 
com ing year on ZrZn2 and UGe2 were 
highlighted by the Scientific Council in 
October 2001 and are likely to extend 
our under tanding of the e unconven­
tional uperconductors. 

The characteri alion of magnetic pin­
fluctuations in unconventional metallic 
magnet exhibiting o-called on-Fcrmi­
Liquid ( FL) w/l' ca ling in sy terns such 

as C NiGa2. UCu ld and ~-Mn. mostly on 



the IN6 co ld-TOF' spec trometer. continues 
to prove both scientifica lly intriguing and 
experimentall y chal lenging. requiring as 

it does. measurements as a function of the 
chosen quantum-criti ca l-point parame­
ter (either pressure or fi eld). Th e recent 

provision of rield of up to 2.5 Ton IN6 
will grea tly aid future studi es of these 

fa sc inating materials. 

Last. but not leas t. we would like to men­
tion that Jane Brown has been rewarded 

, '' : . 

sc1en highlights 

for her outstancling. and ongo ing. con­
tribution to neutron sca LLering. in being 
awa rded both the Wa lter Haig prize of the 
European Neutron Scattering Assoc iation 
and th e Guthrie Prize and Medal of the 
U.K. Institute of Phys ics. 

Chemistry and Structure 

• GWE N AELL E ROU SSE, COLLEGE SA SECRETARY 

HTTP://WWW.ILL.FR/ PAGES/SCIENCE/IGR0UPS/OI F _ 1.HTML 

T
he first year of thi s Millennium 
ha s seen man success ful stu­
die of chemi try and structure at 

the ILL. Neutron diffraction. either from 
powder samples or single crys tal s is a 
fa sc inating microscope to locate atoms 
within a stru cture. eutron have 
remarkable properti es which make neu­
tron methods highly va luab le in chem­
istry : neutrons penetrate bulky sa m­

ples. al lowing th e identification of many 
compon ents in multi -phase materia l . 
and neutron s are en itive to chemica l 
elements independenLly of th eir atomic 
number. One obvious exploitation of the 
laLLer property is the neutron's ability 
to locate ve ry light elements. such as 
hydrogen (o r its i otope deuterium. 2H). 
Th ese uniqu e properti es are exploited 
by cienti Ls who ar intere Led in th e 
compo ition and tru ctures of n w 
chemica l compound . Very often. new 
spec im n are avai lable in polycrys­
talline form. which i why neutron pow­
der diffraction i such a popular tech­
nique. 

High re olution powder diffraction per­
formed on D2B ha revea led the struc-

Lures of some clathrate hydrates. small 
water cages in which gas molecules (e.g. 
methane) are trapped. The e clathrate 
hydrates. found on the ocean floor. exist 
only at high gas pre sure and low tem­
perature. Therefore neutron diffraction , 
in combination with numeri ca l simula­
tion . provides a unique tool with which 
to es tabli sh poss ible crysta llographic 
models for the e cages. Another example 
of the complementa- rity between neutron 
diffraction and numerica l simu lations is 
the ab orption of gas molecules within 

carbon nanotube . sing single cry Lal 
neutron diffraction (for example on the 
diffractometer D9 and D19). unex­
pectedly strong and very hort .. 1-1 .. 0 
and C-H .. Q hydrogen bond have b en 

characteri ed in a variety of compound . 
e.g. pyridine-3.5-dicarboxylic acid and 
(H70J)lAuCIJ 15-crown-5. 

eutron diffrac tion ha helped not only 
to loca te atom and molecules. but al o 
to give detail s vital to understanding 
react ion mechani sms th emse lves. F'or 

ample po itionlng on the four-circle single-crystal and fibre diffractometer D 19 by Ingrid Parrot. 
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scientipc highlights 

in Lan ce. in-situ exper iments on the 
high flux powder diffractometer D1 Bled 
to the determination of the reaction 
mechani m for the formation of the thal­
lium superconductor. Tl 2Ba 2Ca 2Cu 30z. 
An even more striking example of the 
investigation of chemical mechanisms i 
the real-time self-propagating synthesis 

• CHARLES DEWHURST, COLLEGE 7 SECRETARY 

M 
aterial science i the Ludy of 
the properti es of materials and 
how tho e properties are deter­

mined by composition and structure. As 
an interdisciplinary sc ience . material s 
cience combines a pec ts of phys ics . 

chemi try. metallurgy and engineering to 
help under tand real-world problems with 
rea l-world materials. Here at th e ILL. 
the broad range of available neutron scat­
tering. diffraction. reflection and spec­
troscopic technique provide powerful 
tools to aid the in estigation and under­
standing or material s in such a diverse 
subject area. Many of the e experiment 
are performed at the ILL with a clear 
sight of indu try, engineering or techno­
logica l relevance. 

Directly related to engineering materials 
is the article pre ented in thi ection by 
Bruno et al. who have used the D1A diffrac­
tometer as a high-resolution strain scan­
ner to inve Ligate the re idual stre across 
a welded 1\Al4V component. a lightweight 
alloy used in the aerospace indu try for the 
con truction or spacecraft liquid fuel tanks. 
Other metallurgy-ba ed experiments per-

' 't :, 

of the titanium carbide, Ti3SiC2. F'or thi 
experim ent. a time resolution of 0.9 s 
was u ed on the ultra-high flux diffrac­
tom eter D20. 

It is hoped that the results which are 
presented in thi s report will encour­
age new u er to ubmit new re earch 

Materials Science 

The stress distribution in critical regions or thi experi­
mental crankshaft from Volkswagen wa determined on 
the DI A diffractometer used in lhe strain scanner mode. 

form ed at tile ILL include, for example. 
inve Ligating strain profiles in aero engine 
fan blade . using SANS to determine irra­
diation damage in reactor pressure vessel 
steels or the formation of precipitate and 
crysta llisation processe of molten m Lais 
and alloys for tructural applications. 

An unu ual cla s of molecular material are 
Buckyball s: hollow. close to spherical 
molecule con i Ling of an outer shell of 60 
(or more) carbon atoms. Buckyball have 
yet to find their niche application but a 
number or potential uses have already been 
outlined. for example advanced lubrica­
tion products. elec trica l prop rties or ga 
storage in the open C60 tructure. Schober 
et al. using the inela lie neutron pec­
trometer IN6 report on inve Ligations into 
the dynamic propertie or the C60 Buckyball 
system. their ordering and the effects of 
inter titial guest molecules on tile dynamics 
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propo als and to take advantage of th e 
new areas of research that are made 
acce sib le through the upgrades of 
instruments at the ILL (D2B. D19 and 
the new VIVALDI) carried out through 
the illennium programme. We wi h 
you great succes with your experi­
ments at the ILLI 

and lubrication of this nano-scale molecu­
lar ball system. Other workers use inela -
tic neutron spectroscopy to inve Ligate the 
dynamics of guest molecules in similar 
nano-porous or open structures. for exam­
ple in open-ended carbon nano-tubes. gas­
hydrates (clathrates). hydrogen stored in 
metal . zeolites - used industrially as nano­
filters and cata lysts. or mesoporous mate­
rials prepared with regular structures using 
surfactant phases as templates. Molecular 
mixing and adsorption studies also consti­
tute a significant scientific interest and 
experimental effort at the ILL. 

An article by Gorria et al. describes D1 B 
diffraction measurements on amorphous 
F'eZr powders which revea l crystallisa­
tion proces es and new metastable 
phases. Although concerned primarily 
with the metal phy ics surrounding the 
proces ing of these amorphou metallic 
materials, the underlying interest lies 
in the unusual magnetic states and 
extremely oft magnetic properties for 
applications uch as transformer core 
materials and magnetic recording heads. 
Applied magnetism work by other groups 
has used SANS to investigate nuclea r 
and magnetic grain size and magnetisa-



tion rever al propertie in commercia l 
th in film recording meclia and magnetic 
ordering and correlations in self-orga­
ni ed array of magnetic nano-particles. 
Under tanding the magnetic granularity 
and coupling ultimately determines stor­
age capacitie of conventional magnetic 
recording media. The novel magnetic 
propertie of thin film magnetic multi­
layers con titutes a wide re earch area 
naturally lending itself to investigation by 
pin-polarised neutron reflectometry. 

Lauter-Pasyuk et al. present EVA reflec­
tometry Ludie of the coupling and 
domain structures in Cr / F'e multilayer 
and a eparation of pin dependent off-

• MIGUEL GONZALEZ, COLLEGE 6 SECRETARY 
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Liquids and gla es ranging from 
quantum liquids to gla sy polymer 
have been studied with neutrons 

' '' :, 

pecu lar reflectivity components from 
an initially unpolari ed neutron beam. 
In other work. the interlayer magnetic 
coupling and phase transitions in an F'e/V 
thin film multilayer sys tem can be tuned 
by the uptake of hydrogen. enough to 
modify the interlayer coupling from being 
ferromagn eti c to antiferromagnetic. 
Perro-fluids. while not con entional mag­
net ic ystem . exhibit novel ordering 
phases at interfaces with a solid sub-
tra te a demon tra ted by E A mea­
ur ments repor ted by Vorobiev et al. 

F'inally. while not directly related to 
new or applied materials. Zucali et al. 

' '' :, 
Liquids and Glasses 

over the year from the point of view of 
th ir structure and their dynamics. Sev­
eral method are exploited (diffraction. 
quasi-elastic scattering and inelastic scat­
tering) on different instruments to inves­
tigate short-range order and fluctuations. 

The 04 liquids diffractometer has achieved nve limes more solid angle and nve lime 
b tter detector lability with the new micro trip detector built in-hou e. 

Canonical sub jects 
which have been 
studied in the past 
are now evo lving 
and incorporating 
new ideas. In par­
ticu lar. the study of 
excitations in quan­
tum liquid have 
been rejuvena ted 
by new experiments 
on 3He film (God­
frin et al.) or in 4He 
confined in porous 
materials (Stirling 
etal.) which focu ed 
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de cribe work on natural mineralogical 
sample of a particular Alpine material. 
Analy i of crystal lographic orientation 
and texture elucidate the deformation 
mechanisms and mechanical properties 
of rock during ubduction and other 
geological proce ses. 

Clearly. the scope or materials sc ience 
ba ed research at the ILL i broad using 
the uitc of ava ilable ILL in trument to 
investigate the diver e tructural. mag­
netic ancl dynamic properties of material s. 
The election of articles pre ented below 
i ju ta mall ample of the experiment 
that are being performed. 

on the additional two dimen ional excitation 
which appear in these systems. Other 
examples are provided by the effort to bet­
ter understand th nature of the vibrational 
modes on gla -forming systems. uch as the 
study of acou tic mode in single crystals 
of a-quartz as a function of the disorder 

introduced by neutron irradiation (Rufle et 
al.) or the investiga tion of amorphous poly­
morphs. of Y203-Al203 (Koza et al.) . 

A major trend which ha been ob rvecl 
recently is the increase in the number of 
studies combining neutrons and X-rays. This 
is specially the ea e on structural investi­
gations aimed at obtaining partial structure 
factors of molecular liquid or liquid alloys. 
but the complementarity between both tech­

nique extends also to inelastic mea ure­
ments. as exemplified by the work of Sac­
chetti t al. on the collective dynamics in 
water ( ce ILL annual report 1999) per-
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formed with hot neutrons on I 1. Inelastic 
X- ray cauering experiments provide 
extremely useful data on di ordered sys­
tems because X-ray do not suffer from the 
kinematic conditions which neutrons do but 
they probe mainly the dynamics of the oxy­
gen atom. while neutrons can sense the col­
lective dynamics of both D and O in heavy 
water. An additional direction worth noting 
is the use or compu ter simulation techniques 
(Reverse Monte Carlo. classica l or ab-initio 
Molecular Dynamics. etc.). This i due to the 
complexity of the problems investigated. 

so in many cases the lack of theories to 
interpret the experiment.al results make 
unavoidable a recourse to simulation. Fur­
thermore. in some ea es the imulation is 

not just a tool to interpr L the resu lts. but 
it even precedes Llie experiment. 

The three contributions selected to illus­
trate the use of neutrons for the study of 

• GIOVANNA FRAGNETO, COLLEGE 8 SECRETARY 
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N cutron sca LLer ing experiments 
provide information on the 
structure and dynamics of bio-

logical macromolecules which helps in 
understanding biological function. Th e 
main advantage of neutron scattering in 
biological sys tems is the particular scat­
tering behaviour or hydrogen. The fact 
that its scattering length is similar to that 
of other light atom· and that deuterium 
has a scaLLering length of oppos ite sign 
allow HID labelling techniques to be used 
in a powerfu l way. AL low resolution. 

, '' :, 

liquids and glasses serve to outline this 
va riety of the field and to show nicely some 
of the unique possibilitie offered by neu­
trons Lo tackle the complex problems 
encountered. They also illustrate the tech­
nical challenges involved in many of the 
experiments performed and the increasing 
effort inve Led by many groups to relate 
their basic investiga tion to practical appli­
ca tions or with other scientific areas. such 

as geophys ics or biology. 

Thus. the first contribution exemplifies the 

u e of isotopic labelling in neutron diffrac­
tion. Th e so lutions investigated have 
fascinating elec tronic properties. but they 
al o pose great technical difficulties to 
prepare and measure them. The second 
contribution deals with another technique 
(neutron reflectivity) and show the utility 
of neutrons Lo inves tigate the adhesion 
properties of lubricants under shear. Thi s 

, '' :. 
Biology 

contrast va riation can be used to high­
light particular parts of molecular com­
plexes while at high resolution key pro­
tons ca n be observed. Th e very large 
incoherent cross sec tion of hydrogen 
allows th e observation or the internal 
dynamics of totally or partiall y labelled 

macromolecules. Furthermore. neutrons 
are such a gentle probe that samples 

under investiga tion do not suffer from 
radiation damage. 

The ILL offers a broad suite of experimen­
t.a l techniques for static studies. uch as 
small angle neutron sca ttering from pro­
teins in solutions. protein crysta llography 
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study clearly has a lot of potential appli­
cations which required the development 
of a new cell Lo investiga te in situ the 
effect of shear in a liquid. Finally, the 
last contribution has to do with dynam­
ics and shows the results obtained by 
means of inelastic neutron measurements 
on silicate melts at high temperature, of 
relevance both for ea rth sciences and 
technology. 

The study of amorphous mauer is a multi­
disciplinary task. The combination of new 
ideas and approaches t.ogether with the use 
of complementary techniques guarantees 
exciting science. Furthermore, instrument 
upgrades (D4 has operated very succe sfully 
during 2001 and the new hot source will 
bring an additional increase in flux. and IN5 
is being renewed incorporating a focusing 
guide and a new chopper system) will allow 
new experiments to be done. 

or membrane diffraction. as well as dy­
namics studic of biological molecules with 
inelastic or quasi-elastic scauering me­
thods. In fact, the range of time sca les 
accessible to neutron scattering is that of 
interest for the internal dynamics of pro­
te in molecules and both amplitude and fre­
quency information are available simulta­
neously. Instruments mainly concerned are 
IN5. I 6. IN13 and IN16. 

eutron crysta llography is used to identify 
key protons in small proteins. nucleic acids 
and sugars. The Laue diffractometer LADI 
has allowed unique structural determina­
tions and is Lo be upgraded Lo allow faster 



data collec tion. In ce ll biology the runc­
Lioning or very large molecular complexes. 
such a ror example molecular molor . i 
of primary intere L. Such large complexes 

Screening Cl') tals for a protein crystallography expe­
riment. 

• ISABELLE GRILLO, COLLEGE 9 SECRETARY 
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The xp ress ion ··sort Matter" 

mbrace various fields or research. 
such as polymers. organic ancl inor­

ganic colloids or a semi Ii or amphiphilic 
molecule . All these sy tern s xhibiL com­
mon feature with organi alion bctw en 
object and L pica ! izc and hapcs from 
the ca l or a r w Angstroms up Lo Lhou-
ands or Angstroms. eutron sca LLcring 

technique uch as mall and wide angle 
ca tLer ing. grazing in iclence and reflec-

ca nnot u ually be solved by er stallogra­
phy and only solu tion sca ttering can allow 
the ob erva lion or conformational change 
induced For example b binding or ions. 
cofactor etc. in a olulion environment 
which is very close to LhaL or Lhe living cell. 
D 11 and D22 ar u ed for SA S Ludie 

and among the recent interesting experi­
ment are a time-re olvcd tudy or EDTA­
induced swelling or tomato bu hy stunl 
virus or the temperatur dep ndence or the 
ATI -i nduced ·tructural chang of the ther­
mosome. 

Since many biological procc : occur al 
interface . the po ibiliL or u ing neu­
tron reflection LO tucly structural ancl 
kinetic a pee l or model a, well as rea l 
biologica l sys tem is or considerable 
inLere L. D17. a high flux r flectom eter. 
with Lime-or-flight and monochromatic 
option . ha opened up the wa at the ILL 
to a va ri ety or experiments which have 
been ca rried out so rar mainly on new 

Soft Matter 

Livit arc particularly well aclaptecl LO inve -
Liga te the Lime av raged bulk or surface 
structure or colloiclal samples. In parallel. 
inelastic sca ttering ancl pin-echo expe­
riments are u ed Lo fo llow the motion of 
molecule and entitie and LO understand 
their dynamic . 

Temperature. o ·molic pres ure. concen­
tration. ionic strength are the main re­
levant parameter that control the ther­
modynamic stability or oft maLLcr sy -
tern . The stability and organ isation of 
the co rn pon cn t pa rtiCIC'S ( surfac tant 
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models for bi ologica l membranes at the 
olid/liquid interface as well a on pro­

tei n and peptide ad orpt ion. Mu l ti­
lamcllar lipid tack . purpl membrane. 
and p plide induced channel in mem­
bran s. have been ex tensive ly tudied on 
the mall momentum tran Fer diffrac­
tomet r D16. where recently a pilot 
experim ent ha been ca rried out Lo ·tudy 
collagen packing in diseased bones which 
has shown that uitable clirFrac ti on pat­

tern s could be ob tai ned from hyclratecl 
cane rou • bon .s. Thi ' wi ll enable Future 
in vestigations or Lhe effect or h clra­

tion. minerali ation and di ea e. 

Fina l! . it ·houlcl be m nlionecl that the 
Dcuterati n Lallorator at the ILL. a Facil­
ity that wi ll sprciali sc in th e dcuteralion 
of proteins and other biologica l molccul s 
for neutron ' Ludie both by u ers and in­
hou e sci nlist . ha become operational. 
This Fac ili ty will boost the use or neu­
trons by the life ciences community. 

monomers. co lloidal particles ... ) depend 
on the equilibrium between aLLractive 
and rcpul ive molecular force and even 
a small change in th e force balance may 
induce a reorgani sa tion of the sy tern . 
Thi s explains the richn ess and diversity 
or ph ase diagram as illustrated by the 
surfa Lant ico ahecl ra or the co llec ti ve 
giant oscillations in lamellar pha e 
(Drmr Cl al. ) but al O th e difficult LO 
obtain stable stacked surfac tant mem­
branes for applica tions Lo biology (Frag­
ncto et al.) or thin polymer film s (Muller­
Buschbaum et al.) . 
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I abclle Grlllo. mounting the top-now apparatu on 
the mall-angle scattering diffractometer D22. 

, 'I : . 
If the steady state of many sy terns i 
now well characterised. data ancl models 
of kinetics. intermediate phases and Lruc­
tures are sti ll under development. The 
knowledge of the pha e evolution i cru­
cia l Lo understand and modify the cha­
racteristics of the final Late and the study 

of non-equilibrium sy tern . for example 
under shear or during extrusion. i an 
emerging field. ILL's high flux SA S pec­

Lrometers open up the po ibiliLy of new 
experiments with real Lime measurements 
and rapid kin etic . Rea l Lime signifies a 
movie of the ample after a perturbation 
(pH or temperature jump. ionic Lrength 
variation. dilution. mixing, application of 
a magnetic field. light excitation ... ). Rapid 

means horL acquisition times of the order 
of few hundred millisecond in order to 
detect the early tages of formation of a 
sample. The article about ve icl growth 

(Gradzielski et al.) reveals different inter­
mediate states leading to the steady Late 
and thus demonstrates the importance of 
real Lime measurements combined with 
SANS Lo improve the understanding of 
pha e formation mechanisms. 

So ft matter is matter in motion. changing. 
evo lving towards the lowest energetic 
sta tes a a function of internal ancl ext r­
nal con Lraints. eutron catt ring e pe­
riment remain a unique too l for ob erving 
such changes. 

Fundamental and Nuclear Physics 

• VALERY NESVIZHEVSKY, COLLEGE 3 SECRETARY 
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N 
uclear and particle phy ic cover 
an extreme! broad range of 
physica I phenomena (nuc lear 

and atomic phy ics. fundamental ym­
metrie and new experimental tech­
niques) with characteri tic energies pan­
ning at lea L from 10·19eV to 1 osev. All 
types of known force are involved: weak 
and trong interac tions. electromagnetic 
and gravitational forces. A distinctive 
feature of most experiments is that they 
require a comp letely new in , trumental 
configuration to be set in placr. which is 
e entia l Lo develop new instrumrnL 
and methods. 

In the field of nuclear physics. y-ray 
pectroscopy of very neutron-rich nuclei 

is extremely active. confirming the need 
for a multi-detector array. As an exam­
ple. the tudy of the double magic 
nucleu 78 ii pos iblc today at Lohen­
grin due Lo the very low background 
I ve l achieved. 78Ni is the most neutron 

rich doubly magic nucleus. which up­
posedly can be reached in a nuclear 
reaction . Be ide . the use and develop­
ment of the new BID (~-induced Doppler 
broadening) technique. usi ng Lhc Ga rn s 
pect rom eLers. is remarkable. Thi s 

method rollows from the well-known 
GRID method which was developed at 

the ILL. but iL u e the ~-decay in order 
to induce recoil and Doppler broadening. 

This method ha allowed acccs to the 
tructure and propertic of a new et of 

nuclei. which would be extremely diffi­
cu l t Lo reach with other technique . 
Moreover. it provide a more cla ical 
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but very precise study of ~-decay it elf. 
which cou ld hed light on the phy ics 
beyond the Standard Model of the weak 
interaction. Many other experiment 
are progre ing. related Lo waste dis­
posa l ancVor transmutation. Worth noting 
are al o y Lematic studies of dela cd 
neutron emission. 

F'undamental neutron physic plays a 

particu lar role due to the grPaL sim­
pli city of theoretica l in terpretations. 
Neutrons are considered here imulLa­
neou ly as a tool and a the object of 
inve ligations. Such studie include i) 
prcci e ob ervations of the neutron 
~-decay in order to get thP Standard 
Model con Lant and to search for new 
physics beyond iL. ii) the search for CP­
vio lating effect with free neutron and 
during neutron-induced reaction , . ancl 



iii) the deve lopment or new method s 
and techniques such as UC storage, 

I I' : . 
neutron optics, neutron sources. etc. 
It is worth noting the persistent efforts Lo 

Valery Nesvizhevsky at the installation PERKEO from Heidelberg University is taking 
data at the new PFIB high-intensive co ld neutron beam at the ILL. 

measure more pre­
cise ly spec ifi c 13-
decay parameters. 
particularly the so­
ca lled A-asymme­
try. which corre­
lates the spin of the 
decaying neutrons 
to the direc tion or 
emi ss ion of elec­
trons. Such para­

meters give hints Lo 
the physics beyond 
the Standard Model. 
The storage and 

production or Ultra 
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I 
nterpreting and understanding scien­

Liric data requi res numeri ca l and the­
oretica l models. In this "Modelling 

and Th eo ry" section. modelling refers to 

systems of in teract ing atom and 
molecules in the solid state. where atom­
atom interactions allow the evo lu tion of 
the sys tem Lo be ca lculated and (meta-) 
stable structu res to be determ ined. F'orce­
fi eld ba sed methods are app lied here in 
Monte Carlo sea rch routin es Lo probe 
binding sites for gas atoms/molecules in 
bundles of nanotubes. which are otherwise 
characte rised by neutron diffraction and 
thermodynamic techniques. Solid state 

Modelling and Theory 

first principles ca lculations must be used 

when more accurate energies and forces 
are required. Here they are used to ga in 
insight into the energies associated with 
diso rder in molecular crys tals and there­

fore the nature of disorder at elevated 
tempera tu res. Elsewhere in thi s Annual 
Report (Cowa n et al. ) these quantum 
chemistry methods are used to accurately 
ca lculate vibrational spectra of hyd ro­

gen bonded systems from known crysta l 
structures without any refinement of Force 
constants. Finall y, modern Monte Carlo 
search routines have also been used to 
determ ine the structure of phase Ill of 
methane. a problem of more than 30 years 
standing. Consequently the complex tun­

nelling spectra of methane have been 
interpreted and shown to be consistent 
with the new structure. 

5Clenr fr. highlights 

Cold eutrons ( CN) are the focus or deep 
interest. Intense activity at both cold and 
UCN beams have improved the experimental 
techniques Lhemselve : ha ping and analy­
sis of polari sed and unpolari eel cold neu­
tron beams. neutron pectrometry. revea­
ling th e ph enomenon of small energy 
changes of UCN in bottles. The first P-odd 
asymmetry measurement with a light 
nucleus (108) ha been carried out at the new 
high-intensity balli Lie super-mirror neu­
tron guide For cold neutrons H11 3 (PF1 B) 
which has allowed an unprecedented pre­
cision better than I 0-7. Recent and intensive 

studies of asymmetri es in polari sed cold 
neutron induced fi ssion have already yielded 
big surprises and further exciting physica l 

results are expected soon. 

Theoretica l models are required when sys­
tems, or the length sca le of phenomena 
be ing stud ied, become too big for direc t 
atomistic simulations. Thi is the case for 

mesosca le charge transfer along DNA 
molecules which is modelled here by Bicout 
and Kats in te rms or unistep superex­
change and mul tistep hopping. The hypoth­

esis that both charge transfer mcchani ms 
depencl on th e interaction between elec­
tronic degrees or freedom and molecular 
vibrations will be tested direc tly when the 
vibrationa l modes can be modelled with 
solid state quantum chemistry method s. 
Furthermore, recent quas ielastic mea­

surements at the ILL of the dependence or 
D A dynamics on the level of hydration and 
temperature (Annual Report 2000. page 56) 

suggest that these factors could also affect 
the charge transrer rate. 
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Magnetism 

I ff--... n the h s e reg tio 
in the electron doped mixed valence manganite 
Smo.15C8a.s5Mn03 

• C. RITTER ( ILL) 

• P.A. ALGARAB EL, J.M . DE T ERESA, 
L. MORELLON AND M .R. IBAR RA 

( UN IVERSITY OF ZARAGOZA) 

Using high resolution neutron diffrac­
tion and small angle scattering the 
existence of nano- and microscopic 
phase segregation above and below 
TN was studied in the electron doped 
manganite Sm Ca 8 MnO . The dif-o.,s O. 5 3 

ferent nature of the coexisting phases 
and their field and temperature 
dependence are explained conside­
ring the interplay of magnetic and 

structural correlations, which give 
rise to different structural and mag­
netic ground states {P-Pnma, G+F­
Pnma, G-Pnma, C-P2/m). 

Mixed va lence perovskites of type 
R1_AMn03 (R=rare earth, A= earth alkaline) 
are famous for their large magnetoresis­
tance effect called CMR ("Colossal magne­
toresistance"). For compounds with x = 1/3, 
the intrinsic origin of the CMR effect was 
explained in terms of nanoscopic phase seg­
regation in the paramagnetic phase (mag­
netic polarons, see ILL Annual Report 1997). 

Although less common, the CMR effect 
exits also in the electron doped compounds 
with 0.8 < x < 0.9. This report presents 
recent work on Sm0_15Ca0_85Mn03[1 ]. 
Similar behaviour can be found in 
Bi0_ 15Ca0_85Mn03 [2] and Tb0.15Ca0_85Mn03 

[3]. Sm0_15Ca0_85Mn03 exists in a para­
magnetic state with an orthorhombic Pnma 
crysta llographic structure (P-Pnma) ; at 
120 Ka first order magnetic transition to 

a C-type antiferromagnetic state takes 
place. This transition is accompanied by a 
structural transformation into the mono­
clinic P2/m phase. The structural trans­
formation does not extend over the whole 
sample volume and even at low tempera­
tures a small fraction of the volume sam­
ple remains in the Pnma crysta llographic 
structure with a G-type antiferromagnetic 
structure (G-Pnma phase) . The volume 
fraction of both pha es as a function of tem­
pera tu re and applied magnetic field were 
determined using the high resolution 
diffractometer 02B. Figure 1 shows the 
thermal dependence of the volume phase 
fraction of the two magnetic and crystal­
lographic phases (C-P2/m and G-Pnma) in 
zero field and under an applied magnetic 
fie ld of 6 T. At zero magnetic field, the 
ma jority phase is C-P2/m with a phase 
fraction in volume of more than 90% in the 
temperature range studied (figure 2a). 
Under an applied magnetic fi eld of 6 T the 
amount of Pnma phase growths (figure 2b), 

100 l 

this increase being more important as we 
approach TN from lower temperature. This 
behaviour clearly indicates that the mag­
netic and crysta llographic structures can be 
rever ed by applying a magnetic field. 

It should be underlined that under the 
application of a magnetic field a ferro­
magnetic contribution to the Bragg renec­
tions appears as the Pnma phase fraction 
increases (figure 2b). Therefore it is pos­
tulated that another metastable state exists 
in thi co mpound: th e ferromagnetic 
orthorhombic state (F'-Pnma phase). This 
pha e has not been detected at zero mag­
netic fi eld. however. the existence of G­
Pnma and F'-Pnma at zero magnetic field 
was found in the case ofSm01 Ca09Mn03 [4]. 

The neutron diffraction measurements per­
formed in the ordered region are able to 
explain the origin of the CMR-effect as 
resulting from a structural transition from 
a high-resistivity . high-volume. ponta-

neous C-P2(m (mo­
noclinic) phase to a 

• 
80 • C - P2 Im (OT) 

I 

low-resistivity, low­
volume ferromagne­
tic Pnma (F'-Pnma. 
orthorhombic) pha e 
induced by the 
appli ed magnetic 
field. 

C - P2 Im {6T) 
~ 
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Figure 1: Thermal dependence of the Lwo spontaneous low temperature magnetic and 
crysta llographic phases In zero field and under an applied neld or 6 T. 

20 

Having established 
the phase separa­
tion at T N and its 
sensitivity to an 
app lied fi eld we 
dec ided to use 
small angle neutron 
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Figure 2: Low angle part or the high resolution neutron diffraction spectra or 
Sm0 15Ca08:,MnO3 a) at OT. b) at 6 T. 

Figure 3: a) Thermal dependence or the SANS intensity at a ftxed O va lue (0=0.064 A·1) 
in zero rield and under a ricld of 6 T. The inset shows U1e temperature dependence or 
the correlation length or the monoclinic clusters. b) Field dependence of the SANS inten­
sity and the correlation length at T = 122 K. 

C and G lahel magnetic 11caks originating from antiferromagnctic C-type or G-type 
magnetic order while F labels ferromagnetic peaks. 

scauering (SANS) in order to get further 

information about the nanoscopic behavior 
of the sample. In figure 3a we show the 
thermal dependence of the SANS intensity 
at a fixed O value (0 = 0.064 A· I) after sub­
traction of the incoherent nuclea r contri­
bution as measured on D16. We can observe 
a sharp increase below 150 K. which dras­
tically disa ppears below T N = 11 2 K. Thi s 
is an indication of the existence of clu sters 

above TN. The size of these clusters can be 
a sociated with the correlation length l;. 
which tends to diverge as we approach the 

structural transition (see the inse t of 
figure 3a). Since the low temperature phase 

is the monoclinic P2/m. one can explain the 
spontaneous SA S results assuming a 
nucleation process below 150 K in which 
well-defined monoclinic nanodoma ins are 
form ed. Under an applied magnetic field. 

this nucleation process is suppressed 
(figure 3a). Thi s assumption is corrobo­
rated by the study of the SANS intensity and 
the correlation length under field at 122 K. 
e.g. just above TN' as shown in figure 3b. The 
decrease of the SANS intensity under field 
as shown in figure 3b confirms the sup­

pression of this nuclea tion process. i.e. the 
P2/m nanodomains are un table under 
field, and consequently the correlation 
length decreases. This magnetic field behav­

ior discards the existence of Pnma ferro­
magnetic clusters. because the F'-Pnma 
phase is table under applied magnetic 
field according Lo the neutron scattering ex­
periments. 

Summarising. the CMRand magnel.Ovolume 
effects observed in elec tron-doped 
Sm0 I5Ca085MnO3 have their origin in the 
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induced magnetic and crystallographic 
transition. We propose that this structural 
and elec tronic instability occurs due to in 
the coexistence of different metastable 
ground states. G-Pnma. G+F'-Pnma. 
P-Pnma. C-P2/m. very close in energy. 
This gives rise to nanoscopic phase segre­
ga tion in the paramagnetic phase close to 
the transition temperature and microscopic 
phase segrega tion at low temperature. 
Under an applied magnetic field the 
G+F'-Pnma state is the most table phase 
at low temperatures. ■ 
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Spherical neutron-polarimetry has 

been applied to study the nature of 

magnetic fluctuations in the ordered 

phase of uranium dioxide. The rota­

tion of the neutron polarisation at 

magnetic Bragg peaks is consistent 

with a transverse 3k magnetic struc­

ture with [ 0 0 I] propagation vector. 

Unexpected, anomalous behaviour is 

exhibited by the lowest energy spin­

wave branch for which no compo­

nents of the transverse fluctuations 

are observed along the magnetic 

propagation vector. 

Spherical neutron polarimetry (SNP) [ 1] 
has proved to be very useful in deter­
mining complex magnetic structures [2], 
but has not. as yet. often been associated 
with inelastic scattering studies. 
Although general express ions for the 
cross section and polarisation of the 
scattered neutrons were derived almost 
40 years ago [3,4], only one recent paper 
can be found in the literature where the 
results of inelastic scattering experi­
ments with three-dimensiona l polarisa­
tion analysis are reported [5]. Such 
experiments can in principle give a 
wealth of information on the interaction 
between electronic, spin and vibrational 
degrees of freedom in strongly corre­
lated electron systems. F'or this reason, 
considerable efforts are being made at 

the ILL to develop a reliable and user­
friendly implementation of SNP for 
inelastic scattering . 

Here, we give a brief account of the results 
we have obtained on uranium dioxide using 
IN20 equipped with the CRYOPAD-11 device, 
in place of the adiabatic coil arrangement 
normally employed for standard, uniaxial 
polarisation analysis. Although we did 
not observe the rotation of the neutron spin 
which could be given by interference 
between nuclear and magnetic scattering 
[5], we show that information not attain­
able with conventional techniques can 
easily be obtained in experiments with 
CRYOPAD on a triple-axis spectrometer. 
Uranium dioxide is one of the most studied 
actinide systems [6]. Above TN = 30.8 K, U02 

is a paramagnetic semiconductor with the 
face-centred cubic fluorite structure. 
Below T N• a type-I triple k anti ferromag­
netic structure is establi shed, with each 
Pourier component m k perpendicular to 
its propagation vector k. µ0ro = 1. 74 µ8 at 
T = 4.2 K. The magnetic transition is 
accompanied by a small internal distortion 
of the oxygen sublattice. 

Using CRYOPAD it is possible to drive the 
polarisation P

1 
of the incident neutron 

beam along any given direction, and to 
analyse both the longitudinal and the trans­
verse components of Pr, the polarisation 
of the scattered beam. In this way. all six­
teen correlation functions defining the 
most general expression of magnetic neu­
tron scattering (2.3] can be measured. 
The experiment was performed on a large 
(99 g) single crystal mounted with [1-10] 
vertical. CRYOPAD was installed on the 
triple-axis spectrometer I 20, which was 
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operated in the fixed-kr mode (kr = 2.662 
A-1). with the standard, Heusler-Heusler, 
monochromator-analyser configuration. 
The rotation of the neutron polarisation 
cattered with zero energy-transfer by 

magnetic Bragg reflections wa checked 
and found to be consistent with the 
transverse 3-k magnetic tructure. with 
<0 0 1 > propagation vector. 

Measurements were made at inelastic 
positions, spanning the whole magnetic 
Brillouin zone. An example of the results 
obtained for the exc itations belonging 
to the lowest energy magnon branch 
propagating along the [O O tl direction 
[6] is shown in figure 1. The three panels 
on the left show neutron groups mea­
sured in a constant-0. longitudinal scan 
at Q = (0 0 1.25), the three panels on the 
right show results at the same point of the 
dispersion curve but measured in a trans­
verse scan at Q = (1 1 0.25). The red and 
blue symbols correspond, respectively, 
to intensities measured of neutrons cat­
tered with spin up and down with respect 
to the chosen analysis direction. A dif­
ference between these two counts implie 
a component of polarisation of the cat­
tered beam in this direction. 

To understand the results from the CRY­
OPAD it must be recalled that only com­
ponents of magnetic fluctuation ampli­
tudes perpendicular to the scattering vec­
tor act on the neutron polarisation [1,2]. 
Of these. those parallel to the neutron 
polarisation leave it unchanged. wherea 
the components that are perpendicular 
lead to a precession of the neutron spin 
about that fluctuation component by 180°. 
As usual, the x direction i defined along 
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which the lnttial polarisation vector I parallel to J' and the x component of the final polarisation is analysed. 

the momentum transfer Q. y perpendic­
ular to Q in the scattering plane and z per­
pendicular to the ca ttering plane. The 
re ults ror O parallel to [0 0 1] show that 
the polari ation along x i reversed if P1 

is along x. but the beam i depolarised both 
along y and z ir it is initially polari sed 
along these direc tions. Thi s how we 
have two component for the transverse 
fluctuation. which is a normal situation 
with fluctuation both along y and z. On 
the other hand. ir Qi parallel to [1 1 OJ . 
the components of the inela tic fluctua­
tions hould also be y and z. Surpri -
ingly, the polarisation or a beam initially 
aligned along z is preserved along that 
same direc tion (Prz > 0), but is reversed 
when the initial alignment is along x and 
y(Prx < 0: Pr\' < 0) . Thi requires there Lo 

be no fluctuations along y, i. e. no compo­
nents of the fluctuations are present along 
the magnetic propagation vector. All 
inelastic fluctuations must be confined to 
the ( 1 1 0) plane perpendicular to [0 0 1]. 
This is confirmed by the observation that 
Pry = 0 wh en P1 i along z. The same 
behaviour is observed all along the low­
es t-energy magnon branch. which is one 
that has been assumed to be strongly 
hybridi sed with a tran sverse acou Lie 
phonon. 

A dirferent behaviour is observed for the 
two highest-energy branches. The results 
obtained indica te isotropic fluctuations. 
not only at the magnetic and nuclear zone 
centres. but also within the whole Bril­
louin zone. 
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Despi te the ract that we anticipated 
observing ··mixed" magnon-phonon exci­
tations in U02. and, as a resul t. cros 
term s of the rorm xy, xz. etc in the polar­
isa tion dependence. no such off-diagonal 
term s were ob erved in the polari ation 
matrix. However. the ob erva tion of an 
unexpected ani so tropy in the lowes t­
energy magnon i a theoretical challenge . 
Is thi s a con equence of the magnon­
phonon interaction. the 3-k magnetic con­
figuration of U02. or or an ani otropy 
induced by the large orbi ta l moment or 
the 51 electron ? More experiment and 
theory are needed. but our unexpected 
results how what a new instrumental 
technique can bring to an old and appar­
ently well understood ys tem. 

REFERENCES 

[1) P.J. BROWN £TAL, PROC. R. SOC. (LONOON ) A 442 ( 1993) 

147 ; F. TASSET, PHYSICA B, 297 ( 2001 ) 1 • [2) P.J . BROWN 

ET AL., J. PHYS.: CONDENS. MATTER, 10 ( 199B) 663, AND 

REFS. THEREIN . • [3) M. BLUME, PHYS. REV. 130 ( 1963) 

1670 • [4) S.V. MALEYEV ET AL, SOV. PHYS. SOLID STATE 4 

( 1963) 2533 • [5) L.P. R£GNAULT ET AL., PHYSICA B 267-268 

( 1999) 227 • [6) R. CACIUFFO ET AL. , PHYS. REV. B 59 

( 1999) 13892. 



scienhnc highlights 

Magnetism 

Charg • a-N 20 • 
complementarity of neutrons and synchrotron radiation 

J.E. LORENZO, S. GRENIER ANDY. JOLY 
( LAB. CRISTALLOGRAPHIE, CNRS GRENOBLE ) 

B. GRENIER AND l.P. REGNAULT 

( DRFMC, CEA GRENOBLE) 

• 0. CEPAS, T. CHATTERJI, A. HIESS AND 
T. ZIMAN ( Ill) 

• J.P. BOUCHER ( LAB. SPECTROMETRIE 

PHYSIQUE, UJF GRENOBLE ) 

The nature of the charge ordering in 
a'-NaV205 has fascinated the sci­
entific community during the last 
years, and the determination of its 3D 
configuration have challenged both 
theory and experiments. A variety 
of experimental techniques have 
been used, each contributing to a 
partial but nevertheless incomplete 
picture of the charge ordering pat­
tern. In view of this we have 
attempted a different approach, that 
is the use of rather unconventional 
crystallographic methods. As we shall 
explain below it is the combination 
of inelastic neutron scattering per­
formed at the ILL triple axis spec­
trometers INS and CRG/CEA-IN22 
with resonant X-ray diffraction 

experiments performed at the 1D20 

ESRF beam line that has led us to solve 

this problem. 

The problem or charge ordering in a·-
aV2O5 ha been widely discussed sin ce 

the early tages or the work. Indeed the 

room tempera LU re tructure wa believed 
to contain 2 different -sites. with va lence 
state V4+ (or electronic configuration 3d1 

carrying a S=1 /2) and V5+ (3d0). Recent 
refinements [1] LUrn out to con sistently 
conve rge toward · a more ymmetri c 
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Figure I : The excitation spectra of a·-Na\"205 is composed of 2 different branches with an energy gap centred at 
9.6 meV. Here the dispersion or Lhe two excitations Is shown along a*-direclion at 2 different Ob. positions. The 
structure factor or the up1Jcr ones i labellrcl as Sb.(0,) and Lhat or the lower one as i,.(O.). The curves arc th e­
oretical predictions filled to the data. 

space group with only one V-site a igned 
as V4 5+. Inter lingly. thi co mpound 
undergoes a rath er unu ual antir rro­
magnetic order below 1'c=34 K. cha rac­
teri sed by a S=0 non-magnelic ground 
state separated rrom the first S=1 excited 
tate by an energy gap: only th exc ita­

tion carry on th e magnetic signature or 
this new state. In addition. a trucLUral 
distortion develops below Tc re ul ting in 
the appearan ce or superlattice pea ks or 
modulation wavevec tor q=( 1/2. 1/2 . 1/4) 
[2]. These two very peculiar reature are 
pre ent in th e canonica l Spin-Peierl s 
compound CuGeO3. and have led. in a 
first place. to consider a ·- aV2O1 a the 
econd inorganic compound belonging to 

the Spin-Peierl ramily. 

The analys is and understanding or the low 
temperature structure is the goa l or thi 
work. On the basis of phys ica l con idera­
tions. several theoretica l moclels or charge 
ordering have been proposed [31. as ror 
in Lance an alternating order of v1~ and V:'>+ 
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in-line chains or a zig-zag arl'angement or 

both speci s in the rungs or the laclclers. 
Previou. X- ray and neutron structural 
refinement , hav been hindered by the 

large size or the unit cell (2a 2b 4c) and 
thererore by the large number of uncor­
relat d parameter pre ent in the refine­
ment. F'rom conventional X-ray diffraction 
experiment (a ncl refinement) different 
group [ 41 have pro po eel the solu tion 
where only hair or the !acid rs are di -
torted. which turns out to b in di agree- 1 

ment with. among others. the number of 
distinct site round in 51V and 23Na MR 

Ludie 151 and with the number of vibra­
tion mode ob erved in Raman ca ttering 
exp riment [61 . 

Another way to access Lh e complex elec­
tronic re-d istribution occurring below the 
pha e tran it ion i. by analy ing the struc­
tu re factor of the magnetic exci talions 
I 7 I. Th e magnitude of the dispersion or 
th ese exc itati ons rel'lects th e low dimen-
iona lily or th e magneti c interac tion . 



very dispersive along b* (Jb=60 meV) 
and nearly dispersion less perpendicular 
to b* (~J ~ 1 meV) (figure 1 ). Magnetic 
exc itations are supposed to be S=1 
triplets. involving two spins in neigh­
bouring rungs, and the sp in dens ity in 
the ru ng can be direc tly correlated to 
electronic density. For simplicity we have 
purposely misused the V4+ and V5+ che­
m ica I notat ion to distinguish between 
both sites in the rung, although each spin 
is associated with a two-sites electron ic 
wavefunction that depends on the charge 
density of the rung. 

The structure factor of magnetic excita­
tions have been measured along two 
reciproca l space directions (08 •• Ob·· 0) 
with 011,=0ZCb,=1 /2 and ob.=QA\,=1 (figure 
2). Note that the choice Oc.=0 facili tates 
the ca lculation as the excitations are pro­
jected onto the (a*-b*) -plane. at the 
expense of a loss of information on the 

ac tual arrangement of the fo ur layers 
stacked along the c-d irec tion. Prom this 

ism 

figure one can immediately see that the 
in-line chain model ca n be disregarded as. 
contrary to what has been observed, it 
should give zero intensity along the Qb.=1 
line. The experimental data agrees well 

with the picture where all ladders are 
modulated in zig-zag, with a fitted charge 
transfer parameter amounting to 0.3 e 
(solid lines). 

Although the X-ray resonant scattering 
results [8]. not covered here in any detail, 
are self-contained. the picture issued from 
inelastic neutron scattering data analysis 
is fundamental and has served to identify 
poss ible so lutions and finally to determine 
the 3D charge order arrangement. The 
charge ordering pattern deduced from the 
X-ray resu lts is rather complex, with sev­
eral degenerated possibilities of stacking 
of layers along the c-direction (figure 3) . 
Similarly to the neutron data, the deduced 
charge transferred is rather small (0.1 e) 
and both resu lts are striking when com­
pared to the bond-va lence ana lys is of the 

Figure 2: Structure factors (a) s~F(Q,) and (b) szc(O,) for the two magnetic branches. Sta rs represent the sum or 
structure factors or both branches and the solid line is a fi t to a zi0 -zag model where the correction due the V4•. 

S= l /2. magnetic form factor has been included. 
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V-0 distances that yields a charge trans­
fer of 0.5 e. F'inally, and as conc lusion. 
this compound illustrates well how com­
plex the picture of the spin-singlet quan­
tum ground state can be, as well as the 
manifold of interactions with the underly­
ing lattice. ■ 

Figure 3: One of the four possible model or charge 
ordering of a·-NaV205 low temperatu re structure. as 
obtained from the X-ray resonant scattering experi­
ments 181. Ladders of pointing-upwards and down­
wards pyramids alternate along the a-axis and run 
along the b-direction. Inelastic neutron scattering 
data shown in figures 1 and 2 171 have been obtained 
through a single layer model. corresponding to the first 
layer from the top. Green(red) pyramids represent 
large(small) charge den ities. V4•(V5•) in the chemi­
cal notation. Vanadium atoms are located inside the 
pyramids. closer to their corresponding apical oxy­
gen (in ye llow). 
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An array of little compass needles 
with well-defined directions is the 
classical picture of an ordered ma­
gnetic material. Magnetic excitations 
- spin waves - are small oscillations 
of the needles about their ordering 
direction. However, quantum 
mechanics dictates a minimum size 
S = 1/2 of the spin, which then can only 
fluctuate between up and down rel­
ative to a given direction. A linear 
array of such spins 1/2 coupled by 
antiferromagnetic interaction is per­
haps the most fundamental macro­
scopic quantum system. Here, as a 
consequence of Heisenberg uncer­
tainty principle for many coupled 
particles, quantum fluctuations 
destroy the classical order, so that 
the direction of an individual spin 
becomes undefined. Only the quan­
tum mechanical states of the entire 
coupled "chain" of spins are well­
defined. The magnetic excitation 
spectrum reflects that the excited 
states are multiparticle wave func­
tions like the groundstate and not 

small oscillations of compass needles 

around a preference direction. How­

ever, it is possible to "switch off" the 

macroscopic quantum behaviour of 

the spin 1/2 chain: applying a large 

magnetic field restores the classical 

individual of compass needles. This 

is demonstrated on CuS0
4
.5D

2
0 which 

almost ideally realises isolated anti­

ferromagnetic chains of spins 1/2 [1]. 

In insulaLOrs. the dominant interaction 

between spins is superexchange. The 
description of its symmetry- a scalar prod­
uct of neighbour spins-is nevertheless dif­

ficult Lo treat theoretica lly for small spin va­
lues. Large spins can be regarded as vec­

tors: this even works for spins 1/2 if the 
interaction is ferromagnetic and if the spins 
align parallel to each other. eel intro­

duced anti parallel compass needles as the 
corresponding groundsta te for antiferro­
magnetic interactions. However. the anti­

ferromagnetic pin 1/2 chain never orders 
into a eel state. Instead the interaction 
binds the spins in to a macroscopic wave 

function. a chain sta te. If this groundstate 
is depicted with in a basis of individual com­
pass needle states. one observes quantum 

fluctuations. which destroy the eel state. 
If the quantum fluctuations occurred as a 
!'unction of time (like thermal fluctuation s). 

snapshots could be taken within the basis 
or individual compass needle states. Each 
snapshot woulcl show typica l arrangements 
of neighbouring needles. In such a snapshot 

of the grouncl sLate (figure 1) large parts of 
the chain look li ke the Neel state- up to a 

domain wa ll where the order is reversed. 

Th e next snapshot wou ld show that the 
domain wa ll has moved somewhere else . 
The average over these quantum fluctua­

tions leads Lo an expectation value of zero 
for the individual spin states. 

In this picture. the elementary excitation is 
represented by an additional domain wall 

introduced into the ground sta te. the so­
ca lled spinon . IL should be seen as a delo­
ca lised mode. defined by a momentum k 
and the energy nJ I sin kd I ( d is the distance 

between the spins) [2] . As a single domain 
wa ll ca rri es spin 1/2. neutrons ca n only 
excite pairs or domain walls. The domain 

wa lls are independent -a given momentum 
transfer k can excite all pair combinations 

with k = k1 + k2. The corresponding band or 

energy transfers E(k) = Ei(k1) + Ei~) ranges 
from E(k) = nJ lsin kdl LO 2nJ lsin kcl/21. Spin 
waves. in contra t. correspond to a spin nip 
of one compass needle [3]. When delocalised 

over the whole chain . they resemble small 
osc illations of the compass needles about 
some ordering direction. Such a spin flip is 
a domain wa ll pa ir. bound LO a minimum dis-

i ,J, i ,J, i ,J, i ,J, i:i ,J, i ,J, i 
} Groundstate H9l B 

i ,J, i:i ,J, i ,J, i ,J, i ,J, i ,J, i 

i ,J, i:i ,J, i :i ,J, i ,J, i :i ,J, i 

iiiiiiiiiiiiii 

iii iii i :t :i iii ii --

S= I excitations: 
free spinon pairs 

Groundstate H > Hsa, 

S= l excitations: 
bound spinon pairs 
= spin waves 

Figure I : Above: "Snapshots" of the groundstatc of the spin 1/2 antirerromagnclic Heisenberg chain . and of its mag­
netic excitations. pairs or rree domain wa lls. Helow: The ground state at sa turation is static. its excitati ons cli s­
crctr spin-wa1·es - a domain wall pair bound to minimum distance. 
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Figure 2: Kxcilalion spectrum or lhe one-dimcn ional anliferromagnelic chains in Cu 0~. 5Dp at B = 0 (lefL) and 
B = 5 T (right). with the inten ity lran formed inlo a colour sca le. The conlinuum or cxciLalions at B = O collap e 
into a single discrete spin-wavr branch at 5 T. and the amplitude of l he dispersion shrink from itJ to 2J. The black 
dot indicate the measured point . 

La nce. It would ca rry pin I and appear as 
a discrete branch at 1, (kl = 2J I sin kd I in 
Lhc exci tation spectrum. The quantum char­
acter of Lile spinon pair exci tations is 
rr flec tecl in the continuou in ten iLy disLri­
l)uLion and the renormali sa lion fa Lor rr/2. 

[)plying a magnetic fi clcl will polari se the 
ys tr m ancl hence redu ce the quantum 

fluctuaLion •. In th e saturated pha r. the 
direction of Lhr incli idual pin i recovered 
- it is parallel Lo the magnetic field (figure 
2). The r lementary excitation can be imag­
ined as the flipping of one spin 1/2 into the 
unfavourable dire Lion - a domain wall 
pair bound to minimum di tancc - l1cncc 
a spin wa e. Th erefore. Lh c excitation 
spec trum in the sa tural cl µhas hould be 
a di creLC branch. cl csc ribecl by th e 
unrrnormalised disper, ion relaLion of a 

cla ss ica I corn I ass-ncecl le a scmbl y. 
E(k) = 2J (co· kcl +I) +gpB(l l-l lr) [4[. 

The anliferromagnctic interaction of the 
i, olated sp in chain. in CuSO4.5D2O is uf­
ficiently sma ll to be overcome by a stan­
dard neutron magnet. Thi ha allowed 
the compari son between cla ica l and 
quantum excitation spectra of a pin chain 
for the fir L Lime on the same material. im­
ply b applying a magnetic field. The cxper­
imen t wa per fo rmed on I 14 with 
kr = 1. 15 •1 and 77 K-Be-filler in k,. 

equipped with an orange cryostat or the 
vertica l 5.5 T cryomagnet and a dilution 
insert. The temperature of the mixing 
chamber was kept at 100 mK. 

The left panel of figure 3 display the xci­
LaLion spectrum with momentum transfer 

along the chain axi at B = 0. The continuum 
of exc itations i clea rly visible. and the 
band width of the elementary excitations 
can be read from the maximum of the lower 
continuum boundary. 0.413 meV. The right­
hand panel di play Lhe excitation spectrum 
of the spin chains at B = 5 T. The width of 
the excita tions i now re olution-limited. the 
di persion is cosine- hapcd- and Lile ampli­
tude of the co ine ha shrunk to 0.258 meV. 
The e amplitude of ine (cosine) determine 
direclly the quantum renormalisa tion fac­
tor of the pin 1/2 chain. Th observed fac­
tor of 1.60 agree. with the theoretical pre­
diction of rr/2 within 2%. 

Figure 3 shows three scans at the anlifer­
romagnetic zone center. at B = 0. 3.6 T and 
5 T. The continuum sca ttering. clearly vis­
ible at B = 0. is ab enL al 3.6 T (ju t above 
the sa turation field) as well as at 5 T. and 
a di crete excitation i ob erved in tead. 

The entirely altered excitation spectrum at 
large magnetic fields refl ec t the different 
charac ter of the ferromagnetic and the 
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anLiferromagnetic ground Late: the con­
tinuous excitation spectrum at zero field 
is due to free spinon pairs. the fingerprint 
of the macroscopic quantum ground state 
of the anLiferromagnetic pin 1/2 cha in . Th 

re oluLion limited peaks above He are dis­
crete spin waves (bound domain wall pairs) 
- mall perturbations of the fully magne­
ti ed Late which is indistinguishable from 
a classica l ferromagnetic ground state. 

With Lhe present and subsequent experi­
ment il will be possible for the fir t Lime 
to study in deta il how Lhi evolution Lakes 
place. Here we have emphasi ed th e 
remarkabl fea ture that Lhe continuum -
and hence th e macroscopic quantum 
behaviour - has b en .. swi tched orr· by 

the large magnetic field. 

• 8=0 

• B = 3.6 T 

• B = 5 T 

Figure 3: Scauercd Intensity or the antiferromagncllc 
chains In Cu 04.5D20 (background subtracted): 
, cans at constant wave vector transfer corre pond­
ing to the anurerromagnellc zone center. at I 00 mK. 
B = 0. 3.6 T and 5 T. 
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Unco u nductors: 
how are the spins paired in ? 

J.A. DUFFY AND S.M. HAYDEN 

( UNIVERSITY OF BRISTOL) 

Y. MAENO AND Z . MAO ( KYOTO UNIVERSITY 

AND CREST, JAPAN SCIENCE AND 
TECHNOLOGY CORPORATION ) 

• J. KULDA AND G.J . MCINTYRE ( ILL) 

We have studied the magnetisation 
density in the mixed state of 
the unconventional superconductor 
Sr,RuO~. On entering the supercon­
ducting state we have found no 
change in the magnitude or distri­
bution of the induced moment for a 
magnetic field of 1 T applied within 
the RuO2 planes. Our results are con­
sistent with a spin-triplet Cooper 
pairing with spins lying in the basal 

plane. This is in contrast with similar 

experiments performed on conven­

tional and high-Tc superconductors. 

It is well known that uperconductivity 
occur when electron pair up LO form so­
ca lled Coop r pairs which conden e in to a 
macro copic quanlum La te. Th Cooper 
pairs are able Lo shar the ame quanLUm 

La te becau their quantum mechanica l 
properties are different to tho e of the con­
stituent lectrons. The macroscopic nature 
of the quantum sta te give the upercon­
ductor it unique properti es. In Lhe first 
uperconductors to be di covered. uch a 

mercury and lead. Lhe Cooper pair form 
with the spins of the consti tuent electron 
aligned in an anti-parallel .. singlet Late ... 
the total pin of the pair S = 0. In rec nt 
yea rs many new forms of superconductivity 
have been di cove red uch as heavy 
fermions and high-tempera ture supercon­
ductor . Many of these materia l have 
propertie that are fundamenta lly different 
from the fir t superconductors to be rli s­
covered. In particular. the quantum sta te 
of the Cooper pair and attractive interac-

Lion that allow the Cooper pair to form are 
diff rent. The materia l are known as 
--unconventional.. uperconductor . 

SriRuO4 is a recently di covered uncon­
ventional uperconductor. Many of its phy -
ical propcrtie . uch as the electronic spe­
cific hea t in sup rconducting sla t . are at 
variance with conventional behaviour. Soon 
after the discovery [ 11 of superconductiv­
ity in SriRuO4 it wa proposed [2,3] that th 
superconductivity might be triplet (S = 1) 
in nature with a parallel alignment of the 
electron spins within the Cooper pairs. A 
ignature of triplet uperconductivity i 

tile existence of finite spin susceptibility at 
low temperatures in the superconducting 
state. In a conventional singlet supercon­
ductor. the anti-parallel pairing of the spin 
cau e the pin usceptibility to tend to zero 
at low temperatures. Clea rly a measure­
ment of the susceptibility in the normal 
state is trivial. However. the spin su cep-

V Si [1e=(21 0)] Sr RuO [B=1T, 1e=(002)] 
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Figure I : The ·u ccplibllltyof lhr conventional s-11 mc inglel superconductor 3 I mca­
ured b • hull and Wedgewood 141 using lll<' pre cnl neutron scattering method. '\l 

low lcmIieratures a residual orbital contribution lo the susccIillblllly remain ·. 

28 

-o.a _(b) 

-J 0J • 
:::, 

E 
<?co 0.4 -
0 

triplet 
I 

·/' 
! 

' ~ singlet 

1.6 

1.4 

1.2 --;­
:::, 

1 ...; 
=fl 

0.8 "? 
0 

0.6 :S - ~ - -

~ 0.2 • vortex cores 
~ 

orbital + atomic 0•4 =f' 
'y'diamagnetism 0.2 ~ V 

0O I I l I 11 
0.2 0.4 0.6 0.8 1 1.2 1.4 1.b-

T(K) 
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, r2Ru04 measured using polarl eel neutron sca ttering. The dashed line is the Yoslda 
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Libility in Lh e superconducting sLaLc ca n 
only be measured by a microscopic probe 
such as neutron scattering. A direcL m a­
surcmenL would only sec the diamagnetism 
clue to Lhe Meissner effec t. 

The knowledge of the spin susceptibility in 
th e superconducting state provides con­

straint on Lh e pairing wave function of a 
superconductor. Such information can be 
obLained inclirec tly by nuclear-resonance 
Lechniques Lhrough the measurement of the 
polari sa tion of th e s-elec tron s on a given 
siLe. Alternatively. neutron scaLLering can 

direc tly measure the magneti sa tion den­
sity inclucccl by an applied magnetic field . 
A dilTracLion experiment allows the r ouricr 
components of th e magneti sa tion to be 
measured. even in the superconducting 
slate. ExpcrimenLally we determine the 

flipping rnlio R. defin ed a. the ratio of 
cro ss sec tions for initial neutron- pin 
states that arc parallel or antiparallcl to 

the applied magnetic fi Id and with arbi­
trary final spin state. This Lechnique wa 

first used by Shull and Wedgewood 14] to 
sLudy V3Si and more recently it has been 
applied Lo heavy-fermion 15] and high Tc 
[6] superconductors. In a conventional 
superconductor with spin-singlet pairing. 

the spin susceptibility is suppressed on 
enLering the superconducting tale because 
elec trons with anti-parallel spin pair up. 
For B parallel to /3,2 th e temperature 
dependence is desc ribed by th e Yos ida 

fun ction 171- Wedgewood and Shull 141 
observed a reduction of the susceptibility. 
due to the formation of pin •inglets (S = 0). 

We have reproduced the Wedgewood-Shull 
result on V:1Si using the sa me xperimen­

Lal set-up a for our SriRu 0 1 mea ure­
ment . Our re ult are con si tent with 

Wedgewood and Shull and are hown a 
open circles in figure I . 

We have used th e I 20 pcc tromcter to 
measure the induced magneti ation den­

ity in the mixed state of SriRu04 [81 by 
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RuO2 plane 

F'igurc 3: A schematic representation or triplet pairing in SriRuO4. 

polari sed neutron diffraction. On ente 
ring the uperconducting sLate we have 
found no change in the magnitude or dis­

tribution of the induced moment for a 
magnetic fi eld of I T applied within th e 
Ru 02 planes. Our results are consi tenL 
with a spin-triplet Cooper pairing with 
spins lying in the basal plan e. This i in 
ontras t with similar experim ents per­

formed on conventional and high-Tc super­

conductors. where the spin susceptibility 
i supprc ·scd in th e superconducting 
pl1a ·e. Figure 2 shows the temperature 

dependence of the induced moment cor­
responding to th e (002) Bragg peak in 
Sr2Ru04. for B = 1 T. This component was 
chosen for detailed study becau se its 
amplitude i proportional to the sum of the 

moments induced on the in-plane ruthe­

nium and oxygen atom s (µRu+2µ0) above 
Tc =1 K. On entering th e superconduct­

ing state (T < Tc = 1 K). we find that 
there is no change in thi s component of 

the induced moment within the experi­
mental error. In contras t to the V3Si mea­
surement. we inves tigated Sr2Ru04 at rel­

ati ve ly high fi elds. B/Bc2 = 0.68. thu s the 
pre ence of normal vortice leads Lo a ig­
nificant density of quasi particles and finite 
spin su cptibi lity in th e mixed Late. 
The dashed line in figure 2 is a Yosida 
function modified Lo include th e finite 

su ccptibility in a fi eld : this prediction is 
till at va riance with th e data . Thu s. the 

ab ence of a change in pin su ceptibility 

i not compatibl e with spin-singlet or 
even-parity pairing. 
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The absence of a change in the spin sus­
ceptibility can be explained if Cooper pairs 
form from electrons with parallel pins. 
Such "equal-spin pairing" (ESP) was first 

propo eel in the context of 3He by Ander­
son and Morel [91. Within an ESP scenario 
the superconducting state is a superposi­
tion of the two possible (S = 1) parallel 

paired ta tes. In an applied magnetic field, 
one Late is favoured yielding a net pin 
moment and the ame su ceptibility a in 
th e normal state [ 101 . An EPS-type pair­

ing implie an odd-parity or spin-triplet 
state. thus the present experiment sup­
ports the notion that the superconducting 

wavefunction in SriRu04 has an odd-par­
ity representation and that this material 
can be identified as a "p-wave" triplet 

superconductor. ■ 
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Ty I s p ondu t·v· • • 
vortex lattice in Nb behaves just as Abrikosov predicted 

S.J, LEVETT, C.D. DEWHURST AND R. CUB ITT 

( ILL) 

• E.M. FORGAN, P.G. KEALE Y AND D. FORT 
( UNIVERSITY OF B IRMI NGHAM) 

Type II superconductivity is charac­
terised by the 'mixed' or 'vortex' state 
where quantized lines of magnetic 
field thread a Type II superconductor 
to form a vortex lattice. With the 
intensity and resolution now available 
from small-angle neutron scattering 
(SANS) instruments, and suitable 
samples, it is possible to observe neu­

tron diffraction from the vortex lat­

tice up to the temperature or field 

range where superconductivity is 

destroyed. Here we report SANS mea­

surements on an extremely pure sam­

ple of niobium. We show, in a way 

never demonstrated before, a beau· 

tiful confirmation of the Abrikosov 

(1) picture of the vortex lattice to a 

temperature within 2omK of the 

upper critical field line. 

The last fifteen years or more ha een an 
enormous increase in re earch activity in 
superconductivity. primarily due Lo the 
discovery of the a-called High-Tempe­
rature-Superconductor in 1986 [2] . 
These. and other subsequently discov­
ered ·unconventional' superconductor 
typically boa tone or more extreme phy­
sical propertie including large anisotropy. 
strong thermal activation effect . uncon­
ventional pairing states. competition with 
magnetic order etc. The focus of topical 
research has lead to the discovery and 
publication of numerous significant arti-

cles that highlight the complex vane 
behaviour in these ystems where the 
vortex lattice ha been ob erved to melt. 
de-couple between layers. di order and 
entangle [3.41. The focus of vortex lattice 
researchers has become finely tuned to, 
or at least come to expect. complex 
behaviour and possible thermodynamic 
transition or cro over in the magnetic 
field - temperature superconducting phase 
diagram. 

Vortex physic has come a long way 
ince the first theoretical prediction of 

'lype II superconductivity and the vortex 
lattice by Abriko ov in 1957 [ 1 ]. The 
Abriko ov behaviour of vortices ha 
mostly been relegated to a special ea e 
in the limelight of one or more vortex lat­
tice phase tran ition in the new mate­
rials. Here we demonstrate the intrin-
ic behaviour of vorlice in pure nio­

bium. one of the few elemental type II 
uperconductor . A previous report [5] 

claim evidence for melting of the vor­
tex lattice in Nb where a liquid-like ring 
of diffracted in ten ity had been ob erved 
at high temperature . On the other hand. 
a coincident ·peak effect' in the mag­
netisation suggest that Lhi data is 
more consistent with a tatic disordering 
(pinning) of the vortex lattice at high 
temperatures by crystal impurities or 
defects [4]. Our data confirms the 
Abrikosov picture of the vortex lattice to 
a temperature within 20 mK of the upper 
critical field line. BciT) in an extremely 
pure sample of b. In thi article we 
how no melting. decoupling. disordering 

or entanglement phase transitions or 
crossovers. Rather. a clean demonstra­
tion of classic 'lype II superconductivity. 
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F'lgure I: Dlffracllon pattern on the D22 SANS mul­
lldetector from the vortex lattice at 3.2 Kand 0.2 T 
(background subtracted. logarithmic cale) . 

A high quality iobium single cry Lal am­
ple [6] wa prepared and mounted in a 
apphire-windowed cryostat between the 

pole piece of an electromagnet on the 
D22 SANS diffractometer. A field of0.2 T 
was applied parallel to the [ 111] direc­
tion and collinear with the incident neu­
tron beam. D22 was used in a high-re-
olution mode u ing 10 A neutron with 

a I 0% wavelength pread from a 30 mm 
aperture at a distance a Imo t 20 m from 
the ample. The scattered neutrons were 
detected on a 128x128 pixel (each 
7.5 mm2) multidetector at a distance of 
17 m from the sample. 

The diffraction pattern from the vortex lat­
tice obtained after cooling in a field of 0.2 
T to 3.2 K i shown in figure 1. The image 
hown is the sum of counts obtained with 

the sample angle rocked vertically and 
horizontally to maximise each of the pots 
in turn at the appropriate Bragg angle. In 
a plot of intensity verses rocking angle. the 



angular width of the peak gives the 
stra ightness of the vortex lines along the 
field direction. This. combined with the 
rad ial and azimuthal widths of the diffrac-
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results are in complete accord with the 
absence of a first order transition or vor­
tex lattice melting in this classic Type II 
superconductor. 

■ Radial Width (Warming) 
a Radial Width (Cooling) 
• Transverse Width (Warming) 
• Transverse Width (Cooling) 

3.5 4.0 4.5 5.0 

Sample Temperature I K ] 

Figure 2: (a) Width of a Gaussian nt to the rocking curve (Inset) for the 11 .01 peak and (b) Radial and Transverse 
widths of a Gaussian nt to the 11.01 Bragg peak obta ined at the peak or the rocking curve as a function or tem­
perature. 

tion spots in the multidetector gives an 
indication of the perfec tion of the vortex 
latti ce. F'igure 2(a) shows the rocking 

curve width, determined by a Gau ssian fit 
to th e intensity verses rocking angle 
(in se t) whil e figure 2(b) shows the radia l 
and azimuthal widths of a two-dimen­
sional Ga uss ian fi t to th e right-hand 
diffraction spot on the mu ltidetecLOr. It is 
clea r from the temperature dependence 
of azimuthal spot width th at at no tem­
perature do th e spots spread out into a 

ring as Bci T) is approached (the B,i T) 
boundary lies at a temperature - 5.4 K 
for an applied field of 0.2 T [6]) . In fact. 
a tea dy decrease in the rocking curve 
width and small decrease in the radial 
wid th of the spot with increasing tem­
perature indicates that in mo t respect 
the vortex lattice actually becomes more 
perfect as BciT) is approached . We note 
also tha t there is no hy teresis in 
figure 2 between increasing and de­
creasing temperature sweeps. All of these 

The rocking-curve in tegrated in tensity, 

!hi• of an (!J.Js_) di ffraction spot depends on 
the square of the form facLOr. P hk· of the 
spatial va riation of the magnetic field via: 

(1) 

where <I> is the neutron flux. y is the neu­
tron magnetic moment. Vis the illumi­
nated sample volume, <1>0 is the flux quan­

tum . An is the neutron wavelength and o hk 

is the magnetic sca tter ing vector. F'igure 
3 shows the square roo t of the rocking­
curve in tegrated in tensity, ~ 0 . as a 
function temperature close LO B,i(T) and 
is directly propo rtional to P10. Th e 
Abrikosov so lu tion to the Ginzburg-Lan­
dau (GL) equations resu lts in an expres­

sion for Phi as: 
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at constant B. Where v= (h2 + hk + k2) . K 

is the GL parameter and dBc2 ldTis the ini­
tial gradient of the upper critical field at 
TJO). It is satisfying to see in figure 3 a 

• 
C> 
• C> 

• 0 • C> • 0 

• 0 
~ 

• ~o. 
• Warming o 
0 Cooling ~ C) 

5.05 5.10 5.15 5.20 5.25 5.30 5.35 5.40 5.45 

Sample Temperature [ K ) 

Figure 3: Square root of the rocking-rocking-curve-lnte­
grated intensity or the 11 .01 Bragg peak in the vicin­
ity or Bez- The linear behaviour is expected from the 
Abrikosov solution to the Ginzburg-Landau equaLions. 

linear va riation of P hk with temperature as 
expec ted from equations 1 and 2 and 
Abrikosov theory. We note also that the line 
goes linearly to zero with no breaks or dis­
continuities in intensity as would be expected 

at a flux line lattice melting trans iti on . ■ 
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Magnetic order in YBa2Cu3O6+x superconductors 

• H.A. MOOK AND P. DAI 

( OAK RIDGE NATIONAL LABORATORY, USA ) 
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(NIST CENTER OF NEUTRON RESEARCH ) 
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One of the most unusual features 
of the cuprate superconductors is 
that the gap normally associated 

with superconductivity appears far 
above the superconducting transi­

tion temperature for the under­
doped materials. There is no con­
sensus on the exact nature of this 

pseudogap, but it seems likely that 

magnetism in some form plays a 
major role. We have used the IN20 

spectrometer to perform polarised 
neutron diffraction measurements 
on a very high quality crystal of 

YBa,cup6_6 to search for magnetic 
order related to the pseudogap 

transition. A complicated ordering 
process is observed with at least 

two different types of magnetic 
order. However, one of the transi­

tions is found to occur at the pseu­
dogap temperature. This order is 
unusual in that it is consistent with 

the moment pointing mostly along 
the c axis, while all known previ­
ously observed magnetism in the 

YBa,Cu 30 6., materials is in the a-b 
plane. This order may be related to 
recent theoretical descriptions of 
the pseudogap phase in which 
orbital currents are a competing 
order parameter with supercon­
ductivity. 
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Figure 1: The scattering plane diagram for the (1 /2. 1/2. 1) renection is shown in a. b gives the temperature depen­
dence or the magnetic SF' HF' scattering as determined from the height of the ( 1 /2. I /2. 2) renection above back­
ground determined away from the peak. The scattering has three distinct regions with a rapid rise in the in tensity 
below 200 K defining region B. and a another intensity rise al about 60 K (below T,) defining region A. 

It is we ll understood that superconduc­

tivity produces a gap in th e quasipar ti­
cle spectra , and in conventiona l mate­

rials this gap di sa ppears as the tem­
perature is increased to Tc where th e 
superconducting electron pa irs are no 
longer bound together. The problem is 

that for the underdoped cuprate mate­
ria ls th is gap appea rs to get bigger as 
Tc gets smaller. Thi s so ca lled pseudo­
gap [1] has so far defied understand ing, 
however. Chakravarty et al. [2] recently 
proposed that a novel state termed the 
d-density wave (DDW). is formed below 
th e pseudogap temperature T* . In thi s 

state physica l currents circulate around 
the Cu-O bonds breaking translational 
symmetry as we ll as time reversa l and 
rotational symmetry. The moments from 
the bond currents result in peaks at th e 
(h/2. k/2, I) superlattice pos itions of th e 
rec iproca l latti ce that can be detec ted 
by a neutron scattering experim ent of 
sufficient sensitivi ty. Th e expec ted 
moment is ve ry small, on th e order of 
0.01µ8. 

32 

An experiment to observe this state was 
made on the IN20 polarised beam spec­
trometer using a high quali ty single crys­
tal of YBa2Cu3O6 6. Tc = 63 K. The neutron 
polari sa tion direction was either vertica l 
to the scatter ing plane (VF') or along the 
scatteri ng vec tor O (HF'). For spin fli p 
(SF) scattering in the HF' case the 
observed signal stems from moments lying 
in the plane Q 1 shown in the scattering 

plane diagram figure 1 a. Moments both 
along the [0, 0, I] direction ( c*) , and in the 
a* -b* plane are thu s obse rved with a 
large contr ibution coming from the basal 
plane direction perpendicular to the sca t­
tering plane. F'or th e VF case on ly 
moments both in O 1 and the sca ttering 
plane are observed so that the SF' signal 
stems largely from c* direc ted moments. 
F'igure 1 b shows the temperature depen­
dence of the HF', SF sca ttering for the 
(1 /2 , 1/2, 2) reflection. The sca Ltering has 
three dist inct reg ions whi ch we have 
labeled A, Band C. The most interesting 
region from the viewpoin t of this report is 
B, and the sca ttering is found to differ 



considerably in this region from that in 
region C. The scattering for the (1/2. 1/2. 1) 
reflection in region C is shown in figure 2a. 
SF' sca ttering is round to be very small for 
the VF' ea e compared to the HF' result 
showing a moment directed in the a*-b* 
plane. The sca ttering i also Found to be 
resolution limited showing long- range 
magn tic ord r. The scattering along I for 
region C. hown in figure 3. di play only 
one clear peak at (1/2. 1/2. 1) and this may 
deviate slightly from I= 1. The sca ttering 
for region C is characteristic of a magnetic 
moment that is positionally disordered orr 

th e YBa 2Cu:P 6_6 lattice along c*. Thi s 
moment appears to derive from an impu­
rity pha e that has a high transition tem­
perature. 

The order parameter for B increases start­
ing at about 200 Kor near T* for a mate-

420 ~ a 
293K 

Magnrt1sm 

In fact th is c* moment can essentially 
account for the increased intensity in 

region B. F'igure 3 hows that the increase 
in intensity come at positions as ociated 
with the YBa2Cup 6_6 lattice as can be par­
ticularly noted for the (1/2. 1/2. 2) reflec­
tion. The peaks are round to be about 50% 
wider in the B phase so that the correla­
tion length i shorter. Th correlation 
length in the c* direction i also shorter 
in region B based on the width or the ( 1/2. 
1/2. 1) reflec tion. The horter corr lation 
length plu the increase in in ten ity iden­
tifi es a new phase since a broadening by 
it elf would decrease the intensity. Region 
A has not been investigated in detail. o 
ex tra peak broadening is observed or dif­
ference in the SF' VF'/HF' ratio. It is inter­
e ting that the scattering increases below 
Tc and this region should be inves tiga ted 

at a later date. 
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Figure 3: Data taken along Lhe c• axis for region C 
and B. The data at 70 K Is displaced upward by 50 
counts. The pattern for C is characteristic of a dis­
ordered magnet while the Increased intensity In B 
occurs al the laUlcc po. ilions. 

earch for the superconducting mechanism 
for the cuprate materials. The present 
experiment does not confirm th e pres­
ence or uch a phase. but certainly pro­
vides evidence that such a phase hould 
be seriou sly considered. In further exper­
iments we will more thoroughly charac­
terise the new phase. hopefully in sample 
that are free from background impurity 

500 scattering. 

400 

300 VF 
T 

F I 

300 
0.45 0.5 0 55 0.45 0.5 0.55 

(h , h, 1) (h , h, 1) 

Figure 2: a and b show HF and VF SF data at 293 and 70 K. The VF resu lt at ( 1/2. 1/2. 1) for 293K is very small. 
but there is an appreciable VF contribution at 70 K. 

rial with the Tc value or our sample. Thi 
i th first mea urement that demonstra te 
that a phase transition may take place T* . 
F'igure 2b shows measurements for the 
(1/2. 1/2. 1) reflection made at 70 K which 
is the region of highest intensity in region 
B. but still above Tc .. Now the VF' sca tter­
ing is about 1/3 as large as the IIF' sca t­
tering showing an appreciable c* moment. 

The scattering in the B phase corresponds 
to a moment of about 0.01 µ8. appears at 
T*. and i at lea t partially directed along 
the c* axi . These characte ri stic are 
exactly what is expected for the DDW 
phase. The observation or this phase would 
explain the or igin of the pse udoga p. pro­
vide an understanding or the Tc vs hole dop­
ing behaviour. and greatly narrow th e 
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Self-propagating synthesis 
of Ti3SiC2 at high temperature 

• D.P. RILEY AND E.H. KISI 
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• T.C. HANSEN AND A.W. HEWAT 
( ILL) 

ln-situ neutron diffraction on D20 at 

0.9 s time resolution was used to 

capture the reaction mechanism 

during the self-propagating high­
temperature synthesis (SHS) of 
Ti 3SiC2 from Ti/SiC/C mixtures. The 

diffraction patterns indicate that 
the SHS proceeded in five stages: 
(i) pre-heating of the reactants, (ii) 

the o ➔ 13 phase transformation in 
Ti, (iii) pre-ignition reactions, (iv) 

the formation of a single solid inter­
mediate phase in <0.9 sand (v) the 

rapid nucleation and growth of the 
product phase Ti 3SiC 2 • The o ➔ 13 
phase transformation in Ti is a nec­

essary precursor to the reaction as 
is the subsequent reaction of Ti and 
free C just before SHS ignition. The 
intermediate phase is believed to 

be a solid solution of Si in Tic such 
that the overall stoichiometry is 

approximately 3Ti:1Si:2C . Lattice 
parameters and known thermal 
expansion data were used to esti­

mate the ignition temperature at 

-900°C (confirmed by the o ➔ 13 
phase transformation in Ti) and the 

combustion temperature at ~2200°C. 

Ti 3SiC2 is a layered ternary carbide 
material, space group P6/mmc, with 
a=3.0675 A and c= 17.657 . The crys­
tal structure. hown in figure 1. has dou­
ble layers of TiC octahedra interleaved 
with single layer of Si. Thi laminated 

structure leads LO an unusual combina­
tion of propertie that i neither ceramic 

nor metallic. I L has the refractory and 
high temperature properties normally 
associated with ceramics. combin ed with 
the electrica l and thermal conductivity 
of a metal [1-3]. In addition, the mate­

rial exhibi ts ductility due to shearing of 
the layered strucLure that enables it to 
be readi ly machined with ordinary 

Figure I: Structu re ofTI3SiC2. TI atoms are hown red. 
i arc blue and C is black. 

34 

machine tools [1-4]. Other mechanical 

properties include excellent thermal 
shock res ista nce , reasonab le fracture 
toughnes , a high Young·s Modulus and 

good high temperature strength [ 1.2,5]. 
Unfortunately. the material is difficult 
to synthes ise as a pure phase, being 

often accompanied by unacceptably large 
amounts of Ti C and titanium sili cides 

(TixS iy). 

The heat of formation for Ti3SiC2 is quite 
large making it an excellent candidate 
for Se lf-propagating High-temperature 
Synthesis (SHS). SHS aims to utili se 
the heat of reaction as the prim ary 
energy source in the production of a 
material. Once ignited by an ignition 
source (laser. electron beam. furnace or 
electric arc) the reaction becomes se lf­
sustaining and conver ts reactants Lo 1 

products very rapidly (0. 1-1 00s). We 
have been studying SHS reaction in 
th e Ti-Si-C ystem, but th e ex treme 
speed of the reactions has preven Led a 
clear understanding of the reaction 
mechani sm emerging. Our most recent 
experiment, on D20 has allowed in-silU 
neutron powder diffraction data Lo be 1 

recorded at 0.9s time resolution (0.5s 
patterns+ 0.4s data download) for the 
overall reaction 3Ti + SiC + C Ti 3SiC2. 

Cold-pressed pellets of the reactants 
were heated in the D20 furnace at 
- 100°C/min through the critical range 
800-1000°C LO initiate the reaction whilst 
diffraction patterns were simultaneou ly 
recorded. An overview of part of the 
diffraction patterns for one SHS reac­
tion is shown in figure 2 and a three 
dimensional rendering of a similar region 



Figure 2: l,AM P plot or diffraction patterns recorded 
during S11S or 'I\ SiC2. The horizontal a~is is 20 (2-l -
42°). the vertical axis i lime and the diffracted inten­
sity is indicated by brightne s/colour changes. 

is shown in fi gul'e 3. Th e SIIS reacti on 

proceeded in fi ve stage . Pre-hea ling or 
the reactants as ists in th e ignition by 

reducing the overall hea t requirement. 
Th e diffrac tion paLtern s show only the 
expected thermal expansion below 880°C. 

The a 13 pha 'C transformation in 1'i 
Form · L11 e next sLa gc. Thi s ph ase transi­

ti on is readily seen at the left-hand end 
of figul'e 3 and wa s found to be a neces­

sa ry precursor Lo th e SI-I S l'eaction in 
all cases studied. The pre-ignition rrac­

lion stage con ists of loca l reac tion of Ti 
with free C in th e sample. As thi s reac­

tion is exo therm ic. it provicles loca l tem­
perature increases that arc the real igni-

, '' : ' 
Cherp1stry nd Struc. tu re 

lion ·ourccs. The foul'lh Lage is the for­
mation of a single olid intermcdialc 
phase in <0.9 • and is the true SHS or 
combu stion reac tion in this sys tem. IL 
produces a pronounced di scontinuity in 
the diffrac tion data of figures 2 and 3. I L 

ca n be seen in Lhe figures that th e inter­
mediate phase has a simple NaCl struc­
ture (like TiC) and that it persists for si 

seconds a the only pha se present. The 
combustion temperature was es tim ated 
al 2200°c from the laLti ce contrac tion of 

th e product pha cs. We believe that th e 
in LC rmediate phase is a solid solution of 
Si in TiC that i relati vely stab! ' at the 
combu Lion temperature but become' 
unstable as the temperatul'e dec reases. 
The final stage i the rapid nuclea tion and 

growth of the product phase Ti3SiC2 as 
shown by figul'c 2 and particularly 3. The 
work has been submitted for publica tion 

161 and wo rk on ex trac ting th e l'eac lion 
kinetic is undcrway. 

This experiment has demonstrated th e 

power of in-s itu neutron diffrac tion to 
revea l the reac tion mechanisms. struc­
tural delails and micro-structural evo lu­
tion of complex multi -component sys-

Figure 3: 3-D LA 1P plol of a portion or the di ffraction patterns during S11S ofTi3SiC2. Thr 1'('a<·Liun pmgrcssinn is 
from left to right on the x-axis. Th<' y-axis represents 20 and the z-axis is the diffracted intensity. 
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tern s. SHS in Ti/SiC/C OCCUl'S very rapidly. 

converting the en Lire sa mple into a cubic 
intermed iate phasr in 0.5s or less al a 
combusti on temperature e timated at 
2597K. and there were no signs of a sub­
stantial amount of a liquid phase in th e 
reac tion. We would like to test the gen­
erali ty of these observa tions wilh other 

starting mixture (e.g. 3Ti+Si+2C). ancl 
exlend in-s ilu SHS experiment Lo other 

sys tem s. ■ 
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Formation pathway of the superconductor 
Tl-2223 revealed by 111 -situ powder diffraction 
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M. LOMELLO· TAFIN ( UNIVERSITY OF SAVOIE, 
ANNECY ) 
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The reaction pathway for the forma­
tion of Tl 2Ba2Ca2cup1 (Tl-2223) has 
been investigated by in-situ neutron 
powder diffraction . The experiment 
was carried out in an initially evac­
uated closed system on a sample with 
nominal composition Tl1_7Ba2Ca2cup1• 

We find that the formation path implies 

Tl ,Ba04, Tl6Ba40 ,3 and Tl ,Ba,cacu,08 
(Tl-2212) according to the sequence: 
Precursors ⇒ Tl 2Ba04 ⇒ Tl6Ba40,3 ⇒ 
Tl-2212 ⇒ Tl-2223. 

Tl2CaO, , 
Tl,Cap9 , 

Tl2CazOs • 

Tl2C8.:JO6 
I 

CaO -

CuO 

, Tl2BaO, 
, Tl6Ba,O13 

• Tl28a2O, 

-BaO 
, l3~ CuO3 

, BaCuO2 

' Ba2Cu1Os,g 

Figure I : chcmallc quaternary diagram I Ith Lhe 
equilibrium n Ids corrc ponding to the sample TI , 1 

delimited by clotted line . 

The TI-ba sed high-Tc superconducting 
cuprates form a double TIO layer famil y 
with ideal composition Tl2Ba2Ca0_1Cu0020+4 

(n = 1 LO 4) [ 1] . Among these phases. 
Tl2Ba2Ca2Cu3010 (Tl-2223) has the highest 
superconducting temperature 127 K [2] . 
Th ese compo unds arc of intere t for 
practi cal app lication s. in pa ss ive 
microwave superconducting devices . It 
has been suggested th at high-quality Tl-
2223 fi lms could be formed through an 
entirely solid-sta te rou te [3] . Among the 
process ing parameters. temperature and 
oxygen partial pre sure play an impor­
tant role, so the experim ent have been 
conducted in an ini tially evacuated closed 
y tern. The reacted sa mple were also 

characteri sed by high-re olution neu­
tron powder diffraction. ac su ceptibili ty 
measurements , cann ing electron mi­
croscopy and energy di per ive X-ray 
spectroscopy. 

The appropri ate amounts of Tl 20 3. 

BaC u0 2 and Ca 2Cu0 3 powde r we re 
thoroughly mixed. pre ed into pellets. 
tightly wrapped in thin go ld foil and 
sea led in an evacuated quar tz tube. 
Va riable temperature neutron data were 
co llec ted on the high-flux powd er 
diffractometer DI B at 11. = 2.524 A. 
Th e collec tion time for a single pattern 
wa 5 minutes. Th e sample wa rapidly 
hea ted (+10 K min·1) from room tem­
perature to 675 K. the heati ng was 
th en reduced to +2 K min·1 until th e 
maxi mum temperature. 1078 K. wa 
reached. Th e sa mple was held at thi 
temperature for 400 min and fin all y 
coo led at room temperature. Exa mina­
ti on of th e la st diffrac ti on pattern 
revea led that the sa mple contained 

Tl-2223 a the main phase. with Tl2Ca306 . 

(Ca.Tl )1.xC uOz• BaC03 and traces of CuO. 
Thi defin es th e equi librium field delim­
ited by dott d lines in figure 1. 

Th e whole experiment can be displayed 
in a simple 2D graph (figure 2a) wh ere 
each inten ity value corre ponds LO a 
particular hade. Besides the three sta r­
ting oxides and th e five ph ase detec ted 
in the reacted ample. three intermediate 
compounds were observed during th e 
formation proce : Tl2Ba04• Tl6Ba40 I3 

and an unidentified pha se. Th e informa­
tion is ummari sed in figure 2b which 
gives the time and temperature at which 
th differ nt phases appear d and/o r 
di appea red. Th e progre ive decompo-
ition or BaCu02 and Tl20 3 begin at 

about 680 Kand i followed by the for­
mation or an unknown pha c. Tl 2Ba0 1 

and Tl6Ba4013. At th e sam tim e. CuO 
appea r and its amount increase pro­
gre sive ly. The Tl 2Ba04 pha se va ni h 
at 880 K while th amoun t of Tl6Ba40 I3 

still increa e up to a maximum at 905 K. 
Th en Tl6Ba40 13 ta rts LO decompo e and 
Tl-2212 is progres ively formed. The lat­
t r pha app ars at 860 Kand it main 
inten ity peak reaches its max imum 
value at 1070 K (figure 3). The conver-
ion from Tl -22 12 to Tl -2223 is ac­

co mpani d by a ignifi ca nt dec rea e 
or th e we ight frac tion s or Tl 2Ca 306. 

(Ca.Tl )1_,Cu0z and CuO wh ich prov ide 
the nee a ry Ca and Cu. 

Th e re fin em nt of the tru ture of 
Tl -2223 o obtained ha been per form ed 
on data reco rd ed on D28. TI and O atom 
di order within th e TIO layer have been 
detect cl and indica te a tendency LO a 



-- -- - - -------- - - - - - - - - - - ---------- -

tetrahedral coord ination ror TI atoms. 
For more detai ls about the tructure see 

reference 14 J. 

Thi in-situ neutron experim ent has 
demon tratecl that th e synthesis of the 
Tl-2223 compound can be done from the 
Tl-2212 compound at 1075 K without the 
previous formation of a liquid phase. How­
ever this conversion does not occur when 

the nominal TI content is greater than 2 
beca use of th e coexistence with th e 

Tl 2CaJ06 phase. ■ 
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Figure 2: a) 2D reprcsenl<ltlon or Lhe in-situ dilTraclion experiment with the Bragg angle as the abscissa and tcmpc­
rauirc as U1c ordinate. b) chemalic representation or the in-situ dllTraclion cxI>eriment showing the Lime intervals 
during which Lhe dilTerent phases were observed. The broken parts of the lines refer to periods during which tile weight 
fractions increased or decreased significantly. The solid part or the line. Ute Umc during which the phase is present. 

Figure 3: Low-angle part (6° s 20 s 26°) or the fi rst 120 dilTraction patterns or 1'1 1.7. 
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Short N••H••O hydrogen bonds: 
neutron diffraction J inelastic neutron scattering 
and computational results 
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It has been proposed and disputed 

that short strong low-barrier hydro­

gen bonds play an essential role in 

stabilising the intermediate state of 

certain enzymatic reactions. Neutron 

scattering studies are essential to 

understand fully the properties of 
these short hydrogen bonds. While 

short O-H···O hydrogen bonds have 

been comprehensively characterised 

in many neutron diffraction studies, 

ours are among the first neutron 

diffraction studies of very short 
N··H··O hydrogen bonds. Investiga­

tions on one of these short bonds 

have led to the observation of some 

novel temperature dependent 

behaviour, namely transfer of the 

hydrogen from the nitrogen to the 

oxygen with increasing temperature. 

In the proce s of enzymatic cata ly i the 
enzyme and the ub Lrate bind LO form a 
meta table intermediate state during which 
Lh ub Lrate is modified. finally the ub­
strate i relea ed and the enzyme relaxe 
Lo its table ta Le. It has been propo ed [ 1) 
that Lhe intermediate state can be stabilised 
by the transformation of a weak hydrog n 
bond into a hort trong one. which is 
accomplished by a ubtle modification of the 
local environment of the hydrogen bond. 

Pigure I: The co-operative hydrogen-bond network in 
pyrldlne-3,5-dicarboxyllc acid enhance Lhe N-- IJ .. Q 
bond. Strong hydrogen bonds are indicated by heavy 
da hcd line and weak C-JJ ... Q hydrogen bonds by thin 
da hed lines. The Important hydrog n bond I between 

1 and 04. 

eutron are the mo t effective probes 
for studying short hydrogen bond . X­
rays are sensitive Lo the electrons of 
atom and in mo Lea the nucleu 
can be confidently placed at the centre 
of the electron den ity. I lowever in the e 
hort hydrog n bond the electron cloud 

of th e hydrogen i tretched and di -
torted by the nitrogen and oxygen atoms 
making the positioning of the hydrogen 
nucleu from X-ray diffraction re ulL 
educated speculation. eutron are en-

···O di tan 

300 K - protonaled 2.525(3) 

15 K - prot.onated 2.523(2) 

300 K - deuterated 2.564(3) 

150 K - dcutcrated 2.532(3) 

15 K - dcuterated 2.538(3) 

Table I: Hydrogen bond parameters. 

(A) 

sitive only LO the nuclei. which make the 
placing of the hydrogen nucleus imple 
and unambiguous . 

Diffraction 
We have co llected data on crystals of pyri­
dine-3.5-dicarboxylic acid [PDAI . which 
contain a short N--H--0 hydrogen bond 
with an N-··O distance of -2.52 'A [2] (fig­
ure1 ). on 09 at 15 Kand 300 K. At 300 K 
th proton in the hydrogen bond is observed 
1.3 'A from the nitrogen atom and 1.2 'A 
from the oxygen atom: and at 15 K it i 
ob erved 1.2 'A from the nitrogen atom 
and 1.3 'A from the oxygen atom. a change 
of 0.1 'A ov r Lh t mperature range. We 
have al o ob erved this effect in 2:1 co­
cry Lal of 4.4-bipyridine and benzene-
1.2.4.5-Letracarboxylic acid 131 and it has 
al o b n e n in co-cry Lal of pen­
tachloroph nol and 4-methylpyridine 14] . 

To inve tigat further thi phenomenon 
we coll cted data on a crystal of PDA with 
the two carboxylic acid hydrogen atom 
deuterated at 15 K. 150 Kand 300 K. At 
300 K th deuteron is 1.1 'A from the oxy­
gen . at 150 K 1.35 'A from the oxyg n and 
1.4 'A from the oxygen at 15 K. an even 
more pronounced motion. The re ult are 
ummari ed in table 1. 

-HID di tance (A) I1/D-O di tanc (A) 

1.308(6) 1.218(6) 

1.216(5) 1309(5) 

1.457(4) 1.108(4) 

1.192(4) 1.342(4) 

1.150(3) 1.389(3) 
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Incoherent Inelastic Neutron 
Scattering 
The strength of the hydrogen bond modi­
fies significantly the vibration frequencies 
or the associated molecular groups. In par­
ticular. on lhe formation or a trong hydro­
gen bond. out or plane proton motion (wag­
ging or the N-1-1 bond) moves to a higher fre­
quency. from 400 cm·1 to -1200 cm-1 and 
in-plane motion (stretching or th e N-H 
bond) moves to lower frequency. from over 
3000 cm-1 to 2000 cm·1 or below. The 
vibrational modes have been measured on 
I 1 (figure 2) for the fully protonated com­
pound at 10 K. The analy is is ba ed on 
solid-state quantum-chemistry ca lcula­
tions described below. 

Density Functional Theory 
Calculations 
We have u ed den ity functional theory ca l­
culations. in the code CASTEP and VASP. 
to model the solid -state tructure or PDA. 
from which we can ca lcu late the shape or 
the hydrogen bond potentia l-energy well. 
F'rom the low-temperature tructure a broad 
asymmetric potential well is ca lcu lated with 
a single min imum close to the nitrogen 
atom (figure 3). The lowest eigenstate for 
a proton has an expecta tion value of posi­
tion 1.19 A from the nitrogen atom. The 
deuteron. which is heavier, lies lower in 
the potential well and the expectation value 
or position is 1.16 A from the nitrogen. in 
agreement with our diffraction results. 

, ,oo 

C em,stry n Structu e 

'"" '700 , ... 

Figure 2: The inelastic 
neutron scattering spec­
trum measured al 20 K 
on IN t. The calculated 
spectrum I in blu and 
the measured spectrum 
in red. The measured 
spectrum ha been olT­
sel vertically for com­
parison. 

The temperature dependent proton 
migration ca nnot be explained simply 
by thi potential well. Although the 
expectation alues of the proton po ition 
for the higher levels move ac ros the 
we ll. the energy required to populate 
these leve ls corresponds to tern pera­
ture above 1000 K. The potential well 
must be modulated by increa e in tem­
perature o as to give a (meta-) stable 
minimum closer to the oxygen atom. A 
small mod ifica tion of the average molec­
ular stru cture i obtained in th e simu­
lati on by forcing the proton to be closer 
to th e oxygen atom and optim ising the 
re ulting structure. In reality the ther­
mal motion ca uses an expan sion of th e 

Figure 3: The calculated 
potenlial-energy well 
and energy level for the 
N-- 1·1-- 0 hydrogen bond 
( black) and the ca lcu­
lated harmonic-approxi­
mation potenllal well 
and energy levels (blue). 
The harm on le approxi­
mation need to be cor­
rected to predlcl the 
vtbrallonal frequencies. 
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Finally the same total energy ca lcu lation 
have been used to ca lculate the vibra­
tional pectrum in the harmonic approxi­

mation. The tronge t bands between 1100 
and 1500 cm·1 are the -H and 0-H wag­
ging modes. the --H--0 bonds being 
tronger and giving the higher frequency 

bands. Our ca lculation predicts the -H 
stretch to be at 2000 cm-1• but the poten­
tial well (figure 3) is clearly not harmonic. 
The exact energy levels shown in the well 
indicate a vibra tion frequency or - 1500 cm-1. 
in the region or other vibrational excita­
tions. eutron and Raman measurements 
on partially deuterated am ple are being 
prepared to identi fy thi mode and there­
by quantify the trength of the hydrogen 
bond. 

While the environment or the hydro­
gen bond in a crysta l i different to 
th at in a protein . th e e experim ents 

and ca lculation begi n to provide pos-
ibl e mode l for the mechani sms or 

proton tran fer in enzymatic ca taly i . 
Th e characteri stic pectroscopic sig­
natures of these hyd rogen bonds co uld 
po ibly be u ed to veri fy the exi tence 
of the e hydrogen bond in biological 
sy te rn s. ■ 

o'--------- - :,,,.......c.. __________ __j 

0 7 05 0, 

unit ce ll and a weakening of the hydro­
gen bonds. By imposing a high-temper­

ature unit cell in our ca lculations the 
mo t stable configuration has the proton 
bound to the oxygen. 
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The strong hydrogen bond 
in crystal engineering 

• J.W. STEED, P.O. PRINCE AND C. WILKINSON 
( KING'S COLLEGE, LONDON ) 
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H(2) 

•• 

H(3) 

H(S) 

H(7) 

H(4) 

H(6) 

Oxonium ions, forms of the hydrated 
proton, have been known for many 
years [ 1,2) but their formation , isola­
tion and study has o~en been a rather 

serendipitous process. Recent work 
(3,4) has shown that crown ethers 
may be used to selectively isolate 

particular oxonium ions from strongly 
acidic solutions, particularly aqua 
regia. Combined single crystal low­
temperature X-ray and neutron crystal­

lography reveal a wealth of synergistic, 
solid state interactions from highly 
covalent strong hydrogen bonds , 

through intermediate OH···O and 
OH·· ·CI-M motifs, down to weak CH···O 
interactions. Using neutron diffraction 

we have characterised the novel hydro­

gen bonded polymer (H
7
0

3
)[AuCl)'rs­

crown-s (1) and the discrete com­

plex {HN03·H 2
0·18-crown-6}

2 
(2). 

F'igure 2: Thermal ellipsoid plot (70% level) or the H703• ion in the neutron structu re or 1. 

Th e crown ethers (figure 1) display a 

marked hydrogen bond acceptor abi lity. 
Mu ltiple. cooperative hydrogen bonds in 
labile crown ether complexes are fre­

quently more important in determ ining 

15-crown-5 18-crown-6 

Figure I : Cr01111 ethers 15-crown-5 and I 8-cro1111-6. 

overa ll structure in th e solid sta te than 
direc t interactions with metal centres [1 ]. 
This hydrogen bond acceptor abili ty (with­

out significa nt hydrogen bond donor capac­
ity) is also highly use ful in binding spec ies 

other than metal cations. Thus. crown 
ethers are remarkab ly effec ti ve in the iso­
lation of strong l1ydrogen bond acceptors 

such as the hydra ted proton (oxonium ion) 
[2]. We and other · [3.41 have recently 

shown that Hp+. H50/ and H70/ among 
other pecies may be isolated from acidic 

solution by appropriate choice of crown 
ether. At King's College London we were 
able to show solid sta te and solution a so­

ciation of crown ethers and oxonium ions. 
However. in the most interesting ea e of 
all. (Hp3)f AuCll 15-crown-5 ( 1) the -ray 
data did not reveal the all-important hydro­

gen atom positions. 

Structure of (Hp
3
)[AuCl)-15-

crown-5 (1) 
The neutron study of 1 suggests that the 

H70/ ion is un symmetri ca l. possessing a 

significant contribution from an 11 ,,0 / ·11 20 
"resonance form" with one short 0- --0 dis­
ta nce of 2.437( 2) 'A and one longe r. 
2.574(2) A (figure 2). Notably. however. 
even th e longe r 0 ---0 separation is 
markedly shorter than that reported pre-
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viously in a neutron study of o- ulfobenzoic 
acid trihydrate [5]. One proton, H(I ). is si­

tuated asymmetrically along a line joining 
the shorter pa ir of oxygen atoms. The two 
0-H( 1) bond distances a re significa ntly 

longer than those fo uncl in isolated OH 
boncls. The anisotropic displacement elli p­
soid relating to H( I ) is also somewhat 
elongated along the 0(6)· ··0(7) axis indi­

ca ting that the proton interac ts strongly 
with both centres. Interes tingly. however. 
H(I ) i not situated symmetrica lly between 
0(6) and 0(7) and. lies closest to 0 (6). the 

terminal oxygen atom of the 0(6)-0(7)-0(8) 
chain. Thi s sugges ts that th e po itive 
charge of the oxonium ion is stabili sed by 

interactions to the crown ether. These 

0(6)-H···Ocrown interactions (figure 3) are 
typica l of moderate strength elec trosta tic 
hydrogen bonds with the proton loca ted 

close to the donor 0(6). The hydrogen bond 
linking the central oxygen atom 0(7) to 
0(8) is of intermediate length between the 

va lue expected for a strong and a moder­
ate interaction. The H(4)···0(8) distance i • 
longer, consistent with a description of 
0(8)/H (6)/H (7) as a very strongly hydro­

gen bonded water molecule. rather than 
part of the oxonium ion. 
The las t remaining oxon ium proton 11(5) 
form s a fascinating. nea rly symmetri ca l 



bifurcated int raction with the chloro lig­
ands of the IAuCIS anion. Such hydrogen 
bonds to coordinated chloride have been 
ob erved previou ly [6]. although bifur­
ca tion is relative ly uncommon and difficu lt 
LO unambiguously identify. 

Structure of (HN03) 2
9(H

2
0)

2
·18-

crown-6 (2) 
A further potentially oxonium-ion contain­
ing species is {HN03-H 20-18-crown-6Ji (2) 
which was examined by neutron diffraction 
on 09. Monitoring of a Le t reflection from 

room temperature all the way down to 20 K 
showed that th e unusual change in ce ll 
dimen ions (particu larly of the crystallo­
graphic ~ angle) occurred gradually and 
continuously over the temperature range 
with ~ increasing from about 66.8° to 69.3°. 
'l\vo data sets wer co llec ted at different 
temperature (20 Kand 250 K). The struc­
ture comprises an 18-crown-6 molecule in 

it customary D':yj symmetric conformation 
with two water molecules. hydrogen bonding 

Figure 3: The hydrogen bonded chain tructu re in I 
howlng the oxonlum .. ,crown interactions. 

, '' : . 
Chemistry a11d Structure 
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Figure -1 : The 20 K neutron tructure of (HNO3Ji· (H2O) f 18-crown-6 (2) showing the proximity of the acidic proton 
to the nitrate anion and not the water molecule. 

to a tota l of four of the six ether oxygen 
atoms. Each water oxygen atom al o accepts 
a much stronger. partially cova lent hydro­
gen bond from a nitric acid molecule (fi­
gure 4). The short o .. . o di tance in the 
0/I .. ·0H2 unit and near-linear OHO angle 

are cha racteri tic of trongly hydrogen 
bonded oxonium species (like H50t ) but 
the acidic proton resides firmly on the nitrate 
anion with an N03-H distance of 1.063(2) as 
opposed to the 0/1 .. ·0H2 of 1.433(2) 'A. 
The hydrogen bond di Lance involving the 
water protons and th e crown ether 
increase significa ntly as the tempera ture 
rises. One of the e interactions lies approx­
imately along the cry tallographic cdirec­
tion while the other is along the ale diag­
onal. The net result is to introduce a shear, 

lowering the crysta llographic ~ angle. 
Becau e the change is correlated to the 
gradual increase in hydrogen bond length 
a a function of thermal motion there is no 
distinct phase change- just a smooth shift 
in unit cel l parameters over the tempera­
ture range tudied. 

Conclusion 
Thi study has hown that there is a well­
defined interplay between upramolecular 

41 

and covalent interac tions with 0-H bond 
distances being modulated by the charac­
teri sti cs of th e acceptor atom. In this 
in Lance the H70/ ion in 1 may best be 
described as a ve ry strong H50/ ·H20 
hydrogen bonded unit with the asymmetry 
ari ing as a consequence of the better 
H-bond acceptor propertie of the crown 
ether over the softer [AuCl4]- anion. An 
unu sua l bifurcated OH .. ·CIAu interaction 
ha also been fu lly characteri sed in this 
compound. Complex 2 contain a nitric 
acid molecu le very strongly hydrogen 
bonded to water. Thermal expansion of 
weaker hydrogen bonds in this system pro­
duce a marked shear in the unit cell as a 

mooth function of temperature. The e 
re ults indicate how vector ial thermal 
expansion might be utilised to produce 
materials with an isotrop ic thermal 
re pon e . ■ 
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Clathrate hydrates addressing questions 
from geology and chemical engineering 
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Clathrate hydrates are non-stoichio­

metric inclusion compounds encaging 

small, usually apolar molecules in a 

framework of hydrogen-bonded water 

molecules. Often the embodied 

molecules are gaseous at normal con­

ditions forming crystalline compounds 

in the presence of water or ice, com­

pounds which are known also under 

the name of gas hydrates. They crys­

tallise predominantly in two different 

structure types both with cubic sym­

metry, called structure I and structure 

II clathrate hydrate [i]. Known for 

almost 200 years they were established 

to exist in natural settings only a few 

decades back [2]. CH
4 

hydrate can be 

found in marine sediments in huge 

amounts estimated to 10000 Gt which 

exceeds by far the other known fossil 

energy sources of coal, oil and gas. 

They will be of major economic inter­

est in the future once techniques for 

their save extraction are established. It 

also is a nuisance in many gas and 

oil-pipelines where it causes block­

ages by a reaction of hydrocarbons 

with traces of water. co, hydrates have 

found recently considerable interest 

as means of sequestering CO, in the 

ocean sea floor thus reducing the 

amount of co, in the atmosphere. 

Moreover, it is likely that water on Mars 

is stored to a large extent in the form 

of co, hydrate. Air hydrates, which 

can be found in the deeper parts of 

polar ice sheets, have been formed by 

a pressure induced transformation of 

closed-off air bubbles and carry impor­

tant information on the air composi­

tion of the last one million years. Due 

to this wide-spread importance, a 

number of industrial countries have 

initiated large research efforts to bet­

ter understand the physical chemistry 

and geology of gas hydrates. 

Gas hydra tes need high gas pressure 

ancVor low temperatures Lo exisl. condi­
tion . which are met in the o ean sea floor 
from depths of a few hundred meters wa ter 
pre ure downwards or in permafrost 
re,gions. Likewi e. experimental work needs 
to be done at non-ambient p-T condilions. 
Due to the compl ication of working at ele­
vated ga pre ures. a number of proper­
tic of gas hydra tes were not well cstab­
li hed. Several year back our group at the 
University of GoLLingen ha tartecl to 
inve Ligate gas hydrates in their field of ta­
bility. We have succeeded in preparing 

large amount of clathrate hydra te in a 
self-organised process leading Lo a well 
cry La lli ed meso- and maero-porou mate­
rial [3] shown in figure I . In silU neutron 

Figure I : Field-emission scanning cleclron micro­
graph of CM I clathrate hydrate with regular sub­
micron porous ponge-like , trurtures. 
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powder diffraction proved Lo be essential 
for their further investigation . backed up 
by molecular computer simulation s to 

e tablish uitable cry tallographic models 
For these cli ordered systems [4]. 
One of the major unknowns in gas hydrate 
research in general and for Cl 14 hydrate in 
particular is th occupancy of the small 
and large cage a a function of pre ure 
and temperature. Until very rec ntly it was 
assum ed that the cage filling follow a 
Langmuir isoth rm with increased pre -
ure (fugacity). Thi assumption was never 

rigorously proven. sing in-situ neutron 
diffraction experiment on D2B (figure 2) 
we were able to establi h the toichiome­
try of a number of gas hydrate as a func­
Lion of gas fugacity (figure 3). The re ulL 
allow for the first Lime a completely a sump­
tion-Free check of the widely used stati Li­
ca l thermodynamic theory (SYf) for ga 
hydrates e tabli hed by van d r Waals & 
Plattecuw [5] and predicting a simple Lang­
muir i otherm. While there i undoubtedly 
a trend following the e prediction . clevia­
tion exi t for all investigated case and in 
ome ea es the theory even completely 

fails. Coming a a complete surpri eat fir L 

we found that the large cage in nitrogen 
hyclraL were doubl occupied [6] violating 
one of the unquestioned ba ic a umplion 
of the theory. Still. one can mod ify the S'li 
to accommoda te double occupancy [7] a 
shown in figure 4. Yet. in other ea es like 
for C02 hydrate the behaviour is trongly 
non-Langmu ir and pecific interaction 
between guest and host mu t be introduced 

into the model [8[. The e finding are of 
major importance to chem ical engineer 
ince all computer programs for the ca lcu­

lation of gas hydrate tability and compo­
•ition arc build on the a umplion of Sil'. 
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Figure 2: Rietveld refinement resul t for CHi clath rate hydrate at I 00 bar and o•c 
showing the low- angle data obtained on D2B. Clathrate hydrates form very small 
crys tallites of a few µm size and are completely textul'{' free thus forming ideal pow­
ders for di ffn1clion studies. 

Figure 4: Experimental tilling for the large cages in N., clathrate hydra te at o•c as 
a function of pressure(fugacity). Using an extension or the statistical thermodynamic 
theory allowing for double occupancies a good li t LO the experimental data can be 
obta ined. 

AnoLher po inL of considerable inLeresL is the 
compressibiliLy of claLhrate hydra Le . Seis­
mic pro fili ng of the ocean sea floor is the 
most generally usable deLection tool for 
submarine gas hydrates. A proper mod­

elling of Lhe seismic signals can be done only 
if ce rLain phys ica l parameLers are known, 
mosL prominently the compressibili Lies. 
Here until very recenLly only very approx­

imate data were available. We have for the 
first time esLablished the isothermal com­
press ibili Li es of a num ber of claLhrate 

hydraLes including C!-1 4 hydrate. It should 
be mentioned LhaL t11e compressibili ties of 
the deuteraLecl and hydrogenaLed com­
pounds are different. This shows that. while 

a number of ques Lions in clathraLe hydra Les 
ca n be readily addressed using neutron 
diffraction Lechniques on deuterated sa m­
ples. it wi ll eventually be important to con­

duct experiments on the normal hydro­
genated material too. However. it is fa ir Lo 
say that such experiments aL elevaLed gas 
pressures performed by us aL synchrotron 
sources are still somehow a Lour de force 
a compared to the fairly straightforward 
neutron diffrac tion experimenLs. 
A number of further questions concerning 

gas hydraLes remain to be an werecl for 
which neutron techniques have proven to be 
very use fu l. Details of the formation and 

' , 

decomposition mechanism are unknown 
and some quiLe unexpected findings puzzle 

the community like Lhe very much retarded 
decomposition below 0°C. F' irsL in -siLu 
experiments for C02 and Cl-1 4 hydrate were 
performed on D20. F'or the first time di f­

ferences in Lhe reacLion raLes for the two 
gases were established quantitatively which 
ca n be related to Lhe sys tematica lly differ­
ent sub-micron porosity of Lhese two com­

pounds [2.9]. Likewise, the transient fo r­
maLion of a metas table structure of C02 
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········--·····-·······:;1: 

I : > ,: 
.... ' · , ' .>· .,.JI '. -.. _ ___ _ ....., ....... ' 

• ' 

'/ : ~~) 

Figure 3: The structure of CHi clathrate hydrate. The 
water molecules are disordered in a H-bonded network. 
Methane molecules occupyi ng small and large cages 
are shown in green and yellow colours respectively. At 
60 bar and o•c the statisti ca l occupancy is 84% for 
the small cages and nearly I 00% for the large cages. 
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hydrate was fo und in the ini tial sLage of 
formation, a qui te unexpected resul t but 
helpful in understanding the molecular pro­

cesses during clathrate formation. 
Finally. iL should be mentioned thaL gas 
hydrates merit considerable in teres t as 
model systems for gas-water and water­

waLer interacLions. A full understanding of 
these systems is far from being achieved and 
neutron sca ttering will undoubtedly be one 
of the major too ls to study experimentally 

Lheir structu re and dyna mics. As a matter 
of facL, all ex isting molecular inLeracLion 
models are unable to reproduce the filling 
isotherms of gas hydraLes experimentally 
es tablished by neutron powder di ffraction 
[1 0] Lhu s providing critical tesLs for our 

theoreLical understanding of the molecular 
in teractions in these sys tem s . ■ 
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aerospace technology: a residual stresses study 

• T. PIRLING ( ILL) 

• G. BRUNO 

(ILL AND UNIVERSITY OF MANCHESTER ) 

• A. CARRADO ( UNIVERSITY OF REIMS ) 

• B. DUNN (EUROPEAN SPACE AGENCY, 

ESTEC, NORDWIJK) 

• F. FIORI AND E. GIRARDIN 

( UNIVERSITY OF ANCONA ) 

The effect of wall thickness of 
aerospace fuel tanks on the residual 
stress field induced by welding was 
investigated by neutron diffraction. 

For the comparison, a thick Ti6Al4V 

welded plate (thickness 6 mm), and 

a thin one (1.6 mm), were used. 

Experiments have been performed on 

the D1A diffractometer at the ILL. The 

unstrained interplanar distance d
0 

has been evaluated with the plane 

stress hypothesis for each investi­

gated gauge point. Large variations 

of d
0 

have been found inside the heat 

affected zone and the weld pool, 

probably due to the large grain size, 

and some composition and precipi­

tation gradients. 

In both samples the highest stresses 

have been found at the interface region 

between the weld pool and the heat 

affected zone. The hoop stress is always 

higher than the axial one, which is 

almost vanishing for both samples. 

Generally lower tensile stresses have 

been found in the thinner sample. 

Material, samples 
and experimental conditions 
The Ti6Al4V alloy is a well es tablished 
material for the construction of spacecraft 

F'igure 1: The 6 mm thick specimen. The orient2Uon of the principal axes is also indicated. 

They are usually 
we lded by TIG 
(Tungsten Inert 

Gas) welding. It is 
extremely im­
portant to deter­

mine th e stress 
state in the weld 
region. in order to 
ensure sa fety du­
ring both storage on 
earth and launch. 
and to increase the 
vehicle lifetim e. 
The stress sta te 
due to fuel pressure 
and weight can be 
eas ily ca lculated. 
and therefore the 
total stress eva lua-

fuel tanks [1]. From the micro-structural 
point of view. the alloy belongs to the mixed 
a+l3-Ti alloys. as Vanadium stabilises the 
presence of the 13-phase (bee structure) at 
room temperature. In the parent mate­
rial, this implies the presence of globu lar 
a precipitates in a matrix of a finely dis­
persed a-phase embedded in res idual 13 , 
and a lamellar mixed a+l3 structure in 

the hea t affected zone and in th e weld 
pool. In the weld pool . the grain size is con­

siderably larger than elsewhere, and at the 
boundary between heat affected zone and 
weld pool it can reach 500 µm [2] . The 

vo lume fraction of the !3-phase is slightly 
lower in the weld pool than in the parent 
material, where it is 6-7%. 
Fuel tanks are built by joining two half­
cylinders, first drawn and success ive co ld 
worked. The thickness of the half-cylin­
ders is usually a few millimetres and their 
external diameter is of the order of 0.5-2 m. 
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tion needs the determ ination of residual 
stresses already present in the tank. We 
have investigated two specimens: a thick­
walled welded sample (thickness 6 mm. 
shown in figure 1) and a thin one (1 .6 mm). 
Experiments were performed at the D1 A 

diffractometer of the ILL. The stra in in a­
Ti (011 ) lattice planes was measured. with 
a neutron wavelength of 2.99 A. A gauge vol­
ume of 0.9x4x8 mm 3 was used for the 

1.6 mm th ick and 0.9x1x12 mm3 for the 
6 mm thick sample. For the th icker sample 
a gauge volume of 0.9x1x3 mm3 was used 

in the direction parallel to the weld (longi­
tud inal). 5 gauge points were investigated 
inside the weld pool, 5 in the heat affected 

zone and 1 far from the weld. Measure­
ments were performed in three perpendi­
cular directions (the scattering vector being 
oriented along them). namely the hoop, 
axial and radial (figure1 ). assumed to be the 
principal directions of strain and stress. 



Results and Conclusions 
As th e geometry of the specimens sug­
gests. the unstrained interplanar distance 
d0 was eva luated with the plane stress 

hypothc i for each sa mple and in each 
investigated gauge poinL. Large change of 
d0 have been found [3]. especially in id the 
weld, due Lo the va riation of the grain ize 
and ome compo ition and pre ipi ta tion 
gracli nts between the molten zone and 
the hea t affec ted zone. 
For the ca lculation of stresses from m a­
sured strains. the Young· modu lus and 
the Poi son·· ratio of the 01 I refl ec tion 

were u ·ed. as measured in [3] (E101 n = 98.9 
GPa. v 101 11 = 0.323) . 
The results arc plotted in fi gures 2-3. 

I lighcr stresses. in the hoop direction. arc 
not (or not only) obta ined inside the weld 
pool. but in the transition region between 
the we ld pool and the hea t affec ted zone. 
The mca ured tres va lue in the weld 
region (250/350 MPa in the hoop direction) 

are comparable to results from previous 
strain gauge measurements (180 MPa) 

[5]. The difference could be ascribed to tex­
tu re. grain size effects and to the pre ence 
of 2nd ord er stresses. which are not 
detec ted by strain gauge methods. Thi 
kind of stresses arc probably due to th 
presence of a ~-phase [2]. 
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Figure 3: The axial and hoop tres cs for the thin walled tank: lower va lues (max. around 180 ~!Pa) are reached 
in the weld. and the far field level is zero. 

For the thick sample a non-zero value is 
attained far from the weld. This far field 

stress state I robably comes from the draw­
ing process or the successive cold-work­
ing after welding. This i confirmed by the 
fact that the tre s state i in-plane homo­
geneou . which i typica l for drawn am­
plcs. There are ome points in common 
between the inve Liga ted samples: 
i) the stress profile i a ymmetric with 
respect LO the weld centre. Thi behaviour 
depend on the order of the weld passe . 
at least in the thick sa mple: 
ii ) the highe t stress value are reached 

at th e transition region between hea t 

§ p 

6 mm thick nm.pie 
ILL meuoremeota 

affec ted zone and weld pool: 
ii i) ome oscillations appear in the stre s 
profile. c pecially in the weld poo l. Th is is 
due to the coarse-grain structure of the 
molten zone. but al o to the effect of pha e 
tran ition . as hown in [6] and [7] . The 

last point appli to th pecific alloy und r 
inve Liga tion. and not only the inves tigated 
ample. 

In conclusion . it can be remarked that. 
probably clue to the overlap of the machin­
ing stres s. the weld tresses reach higher 
(and alway tensile) values in the th ick 
sa mple. The thin one eems to be relaxed 
or it may be thought that the freedom Lo 
stra ining brings to lower res idual stress. 
The stre s reaches asymptotic va lue far 
from the weld. o that the influence of the 
welding proce s extends on ly up Lo 12 mm 
from the weld centre line. ■ 
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Figure 2: Thr axial and hoop stl'('sses for the thick sa mple: values around 300 ~I Pa are attained in the welrt . bu t 
they t1ccay rapidly outside . The far licld level is not zero. but around I 00-200 MPa. 
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Lubrication on the nanoscale: 
spinning buckyballs via the intercalation 
of guest molecules 
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Buckyballs are hollow, close-to-spher­
ical molecules consisting of 60 carbon 
atoms. They possess a diameter of about 
one nanometer. When cooled down 
from the gas phase Buckyballs aggre­
gate to form cubic crystals (figure 1). 
As the forces between these miniature 
balls are very weak they spin more or 
less freely at room temperature, lead­
ing to so-called plastic crystal prop­
erties. At around - 20° C the balls finally 
realise that their structure deviates 
from that of a sphere and collectively 
lock into special orientations. 
The temperature Tc of orientational 
ordering depends strongly on exter­
nal pressure and intercalated guest 
molecules. Using neutrons it is pos­
sible to determine the mechanism by 
which the guest molecules facilitate 
the reorientational movement of the 
buckyballs. 

The closer the balls are pressed together 
the harder it gets for them to reorient and 

therefore Tc increases. Tc equally reacts to 
the presence of guest atoms or molecules 
that may be intercalated easily in to the 
rather large voids of the C60 host system . 
Alkali atoms like Kor Rb act like gra ins of 
sand in the gearbox of the buckyballs. In 
systems like the superconducting K3C60 

the buckyballs stay orientationally locked 
up to very high temperatures. In contrast, 
the opposite behaviour is observed upon 

Figure 1: Relined low-temperature structure of N2C60 
for the space group P3. N2 nitrogen molecules are 
found on the edges or a small octahedron (occupation 
probability shown as insert) centred on the octahe­
dral sites or the host lattice (S6 symmetry). 

the intercalation of guest molecules like 
oxygen and nitrogen. As an example, Tc 
decreases by more than 30° C in N2C60 

with respect to pri stine C60. In a sense. the 
oxygen and nitrogen molecules ac t like a 
lubricant. Lubrication is an every day expe­
rience and consists in diminishing the 
efforts necessary to move a body in con­
tact with its environment. 

150 200 250 300 350 400 450 500 

T[K) 

High-resolution neutron diffraction exper­
iments carried out on the instrument O2B 
at the ILL in combination with high reso­
lution dilatometry measurements (figure 2) 
have shown that the intercalation of the 
guests leads to an expansion of the host lat­
tice. The buckyballs are pushed apart by the 
intercalated molecular spacers. This is 
referred to as negative chemica l pressure. 
Being further apart the corrugation of the 
charge density of the balls looses its poten­
tial to hinder reorientation. Tc decreases 
provided the spacers themselves do not 
constitute obstacles. A rather simple ca l­
culation shows, that the negative pressure 
effect alone cannot account for the observed 

decrease in Tc. The diffraction data, there­
fore, have to be analysed in more detail. It 
turns out that the guests do not only push 
the ba lls apart but also influence the way 
these lock into position. In pristine C60 

below Tc the molecules are basically found 
in two competing orientations which differ 
only slightly in energy (figure 3). Close to 
Tc the balls are, therefore. distributed nearly 
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Figure 2: High resolution dilatometry measurements on N2C60. The cooling history is indica ted by the arrows. 
(a) Shown is the absolute linear expansion of the sample. The first order freezing or buckyball rotation (1 to 2) is 
accompanied by a strong lattice contraction . Upon heating above 350 K the N2 molecules diffuse out of the sam­
ple (3 to 4) leaving behind pure C60" Pure C60 shows a smaller lattice constant (6) and an upshift of the transition 
temperature from 240 K to 259 K. 
(b) Suppression of the glass transition anomaly in N2C60 (upper curves) and its recovery after annealing (loss of 
N2 lower two curves) in pristine C60. 
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Figure 3: Occupation of the major orientation of C6() molecule (pentagon pha e). Solid quarc : N2C6(1: open quares 
refercn e C6(). In the majority orientation pentagon (green) of one buckyball face double bond (grey) on the neigh­
bours. In the minority orientation It is hexagons (green) facing double bonds. 

equally between the e two symmetrica l! 
inequiva lent orientation . Switching from 
one orientation Lo the other. how ver. 
require overcoming rather high energy 
barriers. pon cooling these processes 
occur on increasingly long time sca les. 
Below Lh so-ca lled orientational glass 
tran ition temperature Tg part of the 
molecules (about 25 % in the case of pow­
d r amples: figure 3) are trapped in the 
energetically unfavourable orientation. In 
the interca lated system the gla s transi­
tion is, as our data how. more or less 
ab ent (figu re 2) . AL very low Lempera­
tur we find practica lly all the balls (> 90 
%) in the energeti ca lly favourable pen­
tagon orientation (figure 3). This observa­
tion con titutes direc t evidence for a mod­
ifica tion of the energy land cape encoun­
tered by the buckyball via th e gue t 
molecule . Lower effective barri rs facil­
itate the reorientation of the balls leading 
Lo an orientationally more ordered sta te at 
low temperature. So even if the statement 
may sound counterintuitive. higher mobil­
ity actually favours ordering. 
The guest molecule themselves are ori­
entationally disordered (figure 2). which is 

to be expected. since the symmetry of the 
dumbbell shaped guests is not compatible 
with the symmetry of the crysta llographic 
site on which they are intercalated . 

sing the cold neutron time-of-flight instru-

menL IN6 ha allowed to monitor directly the 
dynamic of the molecule (figure 4). At low 
tempera ture. both guest and host molecules 
are performing mall amplitude librations 
about their equilibrium ori ntations. The 
main band of the buckyball libration i 
found to b practically at the same fre­
quency than in pri tine Cr,o· Thi mean that 
the forces neces ary to slighLly turn one 
ball with respect to the other are not weaker 
in the in terca lated y terns. an ob ervation 
which comes as a urpris given the fact that 
the buckyballs are further apart from each 
other. This finding can only be attributed LO 
the high r degree of order induced with in the 
host via the intercalation of the guests. 
When warming up, th librational band 
softens more quickly in the intercalated 
system than in pristine C60. indicating 
stronger anharmonic itie . Already far 
below the transition temperature qua i­
elastic scattering i observed. which indi­
ca tes reorientations of i olated buckyballs. 
The average number of buckyballs partici­
pating in reorientation increases until it 
reaches 100 % when the sys tem finally 
attains the pla tic crysta l pha e. Thi hap­
pens ome 20 to 30 degrees lower in tem­
perature than in pristine C60. 

o quasi-ela tic cattering which could 
be traced back to reorientation or the gue t 
molecules can be detected. which implies 
that the orientational disorder of the guest 
molecules is static on the time scale of 
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molecular vibration . However. their libra­
tional movements are strongly anharmonic 
and coupled to the buckyball dynamic . 
They. therefore. cannot be corn pletely 
ignored when analysing the transition 
mechani m. Large amplitude motion of 
the gue t may provide the mobility neces­
sa ry to prevent that the guest become 
obstacle for the reorientation of the balls. 

In summary we find that the mechani m of 
Tr reduction in the e rather simpl y Lem 
i highly complex. The gue t mol cule do 
not only pu h the hosts apart but also influ-
nce the interaction between them. Whil 

thi lead to increa ed orientational order 

and tiffer potentials at low tempera tures it 
facili tates the pas age toward · nea rly free 
rotations at higher temperature . ■ 
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Figure 4: Generali ed susceptibility or 2C6() (dots) and 
a reference ample of C6() (line) .Thc orlentational 
freezing al T, i characteri ed by the vanishing of C61J 
libron bands near 2 meV and the concomitant rise of 
quasiela tic ca tlering (observable as a filling of the 
gap between the libron band and the elastic line) . 
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Crystallisation of FeZr amorphous powders: 
bee-Fe as a metastable phase? 
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Fe-Zr binary alloys display a complex 
magnetic diagram in the amorphous 
state, including ferromagnetic and re­
entrant spin glass behaviour at low 
temperatures. A~er annealing above 
850 K, crystallisation of the alloys takes 
place, leading to several FeZr phases. 
However, the crystallisation process of 
this system is not yet completely 
known, and some controversy exists 
concerning the different crystalline 
phases that appear. Three samples in 
the Fe-rich side have been obtained in 
powder form by means of mechanical 
alloying. An in situ kinetic study of the 
whole crystallisation process, by means 
of neutron diffraction, was performed 

on D1B for the three alloys. The most 
striking feature is that, while the begin­
ning of the crystallisation process occurs 
at the same temperature, the crystalli­
sation process evolves very differently 
for the three samples, including the 
appearance and disappearance of a 
bee-Fe phase at intermediate temper­
atures in one of the samples. 

Over the last decade great effort have 
been spent LO obtain F'e binary and ternary 
amorphou alloys in powder form by means 
or mechanical alloying. given their two-fold 
interest. both fundamental and technolog­
ical. In the case of F'e-Zr alloys, most or the 
samples tudied have up to now been 
obtained in the form or ribbons. by means 
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Figure I : Evolution of Lhe neuLron dilTraclion patterns ror Lhe Lhrce am pies during the crystallisation procc s. For 
easier reading. the ame colour is used for each ample ovrr all Lhc prcLra. (red ror Zr35. blue for Zr30 and green 
for Zr25). 

of the so-called rapid solidification tech­
nique. owadays. mechanical alloying pre­
ents everal advantage over other fabri­

cation methods: it is possible LO obtain mas­
ive amples with a complete amorphous 
tructure [ 1 ]. and there is a broader range 

or compositions in which an amorphous 
tructure can be obta ined u ing this method 

(between 20 and 70 al. % of Zr and only 7 

- 20 al.% ofZr using rapid solidification). 

At low temperatures. Fe-Zr alloys become 

ferromagnetic: Lhe magneLic properties. such 

a the ordering temperature Tc, present 
strong dependencies on the sample compo­
sition (Tc increases when the Zr content rises 
LO 20 al.%. and then slowly decreases) [2]. 
As for their application. the production or 
nanocrystalline alloys by heating F'e-Zr-based 
amorphous alloys LO adequate temperatures 
boosted enormous research activity during 
the ·gos. mainly focussed on uch technica l 
applications as magnetic tran ducers. due LO 

their soft magnetic behaviour. The e alloy 
have al o provided an exciting medium for 
the study or competing magnetic interac­
tion between the small precipitated Fc­

grains. as well as the re pecLive role or the 
remaining amorphous matrix and the 
nanocrysta l-amorphous interfaces [3J . This 
report deals with structural properties only. 

Three dirferent crystallin e pha es are 
reported in the literature ror alloy · con­
taining more than 65 at. % or 1, e: two or 
them ar th Laves phases Fe2Zr (Fd3m 

and P6/mmc) and the third i ' Fe23Zr6 

(Fd3m) 14) . Some controversy exists about 
the third phase. and up Lo now it ha not 
been clarified whether the compo ition or 
this pha e is really F'e23Zr6 or F'e3Zr [5[. 

Recent experiments perrormed on D 1 B have 
followed the whole crysta llisation process of 
three sa mple . with compositions Feli5Zr~5 

(Zr35). Pe70Zr 30 (Zr30) and i"e75Zr25 (Zr25). 
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Figure 2: Neutron thermodilfractogram or thee tallisalion procc in a F'e75Zr 25 alloy. The reneelion corresponding 
to the bee-Fe phase are indexed and marked with arrows. 

using in- itu neutron diffraction for the fir L 
time. Samples were heated from room tem­
perature to 1173 K. to ensure full crysta lli­
sa tion. and at a slow rate of 0.5 K/min. to dis­
tinguish all possible changes in the structure 
during the process. The most noticeable 
phenomena ob erved are the following. 
AL temperatures below 850-860 K the three 
sample remain in an amorphou Lat 
(figure 1 a). They show only the character­
istic halo typ ica l of amorphous materials 
with no topological long range order: no 
reflections from impurities nor contami­
nation during the fabrication proces are 
observed. Above 850 - 860 K. a narrowing 
or the three amorphous haloe i clearly 
noticeable. marking the beginning or the 
nucleation of the first crystalline grains. 

The first surprise appears with the spectra 
obtained at 872 K (figure 1 a). where three 
refl ctions corresponding to a cubic Fd3m 

F'e2Zr phase appear superimposed on the 
amorphous halo. These three pattern look 
very imilar. providing evidence that. ven 
if the composition of the ampl is differ­

ent. the onset of crysta lli ation take place 
at nea rly the same temp rature. a previ­
ously ob erved in ca lorimetric measure­
ment . If the temperature i raised only 
2-3 K (figure 1 b). it becomes clear that once 
the cry tallisation starts. the process evolves 
in a very different way for the thr e com­
positions. In the ea e of the Zr35 sampl only 

a slight rise in the peaks is observed. while 

in the case of the Zr30 sample reflections 
corre ponding to a cubic Fm3m phase with 
a ... 11 . 7 A are evident: in the case of the Zr25 
sample. no evidence or this latter phase is 
observed. but the development of the (222) 
reflection of the F'c2Zr is clearly visible. This 
latl r effect is only explicable if we con-
ider that this in tensity correspond not 

only to this phase. but also to a small amount 
of lm3m bcc-F'e. A can be seen in figure 1 c 
(894 K). thi bcc-F'e phase grows quicker 
than the F'e2Zr in the Zr25 ample: mean­
while. in the other ample only a small 
increa e of the existing phases is ob erved. 

The second surpri ing phenomenon take 
place at temperatures above 894 K. The 

amount of bcc-F'e in the Zr25 sample 
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Figure 3: X-ray diITracllon pattern together with the 
fit ror the sa mple Fc75Zr25 rull y crystallised and 
obtain d al room temperature. Onl renccllons cor­
responding to one phase with a Fm3m trueturc are 
present. 
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remains almost con Lant up to 943 K. the 
temperature at wh ich the above-mentioned 
Pm3m phase appear : this phase appears 
at a different temperature in the Zr30 and 
Zr25 ample . The amount of Lhi phase 
continuously increa e up to 972 K. where 
no evidence or bcc-F'e remains (figure 2). 
Furthermore. the intensity of the reflec­
tion corresponding to the F'e2Zr phase also 
decrea es. while the r flections of the Pm3m 
pha e continue to increase up to 1012 K 
(figure 1 d).Above 972 K the structure or the 
ample does not vary: nor does it vary when 

th ample i cool d to room temperature. 
Figure 3 shows the X-ray diffraction pattern 
measured from Zr25 at RT. Only the reflec­

tions corresponding to the Fm3m phase are 
pre ent: the composition of this phase must 
therefore be F'e3Zr instead of F'e23Zrw given 
the original composition of the powder. 

The e results have shown. for the first 
Lim ·. that a metastable BCC-F'e phase can 
appear at high temperatures. and also 
that the F'e3Zr pha e can be obtained as a 
resu lt of the cry ta llisation of an amor­
phous F'e binary alloy. Mi:issbauer spec­
troscopy and magnetisa tion mea urements 
will be performed in order to study the 
magnetic behaviour or the e "new" pha es. 

Thi work has been upported by Spain's 
CICyT under projects MAT99-0667-C04-03 
and MAT2000-1047. We wish to thank ILL 

and the CRG-D1 B for its alloca tion of neu­
tron beam time and SCT (U niv. Oviedo) 
for the XRD (High Resol.) facility. ■ 
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Magnetic multilayers studied by spin-resolved 
unpolarised neutron off-specular scattering 
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It is shown that unpolarised neutrons 
scattered from magnetic multilayers 
self-separate according to their spin 
state in the dynamical scattering 
regions of Yoneda scattering and 
superstructure Bragg-sheet scattering. 
Strong anomalies in the oft-specular 
scattering originating from magnetic 
fluctuations in the multilayer are deter­
mined by the spin-flip selective pro­
cess. A complete 2-dimensional model 
describes all experimentally observed 
features and gives a detailed picture 
of the multilayer magnetisation. 
In exchange coupled multi layers, the 
interplay between the crystalline 
anisotropy, interlayer exchange cou­
pling and external magnetic field 
strength leads to the result that the 
layer magnetisations in successive 
Fe-layers in each columnar domain (1) 

are oriented at a certain coupling 
angle with respect to each other as 
shown in figure 1. Here it is shown that 
even unpolarised neutron off-spec­
ular scattering can efficiently be used 
to determine the configurations of 
the atomic magnetic moments. 

Renectometry experiments have been car­
ried out on the EVA-spectrometer with a 
wavelength of 5.4 A and an external mag­
netic field of 500 G. The sample was a 
(f Cr(9 A)/57F'e(68 A) J 1/Cr(68 A)) multi­
layer on sapphire substrate grown with 
molecular beam epitaxy. The scattering 
geometry with specular and off-specu lar 

sca ttering and the sample composition are 
depicted in figure 1: here the layer mag­
neti sa tion is decomposed into domains (fi­
gure 1 top view) with an antiferromagnetic 
interaction perpendicular to the layering 
(figure 2 side view). The exchange cou­
pling angle a between the magnetisa tion 
directions in successive Fe-layers arising 

Top view 
r - - - -

due to the external field H is shown in the 
in t of figure 1 top view. In figure 2a. the 
2-dimen iona l inten ity map of pecular 
reflected and off-specular ca ttercd neu­
trons is shown as a function of p1 and Pr· the 
perpendicular to the surface components 
of the incoming and outgoing wave vector. 
respectively. The specularly reflected inten­

sity along the line p1 = Pr shows the total 
thickness oscillations as well as the first 
order Bragg peak (p1 = Pr= 0.041 A·1) cor­
responcling to the bi-layer thickness of 77 
A. The off- pecular scattering originates 
from the domain structur of the multi­
layer. It appear a spin-flip Bragg-sheet 
scattering through the 1/2 and 3/2 order 

7 

I: "~---~ 
H I ---------- M X 

:J? ___ ~ 
Side view 

H® :Fe ( 4 I .. / 
I Cr: ' : 

• 
Figu re I : Schematic 1iresenLalion of the mullila}er sample in an external magnetic ncld II parallel to Lhc sam1ilc 
urfacc (top and side view). In Lhe side view Lhe scattering geometry of specular and off-specular scattering I added 

and in the top view Lhe layer magnelisalion Ml is hown with the coupling angle u between the magnclisalion vcc• 
tors in succcs ivc Fe layers. The layer magnelisalion M1 has two componcnl.'l 11, and 11, 1icrpcnlli cular and par­
allel Lo the external magnetic field. re ·peclively. 
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Figure'.:! : a) ExIH•riml'ntally delermirwd 2-climcnslonal intensity map of a Fc/Cr multilayer as a function of pI and 
Pr- lhe IJrrIie1Hl ieular components of the incoming and outgoing wave vector. resprclive ly. The specular rencelion 
is along the line il

1 
= Pr· The 01T-sIiccu lar Bragg Shl'cl seallcring s1ircads from the 1/2 and 3/2 order Bragg peak 

positions perpl'n<licular lo lhe specu lar line. The llrst <mil'r Bragg pl'ak Iiosilion corr\•sponds 10 the Fe/Cr bilayer 
thickness nnd clot's not show 01T-sIJecular sca ttering. 
b) ·locle l flt or lhr 2-dinwnsional intensity map or a Fe/Cr multilayer shmrn in figure 2a . 

Bragg prak positions (p1 = Pr= 0.0205 -1 

and p
1 
= I\ = 0.061 5 -1. respec ti ve ly) on 

L11e rcf'l eclivily line as well as along Lile spin­

flip Yoneda ·ca tLering parallel Lo p
1 
and Pr 

(figure 2a) . A proof or the spin-flip characwr 

can br made by spin-analys is of polarized 
ncuLrons being scattered from Lile multi­
layer 111 . But here it i visible direc Ll y 

through Lile intensity cut-off due to critica l 
angles. The two criti ca l angles are deter­
mined b thr two cauering length densi­

ties SLD
11
±SI.D

111
\l for the two neutron spin 

sta te . SLD
11 

is Lhe nuclear contribution of 
Lile 371-'e and SLD111 JJ is Lhe magnetic contri­
bution from Lile parallel Lo the e tcrnal 

fi eld componenL or the magnetic moments 
M1Y (figure 1 ). So. one criti ca l angle shows 
up in the units or momentum transfer along 

p
1
= 0.009 A- 1 and also along Pr= 0.009 • 

1 due LO the u or unpolari zed neulrons. It 
is best visible in the characteristic spikes 
(marked with C in figure 3) where th e 
Bragg-shrcL sca ttering runs in LO the Yoneda 
scaLtering and inL ·nsity is cuL for one spin-

LaLc. Any in LensiLy belo~ Lhe mark C orig­
inates from the other pin-sLate. For the 

sample used in this experiment the other 
critica l angle is imaginary because the dif­

ference of SLD
0 

- SLDmp is nega tive. There­
fore. the off specular ca LLering extends 

clown to th e hori zon along p
1 
= 0 ancl 

Pr= 0 which interferes al o with the sca L­
tering arising due to Lhe total thickness 
osc illaLions visible in moclulated bancls 
parallel to the horizon (modified Yoneda 
callering) marked wiLh ancl B in figure 

3. The po ilions or these Yoneda-bands 
depend on the va lue or the imaginar cri­
tica l angle. Tile e effects have been taken 

into account in the 2-climensional model fiL 
sl1 own in figure 2b. AnoLher criti ca l para­
meter is given by the sub Lratc potential. 
which leads to another cuL or intensity. For 
the applied external magnetic field or 500 
G this alue coincide with the fir L criti­
ca l angle marked with C. An extended view 
of the modelled intensity distribution is 

llown in Figure 3. 

With Lile model fiL based on Lile disLorted 
wave Born approximation 12] it is pos ible 

Lo de cribe all deta ils or tile off-specular 
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0 0.005 0.015 0.02 

Figure 3: Extended I ie11 on the region of the Bragg­
sheet scallcring missing I he )on!'da-scal le ring l'or 
experimental data. /\ and B mark the posit ion of\onrrla 
seallering related lo 101111 thickness scall<'l'ing. C is lh<' 
position of ll1e first tTil ical angle which coinc ides wilh 
the position or thr cut-olT by 1hr substrate potential. 

·caLtering ancl to unrave l tile cletailecl com­

position or til r layer magnetisa tion in the 
mullilaye rs sy tern . In particular. iL has 
been po sible to extract the two sca ttrr ing 
length densiLies re lated to i 7Fr (S LD,, ancl 

SLD
11111

) from L11c fit Lo Lile data obLa inecl with 
unpolari secl neutrons. The knowledge or 
SLD

11111 
is decisive to determine Lile cou­

pling off-specular sca ttering angle a (figure 

1) of Lile magne tic moments using for M1 tilr 
full atomic magnetic moment of Fe. Con-
equentl . L11e mean coupling anglr ca n be 

determined (as also a function of applied 
field) and related to tile G/1-IR effec t 131. ■ 
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The structure of ferro luids 
in the vicinity of the interface with si licon 
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A combination of magnetic and non­
magnetic interactions in ferrofluids, 
i.e. in colloidal solutions of ferro­
magnetic nanoparticles [I), results in 
a strong ordering tendency of the 
particle magnetic moments into var­
ious arrangements, e.g., (anti)·fer­
romagnetic or spin-glass-like struc­
tures, while the coupling between 
the rotational and the translational 
degrees of freedom may lead to var­
ious instabilities in their spatial order. 
The presence of an interface with 
another material brings new factors 
into the possible structuring of the 
ferrofluids. Here we show that fer­
rofluid particles order in the vicinity 
of a monocrystalline silicon inter­
face, forming structures depending 
on their sizes and concentrations. The 
resulting layering can be influenced 
by the application of weak magnetic 
fields, and it is also shown that their 
reorganization is governed by a rela· 
tively slow kinetic process. 

F'errofluid are table colloidal u pen­
sions of fine, magnetic pa rticle which are 
coa ted with a layer or non magnetic molec­
ular urfac tants that protect the ys tem 
from irreversible aggrega tion. Due to their 
small izes in the range of 100 A. each par­
ticle represent a single magnetic domain. 
The point or our interes t is the ord ring 

PSD 
spectrum 

direct beam 
initial \ . 
angle -, 

0 
------ -41 . .., ________ {\ect\O" neutron beam 

- - ------ -pecu\ar re 
- .. --c 1>11 

C = 
..______ interface 

diffuse 

l scatll!nng 

F'igure I : The setup or Lhe experiment. The neutron beam reaches the interface through the Si block. The renecled. tran -
milled. and callered inlen itie are recorded by a ID po ilion- en ilil'e detector (PSD) . A homogeneou magnetic field 
up lo I 00 Oe wa applied parallel both to the 1-fcrrofluid interface and the incoming beam. 

phenomenon of the magnetic particles in 
external magnetic field in the vicinity of 
a well-defined olid wa ll. in the pre nt 
ea e near a flat mono ry talline ilicon 
interface. The force acting on the parti­
cle near the interface are equ ilibrated in 
a different way than in the bulk and thi 
may re ull in interface tructure which 
differ from the bulk tructure. 

Among t a number or technique used for 
tudying ferrofluid s. only th e neutron 

refl ec tivity method and the neutron dif­
fu e ca ttering at grazing-incidence pro­
vide detailed micro copic information on 
the near-interface behaviour a well a on 
the interracial prop rties. The e method 
ha e been u ed to tudy ferrofluid am­
pies made at th e Peter burg uclea r 
Phy ics In titute (P 1PI. Ga tchina. Rus ia) 
by chemica l depo ition of di per ed mag­
netite (F'e3O4) . The ynthe i d particle 
were coa ted with a surfactant (C 18H33 aO2) 

and selected by weight. Three D2O-based 
ample wi th different particle sizes and 

concentration have been tudied : 

sample C r1A1 
F'P-2 0.02 23 ± 3 
PP-3 0.03 -o ± 5 
FF-7 0.07 50 ± 5 
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Room tern per a ture refl ec tivity experi­
ments have been carried out at th EVA 
evan cent wave diffra ctom eter with a 
monochromatic neutron beam with wave­
length or 5.5 A [2]. Th e ample holder 
wa a quartz fram e glued onto a hori­
zontal sili con monocrys ta l block. Th e 
neutron beam reaches the silicon-fer­
roflu id interfa ce through th e ilicon 
monocry tal (figure 1 ). Such experiments 
provide with information on th e depth 
distribution of the so-called scattering­
length density (SLD) with nearly atomic 
reso lution. The cattering length is a 
quantity which trongly differ for th e 
va rious atom involved. 

F'i gure 2a how refl ec tiv i ty curves . 
obtained for the ample F'F'-2. after sub­
trac tion of th e off-specular contribu­
tion . Th e corre pond ing SLD profil es 
along the z-axi (normal to th e inter­
face} , determin ed by a standard fitting 
routine. are hown in figure 2d. The e 
curve revea l a rather complex ferroflu id 
tructure in th e vicinity of th e interface 

amplcs' specifications: r is the volume concentra tion or 
thr rerromagnclir cores: r is Lhe elTeclive particle radius. 
obtained from SANS experiments. The SLD o[the magnetite 
core (Fe301) is 6.87· I0·•A-2. that or Lhc surractanl 
(C 18ll:13Na02) is 2.04 -10·71• •2• and 6.375- 10·6 .2 ror op. 



(figure 2g). whi ch clea rl y con isLs or 
four di stin ct layers. Th e thickn ess or 
th e first (I) layer i smaller than Lh e 
mean core diameter or Lh e parti cle ancl 
th erefore iL can onl y be compo ed or 
surfactant in Lh c // = 0 case and mainly 
of surfactant for// = 100 Oe. Th e sec­
ond laye r (II) . who e Lhickn es corre­
sponds Lo th e mean ferrofluid core diam­
eter. can be composed or magnetite and 
D20. The third laye r (Ill) is a som ewh at 

th icker interlayer Lhan I. con sists mainly 
or su rractan L. and Lh e fou rLh layer ( IV) 
pas esses a magnetite con centration 
which is slighLly larger than that in th e 
bulk (z > 250 A). Tl1 e applied magneti c 

l'i eld does not influence th e bas ic layer­
ing structure buL its applica tion results 
in th e partial depletion or Lh e range 
z < 140 A (layers I Lo IV) rrom mag­

netite and/or D20 . 

0.01 0.Cl2 

e 

D 

: '' 

DaLa obtained on Lil e sample FF-3 are 
hown in fi gures 2b.c .h . The layering i 

similar Lo th aL in Lh e ample F'F' -2 . 
Layer I i probably mi ss ing. however. 

and layer II is much broader th an in 
F'F'-2 and contains a large frac tion of sur­
factant (no te LhaL th e particles in thi s 
sa mple are much larger than in FF'-2). 

Th e efFect of th e applied magneti c fi eld 
is ver wea k. 

Since diffuse scattering may significantly 
contribute to the signal in th e specular 
clircc lion. a clea r separation of the spec­
ular component is not always straight­
forward . Thi s is esp cially true ii' Lhe in­

plane flu ctuati on arc Lrong and also 
correlated along Lh e direc ti on perpen­
dicular Lo Lh e interface studied. Such a 
ca se is revealed on the sample F' l•'-7. as 

shown in figure 2c. Til e presence or th e 

,d 

,a' FF-7 
~ 

,a' 

\~ •'. 

,a' .. . ~ 
10' ~ ·- 1i~ ,; .,,: ~' 
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c) t- •., r , I -.... 
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IV---,~W?.~K"-M 
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Figurr 2: Pirst row: reneclivity curve · obtained on lhc rerronuid sample, . Second row: fltl r d z-profllcs or the SLD. 
Third row: reconstructions or the ferronuid parlirle distributions. (FF-2 : a. d. g: FF-:l : b. c. h: FP-7: c. r. i: I1oinLs: 
experimenlal results corrected ror di!Tu e scattering: line : filled (a. b. r ) or ca lculated (d. c. n rr ·ults: blue colour: 
II = 0. rrd colour: // = I 00 Oe.) The thickness or the obtained layers ror FF-2 and FF-:1 correlates with the mean 
particle size (see Table I) . 
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magneti c- field-depe ndent strong peak 

at q 1. > 0. 55 •1 is ascribed Lo such co r­
relations which are clea rl y pos:i bl c aL 
th e high concentra tion of Lilis sam pl e. 
Accordingly. Lhe SLD profile shown in fig­
ure 2f was deri ved from Lh e refl ec ti vity 

data for q, < 0.55 A- 1 onl y. Th e surface­
induced ordering in this sa mple is obvi­
ously different from Lhe laye ring in the 
low-concentrati on sa mples F'J+' -2 and 

F'Jt' -3. 

During th e c e. pcrim enLs Lile magnetic 
fi eld effec ts were found Lo be affrc tcd by 

relaxa tion procc 'scs. with characteristic 
Lime of several hours. This delay Lime is 

much longer than Lhe charac teristic dif­
fu sion Lim e of the ferroflu i<I particles . 
which leads LO conclude LhaL in the vicin­
ity of Lile interrace an additional strong 

coupling between the particles must exist. 
Th e sLeric (entropic) repul sion. which 
keeps Lhc fcrrol'luid particle, apart from 

each other in Lile bulk. appea rs LO become 
ineffec ti ve under thr influence or the sil­
icon wall and makes the den ·e layning 

possible 131. ■ 
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Quantitative textural analysis of geological 
low-symmetry materials: 
amphiboles from the Sesia-Lanzo Zone (Italy) 
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Quantitative texture analysis of geo­
logical low symmetry material from 
the Alpine chain, carried out at the D1 B 
diffractometer, allows to compare 
neutron with X-rays data in the quan­
titative determination of multiphase 
geological textures and to define the 
relationship between microstructure 
and texture. Texture of amphiboles, 
deformed at 15-20 kbar and 550-6oo"C 
during the Alpine time, shows a pro­
nounced crystallographic preferred 
orientation related to the rigid body 
rotation and dislocation creep com­
ponents of the deformation mecha­
nisms. (010) axis and (hol) planes 
axis are parallel to the mesoscopic 
mineralogical lineation. This study 
shows the neutron reliability com­
pared to X-ray for quantitative tex­
ture analysis purposes in polyphasic 
rocks, which is the first step for the 
understanding of deformation mech­
anisms and mechanical proprieties 
of rocks during subduction. 

The development of planar and linear 

fabrics in meta morphic rocks occurs 
under different physical conditions (tem­
perature. pressure, stress. strain , strain 
rate, rluid-min eral grain boundari es 
interaction . etc.) and depends on the 
deformation mechan isms active within 

metamorphic minerals accommodating 
strain during each stage or mechanica l 
and minera logical re-equi l ibration . 
Microstructural analys is. using classica l 
optica l microscopes. even providing a 
complete description of the relationships 
between individua l grains and subgrains 
and allowing the description of the mul­

-~ 
~ 
Q) 

~ 

ti stage mechani ca l and mineralogica l 
re-equilibration or rock . remains ina­
dequate for the quantitative analys is of 
texture (lattice preferred ori entation ). 
Scattering probe such as neutrons pro- f 
vide the necessa ry inform ation . Th e ~ 
inves tiga ted sa mpl es are hornblendite 
and ec logites from the Sesia-Lanzo Zon e 
(Western Italian Alps). The Sesia-Lanzo 
Zon e is a kilom etre wide slice of conti­
nenta l cru st subducted and exhum ed 
during the Alp ine orogeny [ 1 ]. Th e quan­
titative texture analysis of ec logitc facies 
fabri cs, developed at high pressure (1 5-
20 kbar) and low temperature (550-
600°C) allows investigating the defor­
mation mechanisms of rock forming min­
era ls within a subducting continental 
cru st. The sa mples are made of rec rys­
tallised ca lco-sod ic amphibole (98% or 
rock volume). chlorite and rutile. Th e 
preferred orientation of amphibo le 
defin es th e macroscopic mineralogical 
linea tion. The texture of amphiboles with 
respect to the micro tructure (linea tion) 
has been studied in order to: 
i) compare neutron data with X-rays in the 
quantitative determination of multiphase 
geologica l material textures; 
ii ) defin e th e relat ion ship between 
microstructure and tex ture; 
iii) desc ribe the active slip sys tem(s) of 
amphiboles. 
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Figure 1: X-ray and neulron dilTraclion pattern or 126 
hornblendilC. a) sum or 1080 X-ray dilTraclion patterns 
with an incidence angle or5.36°. b) um or 1368 ncu­
llun dilTracUon patterns with an incidence angle or 20°. 
c) Summed X-ray diffraction pall.ern or I 080 scans with 
an incidence angle or 16°. 

The D 1 B diffractometer has been cho en 
for its curved Position Sensitive Detector 
(PSDJ. comparable in angular span to the 
one used at our laboratory [2]. and using 
a previously developed methodology I 3 ]. 
Figure 1 compares the summed neutron 
and X-ray diffraction pattern or M 26 sa m­
ple for the 1368 and 1080 measured 
scans respectively. The defocussing effec t 



that occurs u ing nat pecimen with X­
rays make high angular rang s (2 LheLa 
and chi) comparali ely less reliable. This 
effec t is partly compen ated for higher 
incidence (omega) angles (figure 1c). Ori­
entation Distribution (OD) refin ements 
for neutrons. X-rays (at 2 omega va lues) 
are compared in figure 2. usi ng experi­

mental and reca lculated pole figures . 
While X-rays al low omega offer unreliable 

ca lculation or th e OD. u ing a higher 
omega va lue permit a relatively beLLer 
approximation of iL. eutrons data Lill 
how Lhe bes t reliab ility ( ee R-factors) . 

whereas several X-ray experiments on 
th e sa me sa mple are needed to corn­
pen ale the relative ! low number or 
probed grain s. 

Reca lculated pole figures (figure 2) show 
th e concentration of Lh e [010]* ax is 
(a= 9. 540 A. b = 5.28 1 A. c = 17. 717 A. 
y = 103. 770°) parallel Lo the macroscopic 
linea lion (vertica l direction in pole figures) 
and th e di per ion or [0011* - [100] * 
direc tions within a plane perp ndicular Lo 

the linea lion and foliation. Tho e pat­
tern reproduce the ob erva lion on nat­
ura ll y deformed amphibo les [4 and rers. 
therein]. In reca lculated pole figur s from 
neutron and X-ray experim ent the sa me 
di Lribulion or laLLice axes occurs. It can 
b hown that the hape preferred ori­
entation of amphibolc . marking the me o-
cop ic lineation/fo lialion. co rrespond s 

direc tly Lo th e laLLice preferred orienta­
tion or the [0 10J*direc lions. suggesting a 
component or rigid bocl y rotat ion for the 
fabric deve lopment, ancl that the pre­
ferred orientation or the (hon planes. 
parallel to the linea tion. can be clue to slip 
along [01 O]( hon systems. 

Th e orientation of th e [110]* and the 
[0101* directions with respec t to the 
lineation ancl fo liation can be in terpreted 
a due Lo a dom inant constricliona l com­
ponent of the finite strain [5]. The pro-

: '' 

nounced a ym metry or the [01 OJ* direc­
tion can al o be interprete cl as cl eve l­
opecl during a non-coa ial cleform ation. 
where comparable asymmetrie have 
been observed in other material s (e.g. 
ca lcite and quartz [6. 7. 8]). Th e com­
parison of the two tech niques shows that 
-ray clata can produce semi-quantitative 

highlights 

results, which reproduce the overal l tex­
ture if a sufficient area of the sa mple. or 
different piec of the same sample are 

sca nned in imilar conditions and that 
the neutron results are much more reli­
ab le as al o shown by th e RP va lues 
(16.5 for neutron-derived OD and 66.4 
for X-ray deri ed OD). ■ 

Phi l'etluced pole fi gure 
All-~~10,or 

19l9 "'"' . 

a 

100 C• I r,r,t ) 

1 nln . 

109 . •cole 
"'IUD l o.rco proj . 

f1 : Cho.nge co lor 
f1 : ~h-pHC- >pa 
r.; : rota,,fl le 
f6 : rwJUse;c:ursor 
<ESC> ex i t r,ousr 
<ENTER> to ex it 

Phi reduced p<ile figure 

523 M X. 

108 C=l •rdl 

2 • I n . 

log . •cale 
equa I area pro j . 

fl : Change cc lor 
f -t : sh-prtt- >pcx 
fS :fot<Vflle 
r6 : IIOUSe/a.trsor 
<ESC> ex It -.isc 
<ENTER> to exit 

Figure 2: RecalculaLed pole figure fo r X-ray (a) and neutron (b) experiments. 
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Sodium silicate melts: 
structural changes J relaxation and ion diffusion 

• A. M EYE R (TU MUNCHEN) 

• H. SCHOBER ( ILL) 

• D.8 . DINGWELL ( LMU MUNCH EN) 

Silicate melts have great relevance 

both in earth science and technology: 

physical properties of magma 
(molten silicate rock) dominate many 

geological processes and techno­

logical glasses are synthesised from 

the molten state. These silicate melts, 

natural and technological, are multi­

component systems. A considerable 

effort has been made to investigate 

a wide range of silicate melts with the 

general aim of linking structural with 

physical properties and to develop an 

atomic level understanding of their 

structure and dynamics [d. Never­

theless, experiments on the struc­

ture and microscopic dynamics in 

the viscous melt well above the con­

ventional glass transition tempera­

ture T9 are scarse in part due to the 

high melting temperatures. Here, 

inelastic neutron scattering results 
on sodium disilicate melts are pre­

sented to show that at temperatures 

well above T9 significant structural 

changes occur that have a strong 

influence on the sodium ion trans­

port. Such changes may very well 

be the cause for the weak tempera­

ture dependence of the viscosity at 

higher temperatures. 

Alka li silicates are a simplified analogue for 
most magmas and technologica l glasses. 
Compared to pure si lica. with a ca loric glass 

6 . 400K 
,,.. . .,.._ . - ..... 

• 800 K .. 
• 1200 K . .......... _.. -. 1600 K . .. ..... . .. 

0 4 .. . ......... ..... " .. 
II . ..... 
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2 
.. 

0 .......................... ....__.__~ ................... ....__.__L......I.......L.~-'-_.__...._..__.___.__...., 
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Q (J\- 1) 

Figure I : Elastic structure ractor 5(0.w = 0) or sodium disilicate: Towa rd small () the signal is dominatecl by the 
incoherent contributions or the sodium atoms. The maximum around= I. 7 A-1 renects the scattering or the par­
tially disrupted tl'trahcdral Si-O network. With increasing temperature a pronounced shoulder is emerging at O~ 
0.9 A- 1. The decrease in intensity at () values larger than ~ 1.1 A- 1 in turn mainly rcnects the Debye-Wa ller ractor. 

transit.ion temperature Tg at = 1500 K. 
the addition of Na20 partially disrupts the 
Si02 network structure resulting in a con­

siderable reduction of Tg. Th e exper imen­
ta l inves tigation of the melt is. therefore. 
compared to pure Si02 more access ible 

(Tg= 700 K for soclium disili ca te) . In addi­
tion. sodium clisilica te has been the sub­
jec t of extensive molecular dynamics 
simulations 12.3]. Inelas tic neutron scat­
ter ing covers a dynam ic range that gives 

insigl1t both into dynamics on microscopic 
time sca les and the medium range struc­

ture of silicate melts. In add ition, the 
results ca n provide input for simulations 
used e.g. to model magma properties in vol­
ca nic activity and are an experim ental 

test of molecu lar dynamics simulations. 

Inelastic neutron scattering measurements 
have been performed on the Lime-of-flight 
spectrometer ING with the sod ium clisili­
cate sample encapsula ted in a Pt sample cell. 
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Spectra were measured in the glass at 400 K 
and in the viscous melt at 800 Kand between 
1200 Kand 1600 K in steps of ·100 K. 

F' igure 1 displays the elastic structure fac­
tor of glassy and viscous sodium disil ica te. 
AL O = 0.9 'A- 1 a pronounced prepeak is 
emerging with increas ing tempel'ature. The 

molecular dynamics simulations on sodium 
disilica te melts [2] do indeed exhib it a 
shoulder in the static structure factor at 

0 = 0.94 A- 1. This shou lder is linked LO 

regions where the Si02 network is disrupted 
and where the sod ium concentration is 

enhanced. A recent molecular dynamics 
simu lations study on sodium tetrasilicate 
[ 3] has suggested the existence of sod ium 
rich channels having a di stance of about 6-

8 A. The exper imentally observed prepeak 
at 0.9 A- 1 co rresponds to the distance 
between tbese channels. F'igure 2 cli splays 
the loca tion of th e sodium atoms in the 
simu lation IJox during a 1.4 ns run and 



demonstrates th e existence of these chan­
nels. A similar behaviour has been found 
in the simulations on sodium disilicate. 

At temperatures up to = 2 -Tg the diffusive 
dynamic or the alkali atoms in silicate melts 
have been observed from the experimenta l 
data taken on the instrument IN6. It is appre­
ciably faster than the structura l relaxation 
I 1] or the SiO2 network which - as demon­
strated by high-energy resolution backscat­
tering spectra La ken at the 1ST Center for 
Neutron Research in Gaithersburg - takes 

place on a nanosecond time sca le. F'igure 3 
displays the scattering law S( 0.w) or sodium 
disilica te as cleterm ined on IN6. At O = 

0.5 A·1 the signal is dominated by the inco­
herent sca ttering or sodium which in turn is 

dominated by elas tic sca ttering. This indi­
ca tes that at a given Lime only a frac tion of 
the sodium atom i pa rticipating in the fast 

diffusion. Besicle the dominant elastic con­
tribution. diffusive motion or sodium leads 

to a broad qua iela Lie ignal on a I 0 ps time 
sca le. The lines in figure 3 are fits with 

where th e & function represents th e elas­

tic sca ttering contribution to the signal. 
A and B are the respective amplitudes of 
th e quas ielas tic and elas tic sca tterin g. 
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Figure 3: Scattering law S(O.w) al O = 0. 5 A- 1 measured on the neutron time-or-night spec trometer IN6. The 
signal is dominated by the incoherent scattering of sodi um which in tu rn is dominated by elastic scattering. This 
indicates tha t at any given time only a fraction or the sodium atoms is participating in the fast difTusion. DifTu ion 
of sodium ions result in a broad quasielastic signal that is clescribcd hy equation (I ) with a stretching exponent 
~ within JO. 7.0.81 and re laxation times on a l O ps scale. 

Best fits have been obtained with a stretch­
ing exponent 13 within [0.7 .0.81 in accor­
dance with the molecular dynamics sim­
ulation result or 13 = 0.77.T.0 is the 0-
dependent relaxa tion time. Prior to the fi t 

the theoretica I function i folded with the 
instrument resolution R(O.w). 

Th e present data 14] repre ent experi­
menta l evidence For the existence or regions 
that exhibit an enhancecl odium concen­
tra tion a predicted by th e molecular 

dynamics simulations [2.3]. Tlie concen-

tration of sodium in th ese channels implies 
that the Si-O network is less disrupted in 
the res t of the sys tem leading to a higher 
viscosity or the entire sys tem and thu s 

may equal! explain the weak tempera­
ture dependence or the viscosity in od ium 

silica te melts at high temperatu res. 

Inelastic neutron scattering combin d with 

modern simu lation techniques thu prove 
an intere ting too l to inve liga te modern 
questions or molecular motion pertaining 

to the geoscience . ■ 

REFERENCES 

[ I ) FOR AN OVERVI EW SEE: RE V. MINERALOGY 32, STRU CTUR E, 

DYNAMICS AND PROPERTIES OF SILICATE MELTS, ( 1995 ) EOTS: 

Figure 2: Molecular dynam ics simulations on sodium tetrasilicate 131: difTusion of sodium ions during a 1.4 ns run 
at 2000 K. Yellow circles: regions where more than I O difTerent sodium ions passed. Blue and red circles mark 
the trajectories of two indivi dual sodium ions. The figure shows the exis tence of sodium rich channels. The dis­
tance between these channels is typically 5-8 A causing a prepeak in the static structure factor around 0.9 A- 1. 

J.F. STE BB INS, P.F. MCMILLAN, D.S . DI NGWELL; CHEM. GEOL. 

174 , 6TH SILICATE MELT WORKSHOP, ( 2001 ) EDTS: Y. SOTTINGA, 

D.S . DINGWELL, P. R ICH ET. • [ 2] J. HORBACH, w. Koe , K. 

BIN DER, PHI L. MAG. B 79 ( 199 9 ) 1981 ; CHEM . GEOL. 174 

(2001 ) 87 AND REFERENCES THERE IN. • [3) P. JU NO, W. 

Ko e , R. JU LLI EN , PHYS . RE V. S 64 ( 2 00 1 ) 13 4 3 0 3 • 

[4) A. M EYE R, H. SCHOB ER, D.8 . DI NGWELL, SUBM ITTED TO 

PH YS. REV. LETT. 

57 



scienti nc highlights 

: : ' 
Liquids and Glasses 

The solvation structure 
of lithium in ammonia 
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• H.E. FISCHER (LURE ORSAY AND ILL) 

• P. PALLEAU ( ILL) 

Neutron diffraction has been used in 
conjunction with 6Li/"•1Li and n•1N/'SN 

isotope substitution to measure the 

microscopic structure of saturated 

metallic solutions of lithium in 

ammonia (21 mole percent metal). 

Isotopic labeling allows us to obtain 

detailed information on the coordi ­

nation environment around the sol ­

vated metal Li • cations, and around 

the nitrogen atoms of the solvent 

molecules. We find that the solu­

tions are highly structured over both 

short and intermediate length scales, 

and that the local coordination 

around each Li · cation consists of a 

well-defined solvation shell con­

taining an average of 3. s ammonia 
molecules. 

ammon ia solutions are also the lowest­
temperature meta llic liquids. and have the 

lowest densities known for any non-cryo­

genic liquid [1] . 

Metal-a mmon ia sys tems have been well 

characteri sed by thermodynamic. trans­
po1·t. spectroscop ic and computational 

techniques 11. 21. However. interp re ta­
tion of th ese results is impeded by th e 
dea rth of higl1- reso lu tion structura l clata 

[3]. Thi s is in part a consequence of the 
immense challenge posed by th e sa mple 

prepara tion: the solutions are metastable: 
th ey react with almost anything. includ­

ing go ld' 

In thi s work. we have conquered Lil e 
cxperim enla l challenges associated with 

the sample prepara tion. and are ab le to 
report high-resolution structural data for 
. a tu rated meLallic li thium-ammon ia so lu­

Lions 14]. Indeed. the logist ics of this 
experim ent made it, arguabl y. Lile most 
complicated ever Lo be performed during 
the las t 10 years on the 04 instrument aL 

L11 e ILL. The so lution sa mples were made 
in situ at th e beam line. ancl Lile technique 
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Figure I : The first artier clilfcrencc functions 11,p;) and 
11,(k) for saturated metallic lithium-ammonia solutions 
at 235 K. The measured clata points are given by the 
error bars and the solid line is the back-Fourier 
transform. obtainrcl from the solicl line in fi gure 2. 

Alka li metal s di sso lve readi ly in liquid 
ammonia without chemi ca l reac tion. pro­

ducing so lu tions that have been t11 e sub­
ject of numerou s experim ental and theo­
retical inves tiga tions [1]. This is primar­

ily clue Lo their fasc inating electronic prop­
erties. being eil11er metallic or non-meta l­
lic depending on Lempera turf' ancl alka li 
ca tion concentration. F'or example. the 

meta llic solu tions stud ied here. compris­
ing completely solva ted Li+ cations and 

cle localisecl excess elec trons. l1 ave elec­
u•ica l conductivities exceeding t11 ose of 
liquid mercury aL room Lf'mperaLure. Alka li-

of iso tope substitution in neutron cl iffrac- c 
Lion was employee!. This technique exploits g 
the contrast in th e neutron sca ttering 
lengths found for different iso topes or a 
parti cular spec ies. e.g. £i Li/ 11a1Li and 
na, ;1 ° . Therefore by performing neutron 

diffrac tion experim ents on sa mpl es that 
are identica l apart from the isotopic com­

position of a panicular spec ies. Llie sub­
traction of Lil e measured tota l structure 
factors yielcls difference runctions con­
taining information about Lile microsco pic 
sLructural environment of the subs tituted 
species [ 41. 
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Figure 2: Th e rea l spacr partial pair distribution 
functions 11G,,,(r) and !1G,(r) for the sa turated metal­
lic lithium-ammonia solutions al 235 K (shiflecl ver­
ti ca lly for clarity). 



Figure I shows Lhe first-order di ffe rence 
functions !!1,,(k) ancl fl ,1(k) measured aL 
235 K. I lere. we note th e presence of a 
pre- pea k aL approximately 1 A- 1 in both 

claLa se ts. Thi s ind ica tes immediately 
Lh aL inl crm ediaLe range ordering is pre­
sent in th e so lutions. having a co nLribu­
Li on from boLl1 Li+- and -cen tree! co rre­

lations and therefore consistent with con­
tact between ammonia and so lva ted 
liL11ium ions. 

Th e rea l-s pace fun cti ons of fi gure 2 

correspond 10 llw data sets pr'ese nted 
in fi gure I . ancl arr propo rti onal Lo Ll1e 
probab ili ty of findin g a spec ies ·y 

arn un cl th e sub Litutecl spec ies. Th e 

rea l-s pace parL ial pair di str ibuti on 
t! G1,(r) is cliaracLcrised by two intense 
ove rl appi ng peaks at 2. 06(2) and 
2.64(2) . Tl1 c. e features are ass igned 
Lo co r re lat ions be twee n the lill1ium 

ca tions and so lvent molecules (ni trogen 
ancl hyclrogc n. respec ti ve ly) . yielding 

an ave rage of 3.5 amm onia molec ule 
so lva ting Lhc Li+ ca tions. IL should be 
noted Lh aL th e ammo ni a molec ules 
clirec t th eir cli r> ole moments away from 

th e ca ti on. and are un distorted rela­
ti ve Lo Lhose or th e pure so lvent. Th e 
presence of th e broa d in term olecular 

N- peak centred aL 3.40(3) A in t! Cv( r) 
confirm s th at Lh e Li+ ca ti on so lvaL ion 
is based upon a clislOrled tetrahedral 

geometry. i. e. t\ _, / r1.,., = 1.65. Th ese 
da La for r,, ,. 1 sl1 ows Lh a L th e elec trons 
are cli soc iaLe cl from the ca tion. in the 
fi rs t olvaL ion shell. 

Figure 3 de pi cts a snapshot of the 
arrangement or ions and molecules in 
me tallic li thium-ammonia solutions. The 
ex traordin aril y low densi ty is clea rl y 
vis ible. clue Lo the presence of exces 
dc locali sed elec trons in so lu tion. Note 
Lhe ca tions lying at the cente rs of th e 
distorted te trahedra l solva tion shells of 

ammonia molecules. 

: : ' 
Liquids and Glasses 

The l1igh stability or Lhe cleLeCL0 l'S or Lhe D4 
instrum ent proved inva luable Lo the suc­
cess of this experiment. which aga in higl1-
lighLecl Lhe importa nce of Lhe iso tope sub­
stitution techn ique in neutron sca LLering Lo 
obta in specific structu ra l information or cli s­
orclerecl materials [4] . The present obser­
va tions will help guide Lhe development of 

structural model u eel in computer sim­
ulations for this class or non-aqueous so lu-

sc en r: highlights 

Lions [2]. Thi s experiment was a pre-cur­

sor LO neutron diffrac tion studies of clilule 
nonmetall ic lith ium-ammonia solutions. 
recenlly ca rr ied out on Lhe upgraded ve r­
sion of the D4 instrument: D4C. The com­
bined results should help shed light on the 
mechanisms of the fascinating metal-non­
meta l transition exhibited by these exotic 
so lutions on the temperature-concentra­

tion phase diagram. ■ 

Figure :1: /I snapshot of thr systl'm at 21 mole percent metal presented for visualisation purposes. It is ta ken from 
a classica l Monte Carlo simulation or litl1ium rations in ammonia at 235 K. The lithium ca tions. nit l'Ogcn and hycl l'O· 
gen atoms □ I'(' denoted by Lhc l'('d. gl'('cn and hluc circles respectively in the box or dimensions 16 x 16 x 16 3. 
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Influence of the interface 
for the structural ordering in sheared liquids 
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• H. ZABEL ( RUHR UNIVERSITY, BOCH UM) 

• B. FRICK (ILL) 

Neutrons are characterised by a very 

large penetrating power through 

many materials used in engineering 

sciences. As such they are a power­

fu l tool for in-situ investigations 

under complex sample environments. 

A special shear device for neutron 

reflectivity measurements has been 

developed to investigate the adhe­

sion properties of sheared liquids to 

different solid interfaces. Neutron 
reflectrometry experiments have 

shown that sheared polymer solu­

tions exhibit distinct wetting 

behaviour on coated silicon wafers 
and characteristic structural changes 

in the bulk. 

Lubr ication has been a long stand ing 
problem in phys ics with important in­
dustrial implications. It is estimated that 
about 6% of the gross national product or 
the United States are was ted due to fri c­
tion and wear [ 1). Therefore a better 
understand ing of lubrication processes 
is strongly desirable. In thi context. neu­

trons may come to play a particular role 
beca u e or thei r high penetra tion power 
for many engineering materials making it 
possible Lo investigate samples in-silU 
even if they are conta ined in heavy and 
complex environments such a shear 
ce lls. Additionally. the high scattering 
cross sec tion of hydrogen. found in prac-

ti ca lly every liquid lu bri ca nt. eases a 

study of such samples. F'ollowing th ese 
lines. it has been shown tha t the macro­
scopic flow of sheared liquid can be well 
explored by neutron backscattering. Dis­
tinguished ve locity distr ibutions of th e 
macroscopic flow have been found for 
different inlerfaces [2. 3). To allow For a 

clo er inspec tion or thi important region 
of th e solid/liquid interface, a shear cell 

has been constructed which meets the 
pecial requirements of neutron refl ec­

tivi ty instruments. The cell shown in fig­
ure 1 during an experim ent at ADAM can 

be used in any orientation, either hor i­
zonta l or vert ica l. The plate-plate shea r 

device is sealed by a sta ndard radial shaft 
packing. consisting of Viton and an 
O-ring. making an operation poss ible for 

shear rates up to 5000 s·1 and for tem­
peratures between 10 and 80 °C. The 

fi xed disk of the shear device is made by 
an interchangea ble hydrophilic or 
hydrophobic coa ted polished silicon wafer 

(Lo the standards of the semiconductor 
industry) with a thickness of 1 ·1 mm. eu­

trons proceed through thi wa fer rrom 
one edge to the interface where they get 

re flec ted back into 
the wafer exi Ling at 

th e opposite edge 
before they finally 
reach th e detec tor 
(figure I ). The path 
length of th e neu­
trons in the silicon 

is about 200 mm 
which results in a 
modes t reduction 
of flux (a bso rption 
coe ffi cient in sil i­

con i about 0.025 
cm·1). 

Figure I : Shear device designed For neutron reflectivity studies mounted at ADAM. The 
white arrow mark the neutron path way. 

An experiment has 
been performed on 
EVA with this shear 
device to in ve Li­
ga te the in terrace 
propert ies of a 
so lu tion of the 
polymer P85 (33% 
in weight). It con­
sists or a poly­
propylene core (hy­
drophobic ror tern -
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Figurc 2: Contour maps or the intensity for a sa mple of a 33% (in weight) so lution or P85 in deuteratecl water as 
a [unction or lhP incident and exit angle. Data for the inlcrrace wilh a hydrophilic and a hydro1ihobic coaled sili­
con wafer are sh0\\11 lell and right. rrspectivcly. The Lop and bottom panels are \lithoul shear and sheared at 2500 s·1 

at a temperature of 18 •r.. The Bragg sheet representing structural ordering in Lhc bu lk medium become enhanced 
under shrar for lhc h~dm1ih ilic disk while it is diminished ror Lhe hydrophobic dis~. 

pera turc alJo e 15 °C) with polyeth -
lenr rnd groups (hydrophi lic in the inves­
tigated tempel'ature range) . Structural 

properti es or thi sa mple have ex ten-
ivcly been studied by Sma ll Angle eu­

tron Scatt ring (SA S) and dirrerent 
pha. c·s reaching from unimers to lam­
melar llave been round depending on tern ­
I eratur . pol ymer concentration and 
sll ea r 14] . Th e sca ttering lengtll density 
or P85 (0.44 - ·10-1, J..-i ) is very diFrerent to 

tllat or deuterated water (5.77 . 10-t, A-2) 

and of silicon (2. l - 1 o~, A-l) yielding a good 

contrast betw en tile components. In thi s 

measurement the polymer concentration 
right at the surra c. as deduced rrom th e 
angle of total refl ection . was found Lo 
var dramatically between 12 and 52 % 
for cliff rent shea r rates and temp ra­
LUres 13]. s a perllap even more Lrik­
ing result we find that th e e changes at 
Lh interface influence Lrongly the ·truc­
ture deeper in the bulk or the med ium. 

Figure 2 how a contour map of th e 
intensity as a function of th e incid nl and 
exit angle ror the hydrophilic as wel l as 

for the hydrophobic coated Si-d isc at a 
temperature or 18 °c. A Bragg refl ec tion 
ca used by structural ordering in the bulk 
medium. which is already vi ible without 

shea r. becomes more pronounced when 
sllea ring the ample aga in ta hydrophilic 
cli ·c. Witll a ll yd rophob ic disk. the situa­
tion i rever eel with til e Bragg refl ec­
tion becoming les, pronouncecl uncler 

shea r. At a lligher tem 1 era tu re of 73 °c. 
tll is Bragg refl ec tion vani l1 es completely 
in th e hydrophobic case wh erea with 
Lhe ll yclrophilic oated di C th Bragg 
peak remain at nea rly the ·a me str ngth 
irre pective of temperature [3]. 

Thi demonstrate a trong re lationship 
between the stru ctural ordering in the 
bulk or a liquid and Lile proper tie or the 
solid/ liquid interface l ayer. ■ 
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Model biological membranes 
supported in anisotropic microporous alumina 

• 0 . MARCHAL ( UNIVERSITY PAR IS VII ) 
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Biological membranes encapsulate 
cells and structures within cells and 
play a major role in living processes 
like enzymatic catalysis involving 
insoluble compounds (lipophilic sub· 
strates and co-enzymes, membrane 
proteins). They also play a key func­
tion of selectivt transfer between com· 
partments, e.g. between extracellular 
liquids and the cytoplasm, the cyto­
plasm and the nucleus. They consist of 
a fluid hydrophobic layer made of 
self-organised lipids, sugars, proteins, 
and complex macromolecules such as 
glycolipids and glycoproteins. Some 
of these complex macromolecules also 
contribute to specific recognition pro­
ctsses, others are responsible for the 
specific binding of soluble proteins 
of the cytoskeleton. In both cases they 
participate to the membrane stability 
and to its dynamic. 

Because of the tructural complexity of 
their environment. these membrane pro­
cesse are not ea y to study. Therefor . 
there is a general attempt to make simple 
model of the membrane that specifica lly 

simulat the conditions of a reaction or 
the environment uit.able for the Labilit 
of a given mol cular structure. Here. the 
reaction of intere t i involved in bacterial 
respiration - in which the enzyme pyruvatc 
oxidase ca rri es out the ca t.aly is of its sub-
tratc. pyruvatc. with the help of a coen­

zymc. quinon 08. Thi s ·redox· reac tion 
invo lves the tran fer or electrons and the 

gold layer aluminium oxide 

(c) 
2 (HTI 3 (HTI 

genera l aim or thi work i to understand 
the precise mechanism and kinetic by 
which this occurs in a 2-dimensionnal 
medium. To study the cat.a ly i reaction by 
following the ·redox reaction·. a bilayer 

confined in porou s alumina i placed in 
cont.act wilh a gold electrode which can sup­

ply electron for the reaction . Th enzyme 
i then attach d LO the lipid layer inside the 
pore and the coenzyme commutes between 
the enzyme and the golcVa lumina interface 
by lateral diffusion in the membrane - as 
shown in figure 1. An important prerequi­
site for the study of such a reaction is a 
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Figure I : Front view (a) and Ide view (b) or a 60 µm 
thick alumina membrane. and {c) a detail or the 
microporous electrode II ed to inve ·ligate rata l}tlc 
kinetics or rcdox membrane enzyme . 

careru l characLerisation of the olid urface 
that upport the molecular cir-as cmbly 
and of the assembly itself. The model mem­
brane u ed is a hybrid bilayer that consi t 
of a layer of a long-chain hydrophobic mate­
rial (oct.adecyltrichlorosilane. OTS). chem­
ica lly bound to porous alumina (aluminium 
oxide. Al 203). on top of which a econd 
layer is added by fu sion of small un ilamel­
lar ve icles (1.2-diacyl- n-glycero-3-pho -

phocholine. DMPC). 

In the pre ent report. Smal l-Angle eu tron 
Scattering (SANS) is shown to be a unique 
tool to characterise the confined H brid 
Bilayer Membrane (H BM) at the interface 
between alumina and water (figure 1a and 
1 b) . Indeed. SANS i the only technique that 

allows the in ilu study of thi interface at 
different contra t . starting from bar alu­
mina and proceeding step by step. a the 

complexity of the biomimetic selr-a em­
bly increases. 

Mea urements were performed at the 
in truments D11. D22 and D16. Figure 
2a shows the scatter ing or a membrane­
frec. 60 µm thick. alumina support wet by 



pure D20. The thin 
alumina sheets are 
in the coaxia I ori­
entation. that is 
with their pores 
oriented parallel to 
th e bea m axis. A 
perrec t 0-1 decay or 
the in ten ity is pro­
duced by the po­
rou s material indi­
cating a perrectly 
mooth interra ce. 
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Figure 2: mall-angle neutron cattering by bare porou alumina (a) . the O'I -grafted alumina (b) and lhe full membrane (c). The solid lines are lit 
to the data according to equation I which implilic to a inglc Porod term in (a) and a nat membrane form factor in (c) (equation 2) . The in ert.~ 
how the corresponding cattcring length density profile . In (a) the lit showing a pcrfecll sharp interface i compared to the imulalion of a rough 

interface with 5 roughnes . In (c) the lit lo the data in the regime delimited by the arrows yields a roughnc s or 6 A. It is compared to a simula­
tion or a sharp interface (dots) and to a rough interface with 10 1 roughness. 

Porod regime ob erved ror this material. 
The dashed line is a simulation or the Porod 
law ca lculated with the same parameters 
plus a gauss ian roughness of 5 . 

F'igure 2b shows the scattering of the OTS 
lay r chemica lly bound to the alumina and 

1 wet by deuterated methanol (CD30D) giv-
, ing th e contrast shown in the in sert. Here 

again. thanks to the high specific area or 
alumina ancl Lo the contrast. SANS data 
have been co llec ted over an exceptionally 
wide Q-range (6x10--1 - 0.5 A- 1) which cov­
er th e trucLUre or the oxide at large 
ca le. the Porod regime (leading the total 

membrane area L). and the membrane 
rorm factor. r presenting a range or 9 
decades in intensity. I lere. the intensity is 
the sum or the material scattering (the 0-1 
decay shown in figure 2a) and that or the 
film cattering (Q-2 decay followed by oscil­
lations). Th solid line is a fit to the data 
in the q-range of interest ror the OTS layer 
using the relation: 

1(0) = [ 2itL(Apd 2 ~4 + ( 1 ) 

2itL(Ap2_3) 2 ~ 4 (1-cos02t) -

4nI (Ap1.3)(Ap2_3) i4 (1-cos02t) ]ea2o~ 

where t is the membrane thickne s. Ap 13. 

Ap 12 and t.p2_3 are the so lid-solvent. solid­
film and film- olvent contrast . In the par­
ticular case where the two ide or the film 
are matched to one another. that i the solid 

and water. Ap u = 0 and th Porod and 
cro s contribution (re pectively 1 s, and 3ro 
term) vani h both. Equation I th n ·im­
pliries to the sca ttering or a rreely sus­
pencted film: 

The fit to the data yield a nlm thickness 
t = 24 and a roughne o = 2.5 . 
F'inall . the scattering or the H brid Bilayer 
M mbrane is shown figur 2c. Here the 
contrast or the alumina and or the solvent 
are matched to one another. Thu the scat­
tering results rrom the film scauering only 
characteri sed by a perrec t Q·2 decay rol­
lowed by the oscillations of the membrane 
rorm ractor (equation 2). A fit to the data 
yield the membrane thickne (44 ). the 
membrane roughne (6 ) and iL average 
cattering length den ity (-0.4x10-6 -2). 

1\vo simulations with a perrecll sharp 
interrace (do ts) and 10 roughness 
(dashes). show the sensitivity or the wide­
angle signal to Lhi parameter. 

Thi new approach in the characteri sa tion 
by SA S or a supported membrane in a 
porou material provides information on 
the homogeneity. the speciric area. the 
roughness. the thickness and the density 
or the membrane. HBMs are the first tep 
in the study or fully reconstituted phos­
pholipid membranes loosely bound to their 
support. Th ey are compatible with th e 
electrochemica l detection method via the 
coupling to the gold electrode. The next step 
is to ca rry out similar but more difficult 
experiments on a pure lipid bilayer which 
is more rluid and not directly attached to 
the alumina but more like a real biologi­
ca l membrane. Eventually we hope to 
incorporate a membrane enzyme and study 
the whole ystem in situ with SA S. Thi. 
will mean deuterating the enzyme - a dir­
ncult task that wi ll require specia l prepa­
ration facilities but will be an exc iting 
challenge for the ruture. ■ 
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Super-cooled water flows at 200 K 
between biological membranes 

• M. WEIK ( IBS GRENOBLE ) 
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AND MPI FUR BIOCHEMIE, MARTINSRIED ) 
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Confined water is of considerable 
current interest owing to its impli· 
cation in biology, food and earth sci­
ence. It can be studied in its amor­
phous or super-cooled state in the 
temperature range 150 K - z35 K, in 
which bulk water crystallises. A neu· 
tron diffraction study on D16 of flash­
cooled amorphous solid deuterium 
oxide (D,O) confined in stacks of 
native biological membranes showed 
that, upon heating to 200 K, the water 
adopts liquid-like behaviour and 
flows out of the inter-membrane 
space. Since this temperature is close 
to the one where protein motions 

display dynamical transitions, these 

results will contribute to the under­

standing of protein-water dynamical 

interactions. 

The behaviour of water confined Lo biologi­
ca l or mineral structures is of considerable 
current interest owing Lo its implication in 

biology. food and earth science. It is also 
important for a fundamental understanding 
of water because iL can be studied in its 

amorphous or super-cooled state in a tem­
perature range in which bulk water crys­

tallises. Waler can be in a super-cooled. liq­
uid stale al temperatures below 0 °C if crys­
tallisation is prevented. but necessari ly crys­
ta lli ses inLo ordinary hexagona l ice when 

approachi ng 235 K. al atmospheric pres­
sure [1 1. If the temperature is lowered rapidly 

(flash-cooling) Lo below e.g. 100 K, amor­

phou ice is formed with a strucLUre similar 

to liquid water. but with infinite viscosity 

12 J. Amorphous bu lk water undergoes a glass 
transition upon heating Lo 136 K. where the 
molecules gain mobility. Subsequent warm­
ing lead Lo crysta llisa tion al about 150 K. 

Experimental studies on super-cooled bulk 
water in Lhe temperature range between 
150 and 235 K. Lhe so-ca lled· o-man·s land· 

121. are therefore quasi-impos ible . 

The study of confined water allows to enter 
the· o-man·s land· experimentally. because 

interactions with Lhe confin ing medium pre­

vent crystallisation [3]. Water confined Lo bio­
logica l structures is an import.ant subject or 

study because of its importance for biolog­
ica l processes and for cryo-prescrvalion or 
Li sues. Purple membranes (PM) are part or 

the cell membranes of cet'tain organism U1aL 
l ive in very high sa lt conditions such as 
sa lterns or the Dead Sea. Their structure and 
hydration-dependent dynamics have been 

extensively characterised. including by neu­
tron diffraction and scattering (reviewed in 
141 ). and they represent an excellent oppor­

tunity Lo study the behaviour of water con­
fined Lo biological membranes. Drying a sus­
pension or PM fragments leads to a ·tack­

ing. the spacing of which can be varied from 
49 A (the thickness of the dry membrane. i.e. 
no inter-membrane water) up Lo 69 A (that 

is 20 A or water between adjacent membrane 
fragments) by equilibration under different 
ambient relative humidity. Slowly lowering 
Lhe tempera ture or a hydrated stack or PM 

below 0 °C l1as been shown Lo result in 
super-cooling of Lhe confined water and a 
subsequent dehydration when water leaves 
the inter-memlwane space Lo crysLall ise 
ouLsidc Lhe slack of membranes [51. Amin-

imal spacing of 54 A has indicaLed that 

about Lwo layers of water remained in the 
inter-membrane space. each in direct con­
t.act with a membrane surface. The experi­
ments described here show thaL more in ter­

membrane water can be Lrapped in an amor­
phous stale by rapid flash-cooling and that 
it displays liquid-like behaviour upon warm­

ing aL 200 K. 

Plash-cooling PM stacks by rapid plunging 
inLo liqu id nitrogen leads Lo a decrease in 

lamellar spacing Lo - 58 A- that is 3-4 lay­
ers or water in beLween ad jacent mem­
branes - irrespective of the iniLia l value 

deLerm ined aL room temperaLurc LhaL 
ranged from 59 Lo 69 A and Lo concom it.anL 
formaLion of cubic ice. The cl ecrease is 

auribuLed to the now of water ouL or Lhe 
inLer-membrane space. where crystall isa­
tion is hampered. towards less confined 
regions in the sample. where it can crys­
tallise. The Fact LhaL only 3-4 water layers 
(that is two 'firsL hydration layers· in direcL 

contact wilh the membrane surface and 1-
2 ·second hydration layers') can be viLrified 
al the coo ling rates employed in our exper­

iments is in line wiLh observaLions that the 
water mobility increases abru pLly beyond 
the second hydration shell. Upon slow­
hea ling Lhe lamellar spacing remains con­

stant up to 200 Kand decreases abruptly 
upon further hea ling LO reach a minimum 

va lue of 54 A (corresponding Lo abouL 2 
water layers) at 260 K (figure 1 ). Con­
comitanLly. hea ling from 200 Lo 260 K. 
leads Lo a const.anL increase in intensity or 

diffracLion originating from cubic ice. Above 
260 K Lhe lamellar spacing increases aga in 
and reaches at 280 K the ini tial va lue deter­
mined at room Lemperature prior to flash­
cooling. AL - 260 K cubic ice re-crysta lli ses 
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Figure I : Lamcllar spacings or stacks or purple mem­
branes as a function of tempera ture. Closed circles 
show Lhe lamellar spacing aller nash-cooling upon 
healing from I 00 to 300 K. open squares represent the 
one during subsequent slow-cooling from 300 to I 20 K. 
Errors in lamellar spacing were estimated to be about 
0.2 A. The time interval between successive data points 
was about 28 min. 

inlD hexagonal ice which melts upon further 

hea ling as seen by vanishing diffraction 
intensity. It can be concluded that water 
beyond the first hydration layer displays liq­
uid-like behaviour at 200 K. It is the pre­
vention of crys tallisa tion by the 1 D-con­
finement that drives water out of the inter­
membrane space. which. in turn. represents 

a direc t proo f for long-range translational 
diffu sion in the 'No-man's land· . 

Upon slow-cooling inter-membrane water 
becomes super-cooled (figure 1) as already 
has been reported [5] yet the abrupt change 
in lamellar spacing at 200 K wa s not 
reversible. In order to gain insight into the 
relaxa tion Limes involved the temperature 
was increased stepwise after flash-cooling 
with sufficiently long Lime in terva ls at con-
tant temperature so as ID allow the lamel­

lar spacing to become stable (figure 2). 
Dehydration or the flash-cooled membrane 
stacks above 200 Kand rehydration above 

260 K are processes that seem ID involve the 
same intermediate spacings. viz. 54.5 (cor­
respond ing to about 2 water layers) ancl 
56.5- 57 A (corresponding to about 3 water 
layer ). This indica tes that individual inter-

, '' :. 

membrane water layers di play differential 
dynamica l characteri ties, which translates 
in to differential glass transition and crys­
tallisa tion temperatures. Dehydration is a 
slow process with relaxa tion Limes between 
67 and 105 min depending on the temper­
ature. whereas rehydration is instantaneous 
on the Lime scale or our experiments (about 
30 min per data point in figures 1 - 3). 

One might object that the sudden decrease 
in lamellar spacing at 200 K may not be due 
to a decrea e in the thickness of the inter­
membrane water layer but rather be a con­
sequence or a structural change wilhin the 

membrane plane which could affect the 
lamellar spacing as well. This was ruled out 
by observing the temperature-dependence 
of the in-plane unit cell parameter a of the 
two-dimensional hexagonal PM lattice, wh ich 
does not display a udden change at 200 K 
(figure 3). In fact. the temperature depen­
dence or the unit ce ll parameter a is strik­
ingly reminiscent or the one displayed by the 
dynamics or thermal motions in PM as mea­
sured by elastic incoherent neutron sca t­
tering. both showing a transition at about 230 

- 240 K 14]. This suggests that the onse t of 
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Figure 2: Lamellar pacing (closed circles) or nash­
cooled stacks of purple membrane as a function of 
experimental time. 'l11e temperature (open squares) was 
increased stepwi e from I 00 Lo 300 Kaller nash-cool­
ing. Errors in lamellar sIiac lng were eslimate!I to be 
about 0.2 A. The time interval between success ive 
data point was about 29 min. 
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Figure 3: nit cell parameter a or the two-dimen­
sional P 1 lallice as a function of temperature. Closed 
squares show a after nash-cooling upon healing from 
I 00 to 300 K. The error in a was estimated to corre­
spond to approx. 0. I A. The time interval between suc­
ces ive data points was about 28 min. 

liquid- like behaviour of the second hydration 
layers does not trigger directly the dynam­
ica l transition in the membrane. 

In summary. we addres ed the behaviou r of 

amorphous water confined to thin films by 
native biologica l membranes. The second 
hydration layers showed long-range trans­
lational diffusion upon hea ting at 200 K as 

seen by a clecrease in lamellar spacing. 
which is attributed Lo draining of water 
molecules from the in ter-mem()rane space. 
This showed that amorphous water con­
fined to one dimen ion by biological mem­
branes transforms in ID an ultra-viscous liq­
uid above its glass transition prior to crys­
tallisa tion. Our result showed that the glass 
transition or the second hydration shell 
does not occur at the same temperature as 
the dynamica l transition or the membrane. 
which may contribute to the understanding 
of the coupling between solvent and protein 
dynamic . ■ 
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Dewetting of model membranes 
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Multllamellar bilayers of the neutral 
lipid dimyristoyl phosphatidilcholine 
(OMPC} deposited on solid substrates, 
were found to become unstable upon 
hydr tion. Both neutron reflectivity 
and atomic force microscopy were 
used to study these assemblies 
formtd by less than ten bilayer spin· 
coated on hydrophilic silicon wafers, 
both alone and in presence of the 
peptide Al methicin. 

Lipid bilayers have attracted th intcre l 
or physici t ror many years and have been 
exten. ively studied with the aim to under­
stand the behaviour or cell membranes [ 1 J. 
The most common model ystems consist 
or mulLilamellar ve icles in aqueous 
med ium. stacked bilayers in controlled 
humidity environment, monolayers on the 

liquid urface and single bilayers on solid 
ubstrate . All or these systems have advan-

Figure 2: Picture or the D 16 humidity chamber. 

tages and drawbacks and the ·earch ror a 

rull sati fying model is Lill in progress. 
Stacked mullibilayers have the disadvan­
tage that it i difficult Lo prepare them in 

rully hydrated medium and only an average 
or the behaviour of the thousands bilayers 

10 

0.1 

0.001 

i determined. Single ad orbed bilayers 
interact strongly with the sub trate . 
Saldittand co-workers have ucceed din the 
preparation or only few lipid bilayers. typically 
less than ten. on ilicon wafers and started 
Lheir characterisation with X-rays [2]. Those 
y tern are such that the characteristics or 

each bilayer may be determined alone by 
technique able ID give structural details in the , 
A scale like specu lar and off-specular reflec­
tivity. The depo ition is made at room tem­
perature by spin coating (figure 1 ). 
I lere. resu lts are presented from this new 
membrane model 13] as well as of Lhe inter­
action of DMPC bi layers with the anti-micro­
bial peptide Alameth icin. nlike the conven­
tional an tibiotics Lhat have spccil'ic protein tar­
gets. antimicrobia l peplicles like Alamethicin 
have been hown to exert Lheir activity directly 
on the lipid bila er of the cellular membrane. 
i'~xtensivc in vitro and in vivo tudies have 
c, tabli hed that binding or pep Lide monomers 
to the surface of the target ce lls causes dis­
ruption. pcrmealJ il isaLion or disintegration 

,.,. 
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Flgurr I : Schematic representation or sa mple preparation by sri in coa ling. A is a 
drop or solution containing the lipids or lipids+pcptide: 13 is the silicon wafer: C thr 
spin coating device: D the deposited bilayers. 

Figurr 3: Neutnin renerlivily riroliles and best lils of !laLa from a sample formed by 
d-54 DMPC in 11 20 water vapouI· (reel points and line): and a sa mple formed by 
d-54 IH 1PC and Alamethicin in the rat io P/1.= 1/1 O in 1120 wa ter vapour (black 
points and line). In the insrrL~ are the corrcspon!ling scattering length density pro­
mes from the models used Lo lit the data. 
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Figure 4: Optica l microscopy image of a d-54 DMPC 
sample l'ully hydraLed at 45 ·c. 

of cyLoplasmic membranes. The primary 
mechanism by which bacLeria are ki lled has 
noL been clarified because or Lhe currenL lack 
of understanding of lipicVpepLide inLeractions. 

Specular neutron reflecLivity measurements 
were taken From samples made from several 
isotopic composiLions of DMPC. in - 100% 
relaLive humidiLy and tempera Lu re of 45 °Con 

2" diameter silicon wafers. Samples containing 
Alamethicin in the pepLide/l ipid molar raLios 
(P/L) of 1/200. 1/100. 1/25 and 1/10 wel'e also 

measured. Data were collected on the small 
angle diffractometer D1 6 specially adapted ror 
reflectiviLy measurements [4]. Samples were 
hydraLed in Lhe humidity chamber shown in 
figure 2 [5]. ReflecLivity data were analysed by 

model fiLLing using the opLical matrix formula­
Lion of reflectivity [6]. lwo or the measured 
reflectivity profiles are shown in Figure 3. one 

is a sample made of chain deuteraLed DMPC 
(from now on referred to as d-54 DMPC) in Hp 
vapour and the other is from a sample made 
by deuLeraLed DMPC and Alamethicin wi th 

P/L= 10. Inserts show Lhe scattering length 
density profiles obtained fmm the best fi ts Lo 

the data. While in the case or pure bilayers there 
is a decrease in the layer densiLies as the sys­
tem gets further away from the substrate. 
when Alamethicin is present. the lowering or 
density is constant for all layers afLer the one 
adjacent to the substrate. o in-plane infor­
mation is avai lable rrom these data. 

Atomic F'orce Measurements (AF'M) were addi­
tionally perfmmed to determine the in plane fea­
tures of the surface. F' igure 4 shows an optical 

: '' 
B1ology 

microscopy image and figure 5 shows AF'M 
images of fully hydrated bilayers in the flu id 
phase with and without Alameth icin . In all 
cases. the presence of a high percentage of holes 
on the surface is observed. with very thick 
islands appearing on parts of the surface. While 

in the case or pure bilayers one can observe the ~ 

formation of steps with quantity of material 

decreasing further away fmm the substrate. in 
O.I 

the presence of a big amount Alamethicin the 

diameter of the holes stays constant along the 
depLh except for the fact that the l'irst bilayer 
covers a bigger part or the surface. 
Tl1e AF'M measurements showed also that 
while before hydraLion pure DMPC samples 
were relaLively uniform with a few hole of 

diameter 2 to 6 mm and depth or 130 to 
330 A. hydration led to dewetting and Lile phe-

0.0 

, m 

nomena was faster aL 45 ·c. that is above the " 
gel to Fluid phase Lransition (thaL occurs ., 
around 23 °C), than at 20 °C. just below the 

transiLion. In the presence or peptide. already '·' 
at 20°C hydration leads to a considerable 

0,0 

amoun t or dewetted surface suggesLing that 
probably the transition temperature is lower 

for Lile mixture. Moreover. the system appears 
stable after less than 4 hours while many more 
hours are needed when Lhe lipids are alone. 
The paLLerns observed on the dewetted sur­

faces are very similar Lo those observed on 
the dewetted surface or liquid crysta l films 

A 

'"" 
[71 and in terpreted by spinodal dewetting. ''°" 
that is flucLuaLion induced dewetting. We 900 

suggest that the observed dewetting may .,. 
have the same origin . due to the presence 
of the solicVl iquid and liquicVair interfaces 0 

which reduce the Fluctuations and change Lhe 
equil ibrium distance between the layers [8]. 

Both the reflecLivity and AF'M data for the 
sa mples at high peptide content are consis-

tenL with an assembly of Alamethicin around 
the wa lls of the holes as a preferred configu­
ration with respect to the peptide inserted, 
for example. in the lipid headgroups. IL may 
be considered as a further confirmation of the 
facL LhaL at high P/L ratios Alamethicin sta-
bili es pores in the cell membrane which are 

believed to cause the dea th or L11e cell [9J. ■ 
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Figure 5: AFM images from (a) a sample formed lly 
d-54 DMPC in H20 water vapour in the nuid phase: 
(b) a sample formed by d-54 DMPC and Alamelhicin 
in the ralio P/L= l / 100 in H20 water vapour: and (c) 
a sample formed by d-54 DMPC and Alamelhicin in 
the ratio P/L= 1/25 in 1·120 waler vapour. 
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The deuteration laboratory 
a new user facility 

• M. HAERTLEIN, J.B. ARTERO, V.T. FORS YTH, 

I. PARROT AND P.A. TIMMINS ( ILL) 

• M.TH. DAUVERGN E, F. M EILLEUR, D.A. M YLES 

( EMBL) 

Why deuteration ? 
Neutron scattering experiments 

provide important Information in 
structural biology that is not acces· 

sible by X-ray scattering alone. At 
low resolution the contrast variation 

technique is particularly powerful 
both in solution and in crystals. In 
its simplest form it can be per­

formed by varying the H10/D20 con­
tent of the solvent to match alter­
nately protein, nucleic acids, or 
lipids. However, if deuterium 

labelling of the constituent macro· 
molecules is available, much more 
sophisticated experiments can be 

carried out. It becomes, for exam­
ple, possible to investigate the 

shape of a single labelled protein 
within a multi-subunit protein com­

plex or to measure the distance 
between two labelled sub-units 
within a complex. At medium to 
high resolution, the ability to deter­

mine and distinguish H/D positions 

in membranes, fibres and single 
crystals provides unique informa· 
tion and insight into catalysis, pro­
tein-ligand interactions and the 
protein-solvent interface. 

A dedicated laboratory for deuteration 

Although the benefi ts of sample deute­
ration have been widely appreciated for 
some time. it has never been easy for 
individual biologists to deuterate th eir 
sys tems in a routine way th at allows 
bes t use to be made or va luable centra l 
facil ity resources. The expertise requ ired 
i rath er spec iali sed and individu al 
requirements va ry quite considerably. 
Th e deve lopment of a deuteration labo­
ratory wi thin the infras tructure of the ILL 
and the EM BL Outstation will have a 

Fermentation equipment in the Deuteration Laboratory 

68 

critical impact on the quality and speed 
of neutron experiments. in protein crys­
tallography, fibre diffraction. small-angle 
sca tterin g and inela sti c scattering, 

1 

and will bring new science to the ILL in 
each of th ese areas. Access to the lab­
oratory is open to all use rs (and poten­
tial users) of the ILL's neutron sca tter­
ing facili ties by way of a proposal sys tem 
(detailed inform ation ca n be found on 
the ILL web site at http://www.ill.fr/ 
pages/sc ience/Li ser/U Proposal s. html ). 



Preparation of deuterated 
biological samples 

Deuterated macromol ecul es such as 
proteins and nucleic acids can be iso­
lated from micro-organi sms grown in a 
D20-containing medium. Recombinant 
D A technology including bacterial and 
yeast expression sys tems are often used 
when large quantiti es or a deuterated 
materia l are needed. Before the expres­
sion system ca n be used to produce 
deuterated macromol ecules th e host 
organism ha s to be adapted to growth in 
100% D20. 

The use or a bioreactor (fermentor) allow­
ing the control of parameters such as 
aeration. pH. red rate etc. is important to 
obtain high cell density cu!Lures. Given the 
high costs for deuterated ca rbon sources 
(glucose, succinate. glycerol) and D20, 
fermentors are an essential piece of equip­

ment in the dcuteration lab because they 
allow to obtain high yields of biomass per 
volume of culture. 

, '' : . 
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Laboratory activities 

Th e laboratory is currently focussing on 
developing methods for both per- and 
selective deu teration. 

Perdeuteration of proteins 
and DNA expressed in E.coli 

Cultures of the deuterium ada pted BL21 
(DE3) strain have been produced and 
used ror the production or rat y-crys­
tallin-C and y-crys tallin-E. Th e aim is to 
grow large crys tals to ca rry out neutron 
crysta llographic studie on the surface 
structure or these proteins and in par­
ticular the role of hydrogen atoms. It is 
planned to also adapt strains of the yeast 
Pichia pastoris to compare express ion in 
thi s system. Deuterated cy tocl1rom e 

P4 50CAM from P eudomonas pulida has 
also been expressed in E. coli and puri­
fied in orcler to ca rry out crysLa llographic 
tudies. Perdeutcrated DNA ha been 

produ ced for fiber diffraction studies. 

sc e highlights 

The development of fermentation proto­
co ls for lligh Cell Density Cultu res in 
D20 ha been tarted. 

Specifically labelled proteins 

Rat y-crys tallin has also been produced 
with spec ific deuterium labelling or th e 
tryptophans (Trp). This was done using the 
Trp-auxo trophic E.coli strain KS463 after 
site-spec ific integration of the T7-RNA 
polymerase gene via the prophage i-..D E3 
in to its chromosome. The resulting stra in 
was tra nsformed with the express ion vec­
tor pET26a carrying Lile cD A for the rat 

y-crysta llin under control of a T7 pro­
moter and a kanamycin resistance 
ma rke r. ■ 
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Icosahedra: 
a new shape in surfactant self-assembly 

• C. VAUTRI N, M. DUBO IS AND T. ZEMB 

(CEA, SACLAY ) 

• T. GULI K-KRZYWICKI 
(CNRS, GIF-SUR-YVETTE) 

• B. DEME ( ILL) 

Self-assembled structures having a 
regular hollow icosahedral form are 
extremely rare and have not hitherto 
been observed with organic compo­
nents such as surfactants, although 
predicted theoretically [1]. It is, how­
ever, well known that certain lipids or 
surfactants form bilayers that can fold 
into a variety of distinct geometric 
forms: vesicles, random bilayers, 
ordered stacks of flat or undulating 
membranes, etc. Here, we show that 
such bilayers made of two oppositely 
charged single-chain surfactants can 
self-assemble into hollow aggregates 
with a regular icosahedral shape [2]. 

The icosahedron is known to have the 
lowest curvature energy in the fam­
ily of polyhedra. One of the fascinat­
ing feature of these supramolecular 
aggregates is the presence of pores 
located at the 12 vertices. The result­
ing icosahedral structure has a size of 
about one micrometer and mass of 
1010 Daltons, making them larger than 
any known icosahedral protein assem­
bly or virus capsid. 

Combined small-angle neutron and light 

sca ttering (SANS and SALS. figure 1) pro­
vide independent proof that closed unil­
amellar objects of well-defined size are 
formed upon coo ling a suspension of ves i­
cles. As in the case of lipid m icrotubules, 
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Figure I : Combination of small-angle neutron scattering to light scattering showing 
the exceptional regime dominated by the scattering of perfectly llat aggregates on 3 
decade in scattering vectors. This regimes corresponds to the llat triangles forming 
the icosahedra. The Guinicr range seen at low Q with light scattering yie lds the size 
of the aggregates whi le the shar1i minimum at wide angle in the neutron curve indi­
ca tes the absence of thickn ess lluctualions. The l1L to the neutron data gives the mem­
brane thickness (40 A). 

of 100 MPa, as for 
the nanodiscs pre­

viously described 
[4] . Th e size and 
mass of the aggre­
gate derived from 
these experiments 
coincide with those 
found by freeze­
frac ture electron 
microscopy (we 
eva luate that on 
average. 2x107 sur­
factant pa irs form 
one aggregate. 
which therefore has 
a molar mass close 
to 1010 Dalton). The 

fit to the SANS data 
yields a bilayer 
tl1 ickness of 40 A. 
close to the th ick­
ness of ind ividual 
nanodi cs [4] . 
As can be seen in 
figure 2. the pen ta­
gonal contour shape 

the aggregates are form ed by cooling the 
sample through a fi rst-order phase tran­
sition [3]. The exact decay of the scatter­

ing as the econd power of the sca ttering 
vector (0) and over an exceptionally wide 

range of sca ttering vectors covered by light 
and neutron scattering is the signature of 
a perfec tly nat (ex tremely rigid ) mem­
brane. This is clue to the fact that icosahe­
clra are made of loca lly perfectly flat tri­
angles (20) connected by 30 edges. As for 
ca rbon nanotubes. the persistence length 
is in the micrometer ra nge. Thus the elas­
tic Young·s modulus of the walls is extremely 
high for a surfactant as embly. of the order 
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observed in freeze-frac ture elec tron mi­
cro copy (figure 2a) differ l'rom the hexago­
na l symmetry apparent in cryo-TEM (trans­
mi ss ion elec tron microscopy. figure 2b). 
The icosahedron is the only possible shape 
consistent with these two images. AL high 
magnifica tion. a crucial fea LUre appear : 
vertices of icosahedra consist of pores. The 
only topology to evacuate excess charges -
that is curvature - from a perfectly flat 2-D 
crysta l. is LO segregate them in edges or in 
pores. Th is is a way for the sys tem to se lf­
assemble by minimising its curvature energy. 
During cooling down (figure 3). chain crys­
talli sa Lion procluces a two-dimensional 



array of alternated po itive and nega tive 
charges responsible for the loca l to long­
range in-plane cohesion. A small part of the 
component in exce which is not mi sc i­
ble in the two-dimen ional crys tal is 
expelled laterally. The amount of excess 

anionic component i such that 12 pores 
per ves icle are form ed during crys tallisa­
tion . If the density of pores is too low or too 
high. icosahedra ca nnot form and planar 

fragments are found . Th e structure that 
minimi cs Lh bending nergy with the 
clectros talic con traints i thu s. a 
expected. a regular icosahedron. 
The microstructure of these complex aggre­

ga tes is sketched in figure 3. Th e self­
assembled two-cl im E' n ional cry Lalline 
shell is imilar in shap LO the LruclUre ini­
tially propos cl for viruses by Wa t on and 
Crick [6]. ln icosahedra. subunit arc com­
bina Lions of opposi tcly charged su rfac tan L 
pairs. Although in viru es the number of 

subunits is smaller. the type of aggrega tes 
cl escribecl here should obey a similar topo­
logy control mechanism: a loca lly liexago­
nal lattice folds into 20 equiva lent triangles. 
Whal is interes ting about polyhedra is 
that th e curva ture is loca lly concentrated 

Soft Matter 

in edge . which is also the ea e for the 
pores. The edges are line singulariti es in 

the curva ture. whereas the vertices are 
po in t ingularitie of the curvature. What 
does the Helfrich bending energy in the 
vicini ty of a lin or poin t singulari ty? It 
appear that the tructure of the objec t 
can handle a line singularity, but not a 
point singularity. Hence, a second expla­
nation of the generation of pores i that 
their presence acts to eliminate thi sin­
gularity in the curvature. rather than pro­
viding a place for the excess anionic ur­
fac tant. In other wo rds. the anionic sur­
fac tant stabili se thi structure by remov­

ing a ingularity in the curvature . For 
regular icosahedra. th ere are relation­
ships between the number of face . edges 
and verti ces given by Euler· formula . 
The count or 12 pores per structure seems 

like it mighl be related more to the topol­
ogy than the amount of exce s surfactant. 
and may dicta le why only certain ratio of 

anionic to ca lionic surfacta nt work. 
There is a large demand for intelligent 

encapsulation procedures in many areas 
of medicin e. pharm acy, cosmetics and 
materi al areas like printing. Con se-

Pigure 2: Preezc-rracturc EM and cryo-TEM or icosahedra howing Lhe pentagonal hape or two aggregates cro ed 
by the rracturc (a) and Lhe hexagonal hape resulting rrom the projection as seen in tran ml slon (b) . 
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F'lgure 3: Sketch or an icosahedron and equence 
resulting rrom cooling or vesicle prepared above the 
chain melting transition or the surractant mixture. 

quently, there is also a large demand for 
encapsulation procedure that are imple 

and versa tile. The meri t of the present 
sy tern is the development of a fa cinat­
ing elf-a sembly method Lo prepare ca p-
ules of defined geometry. A special fea­

ture is that th e wall tructure can be con­
trolled with submolecular precision. This 

mean that also the structure of defec t 
can be well controlled. that i pores and 
instabilities have precise definition which 
may become important for controlled 

release of drugs with spec ific size and 
conditions. In addition. although made of 
soft matter and non resi Lant to the addi­
tion of even small quanti ties of salt, the 

capsules appear very tough. Thi property 
would be important for controlled drug 
or DNA release. ■ 
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Stabilisation of thin polymer films 
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• R. CUBITT (Ill) 

The stabi lisation of thin polymer 
films is of great importance for 
many applications. The addition of 
copolymer represents one possible 
route for enhanced stabilisation . 
The stabilising effect is obtained 
from a thermally activated copoly­
mer brush created at the interface. 
Above a critical concentration of 
the copolymer the density of the 
brush is high enough to prevent 
dewetting. 

A large number of recent tcc lrnologica l 
applica tions makes usr of thin and con­
Linu ous polymer film . One major prob­
lem i Lhe Lhcrmal 'lability of Lh ese poly­
mer film s on sc mi conduclor or polymer 

Blend film 

I I ... Substrate I 
~ 

surfaces. As a result of miniaturi sa tion. 
spatial dimens ion s are reduced ("shr ink 
technology··) which gives ri se Lo instability 

of polymer layers. Below a certain film 
thi ckn c s polymer film s are typi cally 
metas table. Th e th erm al load in pro­

cess ing ca n ac t as an ann ea ling step 
above the gla s transition Lemperature of 
the pol ymer. Th erefore. small perturba­
tions can be followed by a complete desta­
bi I isa tion of th e origina lly continuous 
film. The film tea r up and a drop struc­
ture se ts in. Thi o called deweLLing 

proccs will prevent any furth er use. As 
an exampl e. tea ring-off of an insulting 
polymer layer wou Id destroy any elec­

tronic device built on i t. 

To focus on the process of l'i lm sLabili sa­
lion. we have inves ti ga ted a model sys­
tem: two polymer layers (polys tyrene 

and polya midc) on top of a semiconduc­
tor surface (s ili con). Th e topmost 
polys tyrene laye r is blencled with a 
copo lymer ( tyrcnc maleic anhydride 

Copolymer 
enrichment layer 

Figure I : chematic sidr I ir11 or thr pol)mer bilayer film on Lop or the substrate. The grey scaling in the blend 
layer depicts the copolymer content. II ilh increasing copol)111er amount a clar~er colour i chosen. 
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acid). In the bu lk. this copo lym er is suc­
cessfull y added to blends of polystyrene 
and polyamid e for improved adh es ion 
(reactive compatibilisation) f1 ]. F'igure 1 

show a schematic picture of the sample 
system. The thermal load is modelled by 
annea ling above the gla s transition tem­
perature or the Lopmost layer. Without the 
added copolymer the polystyrene film 
dewets on top of the po lyamide layer. 
Th e stabil is ing effect of varying amounts 
of added copo lymer of up to 30% is deter­
mined in this inves tigation . 

Experim ents were perform ed with neu­
tron refl ec tometry as well as with graz­

ing incidence small angle neutron sca t­
terin g (GISA S) [2 ]. Thus th e density 

profil e perpendicular to th e sample sur­
fa ce and th e lateral morphology were 
addressed. The measurements were ca r­
ri ed out on th e in strum ent D17 and 
D22 at ILL. F'igure 2a shows an exam­
ple of refl ec tivity data from ann ea led 
amples. Th e so licl line corre pond to 

fiLs to the data calculated from the scat­
tering length density profil e whi ch are 

shown in th e in eL. After anneal ing for 
longer than 300 hours. th e bi layer po ly­
mer fi lms with a copolymer concentra­
tion of 5% or larger still exhib it a smooth 
surface. No sign of dewetting is 
detec table: the polymer ys tem is ta­
bili sed. Th e reduced density between 
both pol ymer laye rs result from the 
enrichment of copolymer at the interface. 
In contra t. the addition of 1% copoly­
mer is not sufficient to suppres a des ta­
bili sa tion . After annealing a structure 
is sti ll obse rvable on th e surface . Thi s 

surface i well described by one domi­
nant in-plane length sca le. In Lhe GISA S 
data thi s surface heteroge neity give 
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Pigure 2: (a) ReHectivity dal.:1 from annealed samples with increasing amount or copolymer (from bottom to top 5. 
I O and 30%). The inset show the resulling den ity pro111 es. (b) Comparison between GISANS data and data obtained 
with PM (copolymer I%). The dotted line indica tes the resolulion limit. The po llion of character! lie peaks are 
marked. The data are shifted ror clarity. 

ri e to well pronounced peaks. Figure 2b 
compares data measured with GISANS 
with data obta ined from sca nning force 
microscopy (S F'M ). Both depict the film 
de tabilisation. 

Th e combination of ca Ltering method s. 
refl ec tivity and GISA S. ha s yielded 

results which enable the adaptation of 
th e model used in the bulk sys tem Lo thin 
film geometry [3]. Copolymer molecules 

, are con idered to be conn ected to the 
polyamide layer via hydrogen bond . 
Tho se connec ted copolymers ti ck to 
th e interface and give r ise to an enrich­
ment layer. During annea ling furth er 
co polymers diffu se to th e interfa ce 
which result in an increase of th e 
enri chm ent layer. Th e thickn ess of the 
enrichment layer i of the order of the 
radius of gyration of the copo lymer. 
Thu s on ly copol ymers which are con­
nec ted via hydrogen bonding sta y nea r 
the inter face. Part of the copo lymer 

chai n. which are not directly connected 

with the polyamide layer, create a 
brush -li ke interface (figure 1 ). Thi s 
reduce the po sible movement of poly­
mer chain in the top layer. Above a 
cr i tica l co nce ntration , e.g . 5 % of 
copolym er added, this move ment is 
suppressed completely. Consequently in 
thi s regime the sta bili sat ion is 
observed . Below the criti ca l conce n­
tration . e.g. at 1% added copolymer, the 

den ity of the brush is not high enough 
and the destab il isa tion i on ly retarded. 
After sufficiently long annea ling fir st 
hole occur. 

To summarise. th e addi tion of a copoly­
mer which ca n form bonds with the 
underlying polymer layer is well suited to 
im prove thin film sta bility. ■ 
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Study of vesicle formation by means 
of highly time-resolved stopped-flow experiments 
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The formation of unilamellar vesicles 

was studied by means of the stopped­

flow technique. The high neutron flux, 

on the small-angle scattering instru­

ment D22, allows to study the forma­

tion process with a temporal resolu­

tion of 200 ms, thereby reaching the 

current limits of such structural inves­

tigations. Vesicles were formed by 

mixing a Na oleate surfactant solution 

with the cosurfactant octanol. After 

mixing emulsion droplets of octanol 

are present from which it diffuses into 

the micellar aggregates. By this sim­

ple diffusion mechanism first a growth 

of rod-like aggregates is induced 

which is followed by a two-dimen­

sional growth at larger times. A~er 

about 2 mins formation of vesicles is 

observed. During the next 20-30 mins 

these unilamellar vesicles grow in size 

and become more monodisperse until 

a final state is reached. This shows 

that in this system by simple diffusion 

well-defined, monodisperse vesicles 

are formed by a process of self-organ­

isation. The stopped-flow technique 

has allowed the observation of the 

various stages in this complex, multi­

step reorganisation process with a 

good time-resolution. 

Vesicles arc clo ed bilayers or amphiphilic 
molecule -as for instance present in bio­
logical membranes. Th ey can be unil­
amellar or mu!Lilamellar ('onion s·) and 
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Figure I : 1(0) as a runrlion or time al'tcr mLxing a I 00 mM Na oleatc solution with 3.5 wL% octanol. 

va ry largely in size. wiL11 radii ranging l'rom 

50 A Lo several µm . oL only are Liley or 
inLere L as model for biologica l mem­
branes buL also have wide pread applica­
tion in formulation in cosmetics. pharmacy 
etc. Therefore. Lile formation proce s of 
ve icles is or much intere L both for fun­
damental as well a for applied research. 
Ves icles can be formed in a large va riety 
of amphiphilic sy Lem 11 ]. The chosen 
aqueou sys tem consists of a conventional 
soa p molec ul e. sodium olea Le. and 1-
octanol as a co urractant. Here. ves icles 
can be formed by simple mixing of a micel­
lar olution with Lhe corresponding amount 
of ocLanol. F'or low concentrations (50-
150 mM a oleaLe) i otropic ves icle solu­
tions are found. F'or higher concentrations 
( 150-250 mM Na olca tc) a Liff ge l of 

den ely packed ves icles is obtain eel [2. 3]. 
The detail s of L11 c formation proccs with 
high temporal l'CSOIU Lion co ulcl be SLu cliecl 
by u ing the toppecl-flow technique 141 ancl 
mixed a 100 mM Na olea Le solution with 
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3.5wt% octanol. The mixing process wa 

followed by SANS experiments with Li me 
channels clown Lo 200 m over a total time 
of 40 min . In order to have sufficient 
statistics for the short time interval s at the 

beginning the mixing process was repea ted 
10 times and the resulting claLa ets have 
been ummecl. 
The obtained sca ttering curves a a func­
tion of Lime are hown in figure 1 toge ther 
with the sca ttering curve of the pure I 00 , 
mM surfac tant olution. Immediately after 
mixing the micellar correlation peak is 
still visible. in Lhe pure micellar solution. 
In addition. the sca ttering intensity i found 
to increase at low O. which is due to Lhe 
initially form ed emul sion droplets of 
octanol. As time passes on. the correlation 
peak moves to lower O. th ereby indica ting 
a growth of the micelles. It should be noted 
that initially the micelles and in th e final 
state. the formed vesicles. both of which 
are charged. exhibit spatial co rrelations. 
The final sca ttering pattern pos esses very 
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Figure 2: Change or position an!l intensity or the scattering maximum. and or the inten ity at the lowest q-va lue a 
as a function or lime. 

pronounced minima and maxima wh ich 
are oscillations of the rorm facLOr. They can 
be described well by the scattering of shell 
li ke particles. i. e. ves icles, with a radiu s 
of 140 A. a shell thickness of 22 . ancl a 
polydispersity of 15%. 
The tempora l change of Lhe experim ental 
sca ttering pattern can be characteri sed by 
the change in position and in ten iLy of the 
correlation peak. as displayed in figure 2. 
Bo th changes can be well described by a 

bi-exponential fun ction with th e time 
constants given in figure 2. It is interest­
ing to note Lhat the shift of the maximum 
occurs significantly faster than the increase 
in intensity. Thi s indica te that th e aver-

-~ \ , ,-, .... _ ,,, 
+ octanol 
droplets 

.... 

~ 

age size of the aggrega tes changes fas ter 
than the ordering in the sys tem. In addi­
tion also th e cliange of intensity at L11 e 
lowes t measured O (= 0.00311 A· 1) is 
given. The inLensity at the Q-va lue. is an 

indication of the presence of emu! ion 
droplet a well as a measure of the degree 
of ordering in the system. Prom its va ria­

tion one can deduce that the initial emul­
sion dmplets disappear wilh a lime constant 
of 1. 7 s. whereas the subsequent ordering 
process take place with a time constant 
va lue of 100-150 . similar to that for the 

shi ft or th e O-value of the maximum. 
Analys is of the lime-dependent scattering 
curves shows that in the first 10 s th e 

l 

~ 
0 

micellar growth is 

mainly unidimen­
sional (related Lo 1:1 

of lmax and Omax of 
figure 2). i. e. 
growth of rodlike 
micelles. and that 

Pigurc 3: chematic picture or the structural changes that take place upon mlxing Na oleate 
solutions with octanol. 

with increa ing 
Lim e. more and 
more bidimen ional 
growth takes place 

(related toi:2 of Oma, 
or figure 2). i. e. 
here bil ayers are 
formed. After about 
2 mins the sca tte-
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ring pa ttern of unilamellar ves icles can 
be di scerned and these vesicles grow in size 
and become more monodisperse. At the 
end. i. e. after about 30-60 min a very pro­
nounced sca tte ring pa ttern i observed 
that is characteristic for well-defined. rel­
atively monodisper e vesicles wi th a radius 
or about 150 . 
Putting all thi information together. a 
schematic picture (figure 3) can be drawn 
for the structural changes that take place 
upon mixing the a olea te solution wi th the 
co urfac tant octanol. In the beginning 
emu! ion droplet or oc tanol in the sur­
fac tant so lution are pre ent. Then very 
qu ickly oc tanol diffuses into the mice lles 
thereby leading to a growth of rod- like 
mice lles . On ce a sufficient amount of 
octanol is incorpora ted into the micelles the 
formation of bilayer tructures se ts in. 
They clo e and form unilamellar ve icles. 
In a much slower proces . these ves icles 
'"ripen·· and become more monodisperse 
and omewhat larger in size. It can be 
mentioned that for sa mples of higher con­
centrations - where the ves icle gel i 
formed - a still much slower ordering pro­
cess takes place where the initially present 
densely packed glas y sta te become trans­
forms into a highly ordered final gel sta te 

of ves icles. 
Thi experiment clemon tra te that by mi­
xing two simple liqu ids one can obtain by 
purely diffusive processes of self-organisa­
tion well-defined vesicles (or even a high ly 

ordered vesicle gel). Th is proce s of elf­
organisation proceeds in a relatively com­
plex way over different intermediate struc­

tu res. where the Lime constants for the indi­
vidual transformation processe vary from 
the econd range to the hours ra nge. ■ 
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The neutron as a quantum object 

• H. RAUCH AND Y. HASEGAWA 

( ATOMINSTITUT WIEN ) 

• M. BARON AND R. LOIDL 
( ATOMINSTITUT WIEN AND ILL) 

Quantum optics of material particles 

has become a rather topical field of 

research during the last decades. 

Almost forgotten is the fact that the 

neutron is just an ideal tool for such 

experiments . Neutron interferome­

ter and neutron spin-echo systems 

are the basic instruments for such 

investigations. Various fundamental 

experiments in this field of physics 

have been performed long before 

experiments with other matter waves 

became feasible. The observation of 

the 4n-symmetry of spinor wave 

functions, the coupling to the Earth 

gravitational and rotational field, the 

l+x) 

Off-Diagonal 
Geometric Phase 

l+z) 

neutron Fizeau effect and various 
Aharonov-Bohm phenomena are typ­

ical examples of such experiments 
which have been summarised in a 
recent book [1] . 

In an interesting publication. mentioned in 
the ILL Annual Report 2000. F'. Pistolesi 
and . Man ini [2] hawed that. in add ition 
to the dynamical phase. which causes the 
above-mentioned 4rr- ymmetry of the spin 
wave function and the geometrical Berry 
phase. an additional topological phase 
exists when a physical ystem i trans­
ported differently in both beam paths of a 
split-beam interferometer et-up. In thi 
case diagonal and off-diagona l geometri­
cal phases occur. which can be visua lised 
when the start and the end points of the 
pin excursion on the Poinca re phere are 

connected by the re lated geodesics. Fig­
ure 1 shows the physical situation and the 
scheme of the experiment recently per-

formed at the thermal neutron interfer­
ometer S 18 where the polari ation has 
been oppositely rotated in both beam path . 
In this ea e. an additional phase factor of 
rr is expected which has been verified by 
experiment (figure 2) [3]. The results show 
that the neutron carries much more infor­
mation than used in most experiments. 
This gives hope that the neutron can be 
used in future as a much more powerful 
and sensitive tool for phase- en iLive inve -
Ligation. The realisation of thi experiment 
within a rather short time is also a good 
example of an effic ient cooperation of 
the ILL Theory Group and CRG experi­
mentalists. 

Another neutron quantum-optica l experi­
ment deals with the reconstruction of non­
classica l neutron quantum sta tes that exist 
in interferometer and spin-echo systems 
when wave functions. eparated in space. 
overlap. These phenomena can be descri-

.. .. ---------.. 
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Figure I : Poincare sphere representation (le~) and experimental seL-up (rlghL) for diagonal and off-diagonal geometric phase analysis. 
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bee! by Wigner fun cti ons which are 
consLru cLed from Lhe wave function and 
which are equiva lent Lo iL. Figure 3 shows 
such a quantum sLaLe in a double-loop 
in terferome ter. 

Thi s enables Lil e simultaneous measure­
ment of Lile momentum and space com­
ponent of th e Wigner fun ction and 
provides Lile key for a quantum sLaLe re­
consLrucLion which has similariti es to a 
Lomogra phi reconstruction of a material 
objec t [ 4 J. Sine these quantum states are 
ve ry fragile ancl sensitive aga inst va riou s 
di ss ipati ve fl'ec ts they may be usecl in 
future for highly ·ensitive conelen eel mat­
ter re ea rcl1 and may prnvide an access Lo 
higher order co rrelation fun c tion s. ■ 
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Figure 3: Non-classica l Schroclingcr cat-like tales as lhey exist in inlcrrercncc and pin-echo 
instruments. which can be rccon lruclcd on a quantum basis. 
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Neuton (3-decay, quark mixing 
and the question of unitarity 

• H. ABELE, S. BAESS LER AND J. REICH 

( PH YSIKAL. INSTITUT, HEIDELBERG 
UNIVERSITY) 

• V.V. NESV IZHEVSKY AND 0. Z IMMER (I LL ) 

The combination of neutron J3·decay 
experiments at the lnstitut Laue· 
Langevin challenges the Standard 
Model of elementary particle physics: 
A last measurement of the l3· asym· 
metry A0 and the world average of the 
neutron lifetime 7 can be used to deter· 
mine the first element IVudl of the quark 
mixing matrix. With these values and 
the particle data group values for IVu,I 
and IV ubl , the unitarity condition for the 
first row of the CKM matrix deviates 
from unity by A = 0.0083(28), which 
is 3.0 times the stated error and con· 
flicts with the prediction of the Stan· 
dard Model of particle physics. 

Mauer is built from two types or funda­
mental fermion. ca lled quarks and leptons 
(see Table). Quarks occur in severa l va ri ­
eti es or fl avours labelled u=up. d=down. 

C=Cllarm, S=Strange. t=top and b=bOLLOm. 
The strong interac tion glues the quarks 
toge ther and these quarks are considered 
to be quantum mechanica l mass eigen­
states. Neutrons are bu ilt rrom two d­
quark and one u-quark, whereas protons 

1•1 family I 2nd family I 3n1 family 

Quarks 

u I C I t 

d I s I b 
Leptons 

v, I v , I V 
T 

e I µ I ,: 

Tab le: Elementary particles: Leptons and Quarks in 
three rami lies. 

are built from two u-quarks and one d­
quark: ddu=n (neutron). duu=p (pro ton ). 
A neutron is un table. The decay process is 
governed by the weak in teraction converting 

a d-quark in to an u-quark. Thus. a neutron 
decays into a proton. an electron and an 
electron anLineutrino wi th an energy release 
of 782 keV and a lifetime,: or 885 s: 

( 1) 

One parameter characterising an inter­
action is it strength. F'or example. the 
strength or the electromagnetic force is 
governed by the universa l fine-structure 
constant a. In a similar way. a strong cou­
pling constant a5 has been defined for the 

trong interaction. Weak interac tion 
seemed LO be different. The weak coupling 
strength responsible for nuclear (3-decay 
is not identica l with the coupling for µ­
decay. The difference is about 2%. In Ll1e 
pas t. this flaw in the universa lity or the 
weak interaction has led to the develop­
ment or a new model or the very basic part 
of quarks: The quark eigen Lates or the 
weak interaction do not corre pond Lo the 
quark mass eigenstates. A weak decaying 
quark is a mixture or different flavours of 
ma ss eigenstates. The weak eigenstates 
(primed) are related Lo the mass eigen­
sta tes (unprimed) a : 

with unitary CKM-m atri x Uouark· All the 
mixing is expressed in terms of Uouark oper­
ating on cl. s and b quarks. As a conse­
quence. the d'-quark that is responsible for 
neutron (3-clecay. is a linea r superposition 

of d-, s-. ancl b-mass states: c1· = V00 • d + Vus 

. + vub. b. The basic idea of uquark is that 
what is perceived Lo be several indepen­
dent couplings is expressed a a single 
force. Now, if every quark gives a much 

as it takes in this mixing. then the quark­
mixing-CKM -matrix has Lo be unitary. 

Unitarity require that the sum of the 
squares or the matrix elements for each 
row and column is uni ty. So far precision 
tests of unitarity are only poss ible for the 
first row of V. namely: 

The Standard Model requires unitar ity. 
that is I:).= 0. A vio lation of unitarity in the 
first row of the CKM matrix i a challenge 
to the three genera tion Sta ndard Model. A 
deviation I:). has been related to concepts 
beyond th e Stanclard Model. such as cou­
plings to exotic fermions. to the existence 
of an additional Z boson or the existence 
of right-handed currents in the weak inter­
action. 

In th e Standard tvlodel. two free parame­
ters describe the neutron (3-decay. One 
parameter is the first entry V0c, or the CKM­
matrix. Th e other one is A. the ratio of the 

vector coupling con tant and the axia l vec­
tor constant. The observables for deter­
min ing ~,dare the neutron li fetime,: and 
a measurement of one of the angular cor­
relation coefficients e.g. the (3-asymmetry 
coefficient Ao- Tl1e (3-asymmetry A0 is linked 
to the probabi li ty that an elec tron is emit­
ted with angle J with respect to the neu­
tron spin polariza tion P = <02>: 

W({}-) = 1 + vie PA cos({}-) (4) 
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Figure I : Fil Lo the experimenta l asymmetry A"P fo r 
detec tor I and detector 2. The solid line shows the 
n1 interva l. whereas the dotted line shows an extrap­
olation to higher and lower energies. 

where v/c is the electron velocity expressecl 

in fractions of the speed of light. eglec t­
ing order I% correc tions. A is a simple 
function of 1--.. 

F'or a measurement of '3-asymmetry Ao, the 
instrument PERKEO wa s installed at the 
pp·I co ld neutron beam position at th e 
High Flux Reactor at the lnstitut Lau e­
Langevin. Grenoble. The neutron s arc 
polarized by a 3 x 4.5 cm2 supermirror 
polarizer. The degree of neutron polariza­
tion was measured Lo be P = 98.9(3)% over 
the full cross sec tion of the bea m. 

The main component of Lhe PERKEO II spec­
trometer is a superconducting 1.1 T magnet 
in a split pair configuration. with a coil diam­
eter of about one meter. 1eutrons pass 
through the spec trometer. whereas decay 
electrons are guided by the magnetic field 

, I' :, 

to either one of two scintillation detectors. 
The detector so lid angle of acceptance is 

2x2:n: . The measured electron pectra N;(E,.) 

and N/(Ee) in the two detector (i= 1.2) for 
neutron spin up and down . respectively. 

define the experimental asymmetry AK,_JE,J 
as a function of electron kinetic energy Er and 
are shown in figure 1. A;e _ _/E,J is directly 
relatccl to the asymmetry parameter A0. 

After a 2% correcting for sma ll experimen­
ta l systema tic effec ts we obta in : 

A0 = -0.1189(7) and 1--. = - 1.2739(19) 11.2 ] 
(5) 

Earlier experiments with larger correc­
tions on A0 [3-5] gave signil'ican tly lower 
va lues for 1--.. With our va lue on ly. and th e 
world average fori: = 885. 7(7) s. we find 
that IV,) = 0.9713( 13). With IV11 ) = 

0.2196(23) and the negligibly small I V,,1,I = 

0.0036(9). we obtain : 

I V,,P + I \'11,11 + I V11p = J-t:,. = 0.9917(28) 
(6) 
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This va lu differs from the Standard Model 
prediction by t:,. = 0.0083(28) . or three 

limes the staled error. For compari:on. 
information about IV,,) and 1--. are shown in 
figure 2. The bands represent the one sigma 
error or the measurements. The f3-asym­
metry A0 in neutron decay depends only on 
1--.. while the neutron lil'el ime 1: depends 
both on 1--. and I V,J The intersection between 
the curve. derived from 1: and A0 (5). defi nes 
I V,11) with in one standard deviation. which 
i ind ica ted by the error ellipse. Other 
information on IV,,,). derived from nuclea r 
[3-decay and higher quark generation decays 
assuming CKM-un itarity are shown. too. As 
can be seen l'rom figure 2. both the nuclea r 

f3-decay result [6 I and the neutron [3-decay 
differs from this unitarity va lue by more 
than one sigma leve l. 

In summary. I V,11). Lhc first element of the 
CKM matrix. has been cl eri ved from neu­
tron decay exper iments in such a way 
that an unitarity tes t or th e CKM ma trix 

ca n be performed 
based so lely on 
parti cle ph ys ics 
claLa. With th is 
va lue. we fine! a 3 o 

tandard deviation 
from unitarity. 
wh ich might co n­
flict the prediction 
of the Standard 
Model of parti cle 
phys i cs. ■ 

1,266 1,268 1,270 1,272 1,274 1,276 1,278 1,280 1,282 

"' 
Figure 2: l\ ',dl v . . 11.. l\ 'udl was derived from Ft va lues 
of nuclear ~-deca . higher quark generation decay . . 
assuming the unitarity or the CKM matrix. and neu­
tron ~-dccai. 

79 

R EFERENCES 

(1) H. ABELE ET AL. , PHYS . LETT. B 4 0 7 ( 1997) 212 • 

( 2 ) H. ABELE ET AL. , SUBM ITTED TO PH YS , REV, LETT , • 

(3) B. G. YEROIOLI MSKY ET AL., PHYS. LITT. B4 12 ( 1997 ) 240 • 

( 4 ) K. SCHRECKENBACH ET AL., PHYS , LETT. B 349 ( 1995 ) 42 ; 

P. LIAUD ET AL., NUCL. PHYS. A 6 12 ( 1997 ) 53 • (5) P. BOPP 

ET Al., PHYS. REV. Lm. 56 ( 1988 ) 919 • ( 6 ) J. HARDY ET 

AL. , NUCL·TH/98 12036. 



scienti~c highlights 
, I' : . 

Phase modulation of a neutron wave 
and diffraction of ultra-cold neutrons by a moving grating 

• A. I . FRANK AND I.V. BONDARENKO 

( FLNP, DUBNA) 

• S.N. BALASHOV AND S.V. MASALOVICH 

( KURCHATOV INSTITUTE, MOSCOW ) 

• P. Hf/lGHf/lJ AND P. GELTENBORT ( ILL) 

A neutron diffraction experiment was 

performed with a moving grating on 

the gravity spectrometer for ultra­

cold neutrons (UCN) using interfer­

ence filters (Fabry-Perot interferom­

eter for neutrons). The results have 

shown for the first time that the phase 

modulation of the neutron wave 

induces a discrete splitting of the 

neutron energy spectrum . 

In general, quantum experiments are per­
formed for a beuer understanding or quan­

tum mechan ics and to demonstrate the 
va lidity of its conclusions. But their impor­
tance is not on ly limited to the undoubtedly 
great pedagogical role: such experiments 

can also stimulate the development of new 
methods and devices based on quantum 
principles. In particular, the new non-sta­
tionary quantum experiment desc ribed 

below has become possible on ly after the 
development of a dedicated spectrometer 
based on principles of quantum mechanics. 
In contrast to devices most commonly used 

in optics. non-stationary devices change the 
energy of a neutron. 

Probably the simplest way to vary the neu­
tron energy is to introduce a time modu­
lation of the neutron wave since a period­
ical modulation of any wave leads to a 
splitting in its frequency spectrum. In the 
case of matter waves, the spli tting or the 

frequency line is equivalent to a discrete 

spectrum of the particles energy. 

Let us assume that a plane wave 'ljJ(x,t) = 
ei(kx-<or) is propagating along the positive x­

direction. A modulator device is located at 
the origin of the reference frame. The action 
or this modulator results in a periodic vari­
ation (period T) of the amplitude or phase 

of the primary wave. Then, at small dis­
tances away from the modu lator, the wave 

function wi ll have the form 

'ljJ(x,t) = f(t) ei(kx-<oti (1) 

where f(t) is a function or period T. Rep­
resenting f(t) in the form of a Pourier 

series, f(t) =nla11e•inQL_ one obtains that the 
wave function in any di stance from the 

modulator is: 

'ljJ(x,t) = ,l.a11 expli (k11x - w0t)] (2) 

with w11 = w + nQ. k0 = k(1 + ny), 

Q = 2f , y = Q/w«1 . (3) 

Equations (2) and (3) show that due to the 

modulator, the transmitted sta te is a super­
position of coherent waves with a discrete 
frequency spectrum. F'or matter waves. 

the resulting frequencies w0 correspond to 
the particle energies E11 = 7i (w + nQ), 
where 7i is the Planck constant. The inten­

sities of the partial waves are 10 = la.'2 
where a0 is the amplitude of the wave with 
the in itial energy. 

Now let us assume that a periodic structure, 
a grating with a spatial period icity 2a is 
moving with the velocity V across the neu­
tron beam. Assume further that different 

So 

elements of the grating have different prop­

erties, so that the waves, which are trans­
mitted through different parts of grating dif­
fer in their intensities or phases. In the sim­

plest case, one half of each grating element 
fu lly transmits neutrons while the other half 
completely absorbs them. It can be easily 

seen that such a moving grating will modu­
late the transmitted wave in each point of 
the beam cross section with the frequency 

Q = rtV/a. As a consequence, the spectrum 
of the transmitted waves will be discrete. 

The most promising experimental se t-up 
uses a phase rt-grating where the phase dif­
ference of waves transmitted through adja­

cent elements amounts to rt. while their 
in tensities are unal tered. In such a case the 

amplitudes of the partial waves are 

a =-2-11 irtn 
with n=2s- 1 (4 ) 

where s is an integer. It must be stressed. 
that the line with the initia l energy 7iw 
(n = 0) is absent in the fina l sta te. In the 

ltN 

M onoc hrom a to r 

Figure I : Principle of the experiment. A phase grat­
ing is prepared on Lhe surface of a silicon disc. When 
Lhe disc is spinning, each poinL of Lhc monochro­
matic UCN beam is crossed by Lhe moving grating. 



experiments described below the energy 
spectrum of ultra-cold neutrons afLer 
diffraction by a moving phase n-grating 
have been measured for the fi rst time. 

As proposed earlier [2]. the primary neu­
tron monochromaLisation of UCN as well 
as the analysi or the diffracted spectrum 
were performed by means of Neutron Inter­
fe rence F' il ters (3, 4] ( IF'). a quantum 
devi ce. which is analogous to the F'abry­
Perot interferometer for light. 

The principle of the experiment is shown 
in figurel . The rota Ling grating was manu­

fac tured at the surface of a ilicon disk of 
150 mm diameter and 0.6 mm thickness. 
On its periphera l region the radial grooves 
were made by li thographic techniques. 
Th e angular pe riod of the grating was 
3.325x10·4 rad-1 corresponding to a spa­
Lial periodicity of 20 µm at a diameter of 
120 mm. The grooves cover about half of 
the period. UCN reach the graLing through 
an annular guide. Between the exit or the 
collimator and the gra ting the 
NIF'- monochromator is placed. Only UCN 
with verti ca l ve locities around 4.52 m/s 
(narrow spectrum wi th F'WHM of about 
0.085 m/s) pass the monochromator and 
reach the grating. ( ote that such a velo­

city corresponds to an energy or 107neV) . 
Due to refracLion in the silicon, neutron 
waves, which passed through different ele­

ments of the grating, have different phases. 
The phase difference is 6cp = k(l - n)d 
where k is the neutron wave number, n is 
the refractive index and d is the depth of 
the grooves. The depth d was chosen to be 
about 0.14m which corresponds exactly to 
a phase shift 6<1> = n for 107neV neutrons 
refracted by silicon. 

The experim ent was perform ed at th e 
PF'2/fES beam position of the ILL. The 
major component or the set up is an UC 
gravity spectrometer with interference fil­
ters as described in detail in Ref. [4,5]. UC 
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Figure 2: Measured energy splitting after Lhe diffrac­
tion of UC in a moving grating due to phase n-mod­
ulation of lhe neutron wave. 

fed the spectrometer through a neutron 
guide. Then. UC fa ll down the annular col­
limator. The grating was loca ted just below 
the fil ter-monochromator (N IP). It was 
spun around the verti ca l axis up LO 6000 
rpm. UC which are transmitted through 
the fil ter and the gra ting, fa ll furth er 
down in a mirror-like neutron guide of 

glass of 40 cm height. Doing so. the UCN 
are accelerated in th e Earth 's gravita­
tional field and gain in energy 1 neV pe r cm 

of free fall. Thi s glass guide contains a 
econd IF' which acts a an analyser. By 

changing the position or this analysing fil­
ter, th e energy of the transmitted neu­
trons can be scanned. The resonant energy 
of the second fil ter was 127neV to com­
pensa te th e change in energy due to 
gravity. F'inally, the transmitted neutrons 
are counted with a 3He gas detec tor. 

The neutron count rate as a function of the 
analyser position was measured for two 
very different grating rotation frequen­
cies: 180 and 5400 rpm (figure 2). In the 
case of slow spinning the effective modu­
lation frequency Q = nV/a is small, and the 
corresponding energy splitting 6E = 7iQ 

is much less than the width of initial energy 
spectrum of the UCN. Therefore. the scan­
ning curve is simply a convolution of the 
monochromator and analyse r spectral 
functions. The experimenta l resu lt are 
shown in figure 2 as open dots. The dash 
curve represents a fit using a Gaussian with 

a dispersion o = 6. 2 neV, corresponding to 
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the energy resolution or the pectrometer 
of about 7.3 neV (FWHM). 

The fast rotation regime (5400 rpm ) cor­
responds to a linea r velocity of the grat­
ing V ... 36 m/sec and a modulation fre­
quency Q around 1.07x107 racVsec. The 
scan in figure 2 clearly shows a discrete 
spectrum. The spectrum of neutrons, which 

passed through the grating, can be written 
as <l>( E) = 4 lal f(E + n7iQ). According to 
equations (2) and (3) the scanning curve 
is then given as F' 2(z) = 4 lanl2 F 1 (Ez + 
n7iQ). where F1(z) is a Gaus ian resolution 
function. A "theoretica l'' scanning curve is 
ca lculated using the va lu es of and the 
resolution function F1(z) as ob ta ined in 
the measurements with a slow grating 
rotation. It i hown in figure 2 (solid 
curve) and compared with the re ul ts of the 
measurement (solid dots). It can be seen 
that the intensities la±112 of the first satel­
lites as well as the energy splitting are all 
in a good agreement with theory. 

As already noted in ref. [2]. all tenta tives 
to explain these results by using real forces. 
which may change the neutron energy 
have failed. F'or the in terpreta tion of this 
purely quantum effec t, however, the con­
cept of quasi-energy [6]. as well as the 
uncertainty principle 6E6t = 7i itself are 
much more appropriate. These effects, 
which have been observed for the first 
time, can be exploited in other experi­
ments Lo modi fy the neutron energy. The 
idea or neutron time focusing, which was 
proposed recently in [7], looks now more 
reali s ti c . ■ 
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The structures formed by CD4 and D2 

adsorbed on single wall carbon nan· 

otube bundles at low temperatures 

have been determined by neutron 

diffraction as a function of gas dosing. 
Both molecules, at low coverages, 

form one-dimensional chains in the 

bundle grooves and in the interstitial 

channels. With increasing coverage, 

they cover completely the outer sur· 

face of the bundles to form a quasi· 
hexagonal two-dimensional layer. 

Much attention has focu ed recently on the 
problem or ga ad orption within bundles of 
ingle-wa lled carbon nanotubes (SWNT). 

Tho e nanotubes are made or graphene 
sheets wrapped around them elves in LO 
tubes with a diameter or 1-2 nm and a 
length of a few µm . The tubes are ca pped 
at both ends and are hexagona lly packed in 

bundle with a typical diameter of abou t 
10nm. 

SWNTs have potential applica tion in gas 
storage and provide a linea r arrangement 
or adsorption sites which may be consid­
ered as a physical rea lisation or one-d imen­
sional matter. Such one-dimensional 
adsorption sites are loca ted in the inter­
stitial channels between the tubes within 
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f'igurc I : Adsorption isotherm at 77K of CII I on 26.6 mg single wall carbon nanotube 
bundle. The bund le section is schematicaly rcIire ented (top left) with the three 
adsorption sites. interstitial channels (alpha). grooves (beta) and outer part ofthr sur­
face (gamma) . The different structures. along the nanotube strands. deduced from the 
diITracllon spcctra(bottom right) are either one-d imensional (linear or zigzag) or two­
dimensional hexagonal. 

The thermody­

namic characteri­

sation is performed 
by volumetric mea­
surements [1]. The 
so-ea II ed ad so rp­
tion isotherms are 
obtained by record­
ing at con stant 
temperature the 
amount or adsorbed 
mo lecules as a 

Fu nction or pres­
sure. A typical 
exam pie is repre­
sented in figure 1; it 

exh ibit two ri er 

corres ponding to 
the successive pop­
ulation or two fairly 
uniform adsorption 
sites. The variation 

a bundle and in the groove separating 
two adjacent tubes on the outer surface or 
a bund le (see box in figure 1 ). In add ition. 
two-dimensional like sites arc located on 
the graphcnc outer surfac . 

In the work reported here we show the evo­

lution from one to two-dimensions of the 
ad orption as a function or gas uptake. 
Our SW T substrate was provided by C. 
Journet from Montpellier and the ad or­
bate molecules methane and hydrogen, 
were chosen because or the large coher­
ent sca ttering length of their deuterated 
compounds. 

The study combines thermodynamic [ 1] 
and neutron diffrac tion [21 measurements 
with computer simulations. 
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or the vapour pres­
sure of the two •• Lap •• as a function or tem­

perature yield the corresponding hea t of I 
adsorption . The obtained va lues fo r the 
first step ( 190 mcV) and the second step 
(11 5 meV) are respectively larger and 
sma ller than the hea t or adsorption on the 
(001) graphi te urface ( 154 meV). The 
more attractive adsorption sites are 
assigned LO the grooves and to the widest 

interstitial channels (figure 1) and the less 
attrac tive ones to the convex part of the 
outer surface. 

The diffrac tion experiments [2] were per­
formecl on th e 01 B diffrac tometer for 
CO/ SWNT's and on the D20 and 01 B 
diffractometers for 0/ SWNTs.We observe 
common fea tures upon CD4 and 02aclsorp­
Lion. There is no big change of the nanotube 



background diffraction pallern. This implies 

that Lhe ovC'ra ll lw>-.agonal arrangement 

of lll(' nanotulJes inlo llunclles is preserved 

during Lhc adsorption. 

Till' main modificaLion or the spectra upon 

CD I and D2 adsorption is L11e appea rance 

of a new broad peak al about I fA-1. rep­

resrnted in figure 2 for two uptakl'S. 

Thi s peak results from two contril>utions 

121. OnC' is CC' ntrrrd al allout 1.n I ancl 

corresponds to a lallicc· paramclc>r of about 

4.17 A. t.hr di sta nce of mrtllanc molC'culcs 

in its solid phase. Till' sllapr of th r pra~ 

can lle fitted with a lin C'a r chain mode l as 
sketched in figure I (l)()LlOm riglll). The 

peak persists up Lo llw highrst upLake 

WhC'n the OU [Side Sll rfaee of l hC' S\\' T 

liundles arr covrrcd with a single layer of 

mrthanr molecule.'. It is interpreted as 

arising from linear nl\\ s of '1 LO 7 molecules 

adsorbed in the gl'OOVC'S and into Ill(' wiclC'SI 

S\V T intersti tials cha nnels 121 
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Figuix· 2: l)i ff<•1x• 11 ('(' Sl)CC'll'LJ (afi (' I' sulll l'il('I IOII of the 
bmx• 11anotubt· speclrum) ofCD 1 aclsorbrd on 660 mg 
of singk wall rarhon na11otuh<•s at 77 I\ for 1110 doses. 
lk: t 11ts (solid lines) to CD I clllTraction prolilrs assum­
ing 111 0 contributions (dolled llnrs). onl' fmm linear 
chains. (set' ligt11'(' l a). a11d lhe other ont· rmm zigzag 
ehains or hc\agonal stripes shm1 n in Ogun· I h anrl t'. 

Modelling and Theory 

The Sl'COlld peak.\\ ho ·e \\ idlh dern'ases 

as a function or CD I concentration . is C<'n­

tered al about 1.8 A-1 : itcorrespomls Lo a 

periodicity a0 of 3. r -to 3.6 and can be 

assignee! to a zig-zag packing locatecl in the 

irregular shapecl vo id (figure I) at sma ll 
uptakes and to a quasi hexagona l packing 

on 111c outer pan of the surracr at larger 

methane· concC'nlration. 

The resu lts olllaincd for I)~ aclsorplion arc 

qualitali\cly similar except l'or thr ollser­

\alion or a large compressiliility of this 

quan1um mol<•cul<' as a runcLion of uplakl'. 

l•or 'l' field-lJast'd simulat ions 1:~1 olT<'r 
clear insighl into tile adsorption of 

mcllta11<'. \Vhi lc real bundles or SW 'l'"s 
contain SC'\eral ten,' or tulles. a computa­

tionally-tractahle moclel or three tulles. 

pcrio<lic along the Lulic a>-. is. has lwcn 

us<'ll. the triangular bundle ha\ ing tlH' 

till'('(' adsorption sites or interest. Binding 

sit es are prolwd usi ng a 11onte C,1rlo 

search routine al fixC'd tempcrntur<' and 

variall ll' pressu re'. /\L lilt' IO\H'St pr('SSUl'('S 

in LIH' simulation ( I o-:i Torr). tt1c groove 

itcs arc al,\·ays occupied. an<I as pres:urc 

inCJ'('ases from I tP to I 0-1 Torr (as in the 

measutTmcn t). a step in the ca lcula t( •(I 

isothnm is ollSC'l'\C'd. corresponcling to 

populating the curved graplwne s11rrac<'. 

The intersti tial cha nnel is nevN occupil'cl 

in Lhis type or simu lation. 

Bin<l ing encrgirs for single m<'thane 

mol<'Cules in the three ·iles are calculatecl 

from the loaded sl ructu rcs: -243± I O mr\' 

ror LIH' groo\'es. - 121 ± I o meV ror lhC' 

curv('d graphilic surface aml + I 04± I O meV 

ror Lile interstitial channel. For compari­

son. the correspond ing calcu lated valu<' ror 

planar graph ill' is - 143± I O meV. 

While the simulation s on triangular ilun­

cllcs arC' consistent with thr diffraction 

data. they arc in connict with the measured 

isollwrms. Th<• heights or the two plalc·au, 

gi,<' the rclali\C' numbers of two ilil)(ling 

scien f highlights 

site ' . appro,imall'I~ I: I. Scaling-up from 

triangular lo realislic l1e:-..agonal bundles 

gi\'e • a limiting ratio ror gromC':cur\('d­

graphilc sites a, I: I. I IO\\ C'H'r. in hexag­

onal bunclles. the problem of packing dil'­

l'erent cliamC'lrr 1u1Jes results in \oicls of dif­

ferent shapes and sizes. man) or" l1ich will 

be populatccl at tlw lowest pressures. Tilt' 

l>incling energy of 11wll1anc in llw intnsli­

tial channel is extreml'I~ S<'nsiti\(' lO Lill' 

shape anfl sizr or this void. a small increase 

in size al lo\,ing a site to l'\Ol\'c from being 

Ill<' leas! lO LIH' mosl stable. 

l•inall \\C' come lo the following aclsorp­

lion sct'nario. lniliall~ the adsorplion orCD 1 

or· IJ~ takes pl acC' as linear cl1c1i11 s in IIH' 

groo\csand in the\\id<'enough inter ' tilial 

channels and ll~ filltng the irregular shaped 

,oids wilh zig-zag clwins. Till' initial l>ind­

ing or tlwse quasi one-dimensional solids 

is stronger than for graphill'. Sulls<·quenlly. 

addi ti ona l cha ins c11·c aclsorll('d lo form 

stripes or l1e\agonally orclt'n•d molecul<'s 

along the grooves or Ille ou t( 'r surface or 

l11e lJUn(ll es unlil lhis sur l'a c<· (a singl<· 

\\all or graphite-likl' carbon atoms pro­

\ icling less liin<ling lllan graphite) is com­

pletrly cmered ily a single two-clinwn­

sional la~n of CD 1or D2. llence. neutron 

scattrring is able lo sho\\ a progrcssiH· 

transition l'rom 11) to 2D adso rpti on on 

the carllon nanotulws as a r1111ction of the 

adsorl>atr concenl 1·a1 ion . ■ 
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In acetylacetone, the proton transfer 

between the two oxygen atoms is 

accompanied by a 60° rotation of two 
methyl groups. These three wide­

amplitude motions are therefore cou­

pled but can still take place at low 

temperatures by tunnelling and they 

determine the phase behaviour of 

crystals. Intermolecular coupling 

leads to an ordering of the proton 

positions and methyl group orienta­

tions below 100 K, and lowers the 

crystal symmetry. This ordering is 

not only deuteration dependent, but 

also very sensitive to the presence of 
impurities in the crystal. A combi­

nation of structural, spectroscopic, 

and numerical studies leads to a con­

sistent picture of the observed quan­

tum dynamics and order-disorder 

transition in this system. 

At room temperature acetylacetone is a liq­
uid and exi ts as a 25/75 % equilibrium 
mixture of keto and enol forms (figure 1 ). 
In powder amples. prepared by rapid 
cooling of the liquid, keto and enol form s 
coexist. a shown in ca lorimetric mea­
surement . where two melting peaks are 
observed. Similarly neutron powder diffrac­
tograms show two sets of reflections. one 
of which disappears after annealing the 
sample under reduced pressure at a tem­
perature that lies between the melting 

CHVCH3 

keto 

I 
enol 

Figure I : The molecular structures of the keto and enol 
forms of acetylacetone. The two tautomers of the 
cyclic enol form interconvert by proton transfer in the 
hydrogen bond. The non-equivalent methyl group of 
the enol form have equilibrium position hifled by 
60° and experience different potential barriers. 

points of the enol and keto forms. Struc­
tural information is also ob tained from 
inelastic neutron spectra . recorded on 
I 10. of a non-annea led and an annea led 
powder sample at 5 K (figure 2). In this 
spectral region. tunnelling transitions of the 
methyl groups are observed. In addition to 
the di sappearance of the peak at 4 µeV in 
the annealed sample. the transition around 
40 µeV narrow and hift to lower fre­
quency. The peak at 4 meV. thus a signed 
to the keto phase. has an instrument lim­
ited width , whi le the enol peak is consid­
erab ly broadened, indicating disorder. Its 
width, even after annealing. exceeds the 
instrument resolution. The econd methyl 
group of the enol molecule has a tunnel 
splitting that i just too small to be resolved, 
but the dynamic of this rotor are clearly 
observed in quasielastic measurements. 

Raman spectra recorded in the phonon 
region up to 120 cm·1 show imilar linewidth 
effects, the lines of non-annealed powder 
samples being considerably broadened at 
7 K. In order to follow the crysta l ordering 
and to identify a phase transition. Raman 
spectra of pure single crystal of the enol 
form were recorded at temperatures between 
7 Kand 140 K (figure 3). On cooling. a spec-
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tacular narrowing of the lines between 50 
to 70 cm·1 is observed. indicative of order­
ing in the crystal. In addition. the lines shift 
to higher frequency at -90 Kand resolve in 
to two lines upon further cooling. An analo­
gous evolution was observed in the tem­
perature dependence of the crystal unit cell 
parameters. as determined from 02B and 
DlA diffraction data (figure 4). 

The cry tal structure of the enol form of 
acetylacetone was first reported in 1998 
from a single crysta l X-ray study at 110 K 
and 220 K [1] . At these temperatures. a 
mirror plane relates the two halves of a 
ymmetric molecule. which is the average 

of the enol Land R tautomers. occupying 
the crysta l site at random. Our data on 
dynamics in acetyl acetone and olid state 
first principles ca lculations (see below) 
show that this high temperature symmetry 
is not due to quantum delocalisation of the 
protons in individual molecules. The aver­
age symmetry, due to disorder. cannot sur-

0 10 20 30 40 50 60 

eutron energy transfer / µeV 

Figure 2: The inelastic neutron cattering spectra 
recoroed of acetylacetone at 5 Kon I 10 in the range 
0 - 60 µeV: a} non-annealed sample. b} annealed 
sample. The center of th inelastic peaks corresponds 
to the methyl tunnelling plitling . 



Raman frequency (cm ·•) 

F'igure 3: Raman spectra or ru ll deuterated acrty­
lacctone as a runction or temperature in the region 
or latlice modes. The vertical oITset or the spectra is 
proportional to the temperature. 

vive at lower temperatures when the energy 
difference between different tautomer dis­

tributions in the crysta l exceeds the ther­
ma I energy. Coupled proton LUnn elling 

dynamics allow relaxa tion from meta-sta­
ble tautomer sta te to the ground sta te. On 
cooling, orderecl domains of enol molecule 
grow. but this process is limited by th e 
growth of 0L11 cr. difl'crcnLly ordered domains 
or by the pre encc of defects. like embed­
ded keto molecules. Tunnelling transitions 
arc a sensitive loca l probe of potentials. 
while phonons. observed in Raman tran i­
Lion s. probe a longer length sca le. to a 

, degree that is given by the ratio or the 
in termolecular coupling LO the energy or dis­
orcler. Th e observed linewidths suggest 
that ordering is limited Lo not more than a 
few tens or unit cells. In view of this situ­
ation it is not surprising that the analy is 
of the low temperature diffraction data 
from D1A has presented some difficulty. The 
bes t refinement of the low temperature 
pha se was obtained in the Pn2 1a space 
group, a polar subgroup of the high tem­
perature space group Pnma. in which the 
mirror plane of the molecule is eliminated. 
Solid state quantum chemistry ca lcula-

n highlights 
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Pigurc 4: Evolution of the Raman line widths (t-Op) and or the unit cell parameters (bouom) or rully dcutcratcd acety­
laceLone as a runction of temperature. 

Lions. based on density functional theory 
(DF'T - CASTEP and VASP codes). give quan­
ti La tive in ight into the stru cture and 
dynamics in acetyl acetone. Initially , table 

proton positions. prior to Rietvc ld refine­
ment, were determined by optimi ing Lhc 
crysta l structu res with different orientations 
of the methyl groups and positions of th e 
hydrogen bond proton. Th e structures 
shown in figure1 arc -30 meV more sta­
ble than any structure with ecli psed methyl 
group . Rotational potentials and the ener­
gies of different conformer arc ca lculated 
in a supercell. composed of two unit ce ll s. 
for a molecule wh ich is surrounded by 
ground state, molecules. The rotational 
barriers are -20 meV and -60 mcV for the 
methyl rotors bonded LO the C=O and C-O 1-1 
group, respectively. consistent with the 
experimental va lues of the tunnel excita­
tions [2.3]. Transferring the hyd rogen-bond 
proton in one molecule increases the super­
ce ll energy by - 42 meV, and rotati ng both 
methyl groups in addition ca uses an energy 
increase of - 70 meV. These last two va lues 
characteri se the energies needed LO create 
an iso lated di sordered molecul e in an 
ordered lattice. Since the e energies arc in 
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excess of the temperatures at which dis­

order prevails (90 K = 8 meV). aggregates 
of disordered molecu les must exist in the 
high temperature phase. 
Measurements ancl calculations of structure 
and dynamics in acetyl acetone have enabled 
an order-disorder transition in tl1e enol 
phase Lo be char·actcriscd. On cooling. cou­
pled proton tunnelling dynamics allow meta­
stable tautomer to re lax into a ground 

Late composed of ordered domains. 
Rema ining questions concern the possibil­
ity of a further lowering of crysta l symme­

try below 60 K. a suggested by the line split­
ting ob crvccl in the Raman spectra. ancl the 
co llec tive nature of excitations in the on et 
or disorder. These questions wil l be tacklccl. 
respectively. with single crysta l diffrac tion 
measurements and molecular dynamics 
imulaLions using a calibrated force field. ■ 
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Rotational tunnelling in phase Ill: 
a step forward in understanding methane 

• M. PRAGER ( INSTITUT FUR 

FESTKORPERFORSCHUNG, FZ JiiLICH ) 

• W. PRESS AND B. ASMUSSEN 

( UNIVERSITY OF KIEL ) 

• J . COMBET (ILL AND CNRS/ ICS, STRASBOURG ) 

Rotational tunnelling of tetrahedral 
molecules is a sensitive probe of site 
symmetries and site multiplicities. 

However, the complexity of overlap­
ping tunnelling patterns can render 

a model free description of data 
impossible. Only on the basis of the 
recently determined low tempera­

ture crystal structure of phase Ill of 
methane the high resolution tun­

nelling spectrum of 1.5% CH 4 in CD 4 

could be quantitatively explained. 
The analysis is based on tunnelling 
matrix elements and includes line 
positions and intensities. Barrier 
heights and disorder obtained with 

high accuracies will allow to refine 
pair interaction potentials. Level spe­
cific spin conversion times show up 
in the intensities of tunnelling tran­

sitions. 

Methane i the simplest organic molecu le. 
evertheless, it is of fundamental impor­

tance to understand interaction between 
methane molecules for the comprehen ion 
of organic materials. Like many uppo edly 
imple molecular material . methane ha 

a rich pha e diagram with at lea t seven 
known pha e . However, the cry tat truc­
ture of the two cubic phases I and II only 
have been fully solved [1]: phase Ii an 
or ientationally di ordered pla tic pha e 
while in phase II 75% of the molecule 

become orientationally ordered. The true­
Lure of pha e II wa predicted on the basis 

of octupole-octupole interaction of methane 
tetrahedra [2] where the octupole moment 
was calculated from pair interaction poten­
tials [3]. Very recenLly, the structure of 
phase Ill - known Lo exist since 1937 - has 
been determined u ing high re olution neu­
tron powder diffractometry. In disagreement 
with prediction [ 4] it i not a ubgroup of 
phase II but the cell i very slightly 
orthorhombic with all molecule ordered on 
two type of ublatlice of m and 2 site sym­
metries, respectively. and equal occur­
rence probabili lie [ 5 I. 

The solution or the cry tal structure or 
phase Ill [5] has provided a olid basis for 

C 

tc 
4 

C 

2 
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the analysi or tunnelling spectra. It i 
based on the model of ingle particle rota­

tion with the overlap matrix elements a 
the appropriate parameters [6]. In the 
general case the ground state multiplet is 
a quintet (A. T1. T2. T3, E:) with nine allowed 
tunnelling transitions. With increa ing ite 
symmetry Trlevels become degenerate 
and the number of transitions i finally 
reduced to 2 for tetrahedral environment. 
In the pre ent ea e. the results for 2-and 
m-local symmetries are needed. 

Tunnelling spectra were measured on 
IN10. A wide range or energy transfer 
- 7 µeV :s E :s 180 µeV at -1 µeV energy re o­
lution is obtained using the KC/[ 200] and 
NaC~ 111] variable temperature monochro-

Figure I : Arrangement of the methane molecules in lhe b-c-plane or lhe Cmca space group of phase Ill. a) and c) 
how cuts through the planes al 1 = 0.1 with m molecule . b) and d) represent planes x = ¼-½ wilh 2-si le molecule .. 

The underlying blue colour representl orientalions in phase II (measurement al IIRl'I>. 1s1s). 
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Figure 2: Neutron pectrum of 1.5% CH, in CD,. Energy resolution about I µe\'. Sample 
temperature T= 1.8 K .Experiment: open circles: red line: CH, on m-sites: blue line: CH, on 2-sites: ye llow area: 
sum of both. 

mators. The lallice spacings of both 
monochromator allow only down cauering 
proce e to be ob erved. The pen ymbols 
in figure 2 show a composed spectrum rep­
resenting I 00h of counting Lim e. A constant 
background i ubtrac ted. The higl1 energy 
resolution revea ls many new detail espe­
cially at low energy transfers. The signal Lo 
noi e ratio is lim ited by the low cone ntra­
Lion of guest molecule . the high resolution 
and th e large number of transitions dis­

tributed over the energy range of± 150 µeV. 

The spectrum is further modified by inho­
mogeneous line broadening. Despite the 
cone n tra Lion of gue L molecule was 
reduced to 1.5% di order and th e cor­
responding distribution of rotational bar­
rier i still significa nt. Inhomogeneous 
line broadening i proportional to the 
energy transfer. f(7)=r (1 + O.O t8 nw). 

rrs µcV 
and thus reduce th quality or a spectrum 
e pecially at large energy tran fers. 

The th ree equidistant line of equal inten­
ities at energ tran fer > 100 µeV are 

identified as the r, A tran ilions or the 
site with 2-fold symmetry axis. This a •s ign­
menl ancl a small 180° matrix element H 
determine all other transitions of this site. 
Pinal parameters are h1 = h3 = -19.99 µeV. 
h2 = h4 = -11 .82 µeV, H = 0.80 µeV 
with leve ls 0(A(2I). 107(T1121). 124(Tp l) . 
l 40(Tpi). 190(£121) µeV. 

Th e remaining inelastic intensity is 
explained by transitions of methan e 
molecules at m-siles. Starling with attribut­
ing Lile largest unexplained inelastic inten­

sity to the T3 to A transition. a number or 
combinations of lines wa explored under 
the u ual restriction . Pinal parameters are 

h, = -2.09 µeV. h2 = -16.55 µeV. h3 = h4 = -

6.33 µeV. H = 0.056 µeV with levels 0(Atml). 
39(Tlml), 68(T2tml), 79(T3lml). 91 (£Im!) µeV. 

lnten ities are calculated for equal popu­
lation of the tunnel ublevel . The very 
good fit (yellow area figure 2) supports 
the new crysta l structure [5]. The poten­
tial of molecules at 2- ite i - 16.6 meV 
and ignificanlly weaker than that of m-

highlights 

itc , ith 21.5 me\'. Thi cou ld be a residue 
or partial orientalional disorder on this 
ubiaLLice in pha e II. Both potential are 
tronger than that at the ordered ite 

in phase II . The rotational potential· 

show a distribution of les than 1 %. 

6 V=0. 12(0. 13) meV. due to chemica l and 
excita lional di order. 

The description with matrix elemen t is a 
fir t phenomenologica l tcp only. Next. the 
overlap matrix elemcnt have to be related 
ia the \\·ave function with the rotationa l 

potential A(wE). w B being the Eu lerian 
angle . A(wt;l mu t follow from the er s­
tal structure and the intermolecular atom­
atom potentials. Eventually. such a refine­
ment may lead to improved pair potential 
parameter beyond those or Bartell [3] 
which were successful for phases I and II. 

transition with in lh tunnelling multiplet 
require a nuclear spin flip. Thi s prevents 
imm ed iate equilibration with the phonon 
bath. Spin conversion times-care of the 
order of days and u ually different for dif­
ferent level . Thi lead LO difference in 
popu lation. The fit shows a mi match or 
intensity around 39 and 67 µeV or m-site 

methane. We are lee! Lo conclude that th 
involved T1 level conver ts fa ster. the 7~ 
leve l more slowly than th e average. 

After long tagnalion the solution of the 
tructure of phase Ill or CD 4 gives a new 

impact toward understanding dynamics and 
interactions of the simplest organic material. 
The field is aga in open for interesting new 
re earch. ■ 
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Long-range electron transfer 
in periodic nucleotide base stacks 

• D.J. BICOUT AND E. KATS ( ILL) 

A simple model for charge transfer in 
one-dimensional donor (D) - bridges 
(B") -acceptor (A) systems is pro­
posed. The model describes the 

charge transfer as the conjonction of 

two non-dichotomic competiting 

mechanisms: coherent direct D - A 

tunneling and incoherent hopping. 

An analytical expression of the charge 

transfer rate kn is derived for this 

model, and seemingly contradictory 

observations of a strong followed by 

a weak influence of D - A distance on 

ker are readily reproduced . 

~1olecular elec tron Iran ' fr r (~~T) is one 

or the most re levant procc ses ob erved 
in chemi stry. ~lorcove r. considerable 
experimental work ha, been reporled on 

a numbcr or ys tcms in which the charge 
transport is effec ti ve ly confined Lo one 
dimension. Th e pal'li cular e-.;ample or 
long-range elec tron tran fer in nucleotide 
base slack ha been a recurrent hol 
topic during the past decadr 11-31. How­
ever. mechani m. leading lo such charge 
transfer proces cs are not full y under-

tood and thus have bccn heavil debated. 
In particular. many relevant fac tor (e.g .. 
molecular cnvironm cnl. counleri ons. 
th ermal vibra tions. and so on) can in fl u­
cnce Lh e electron Lran porL in material ' 

such a D A. which are very hard! Lo 
cont ro l in rea l c-.;perimenL. In uch a 
case il seem, reasonable and worthwhile 
10 put forward a . imple. but rt non­
tri\·ial. model \\'hich can pro\ icl r exper-

Figure I : Schemal isal ion or electron Lransrcr routes in a model or DNA. The donor and acceptor correspond Lo 11 = 0 
and n = 'I . rrspertivcl). kr drnoles the lunnelling rate and k, and k_ the rorward and backward hopping ra te . rcspec­
Livrl) . 

imen ta lly testable con sequences under 
relati ve ly we ak assumptions. In this 

spirit. th is attempt is inspired by th e 
experimental work by Gi ese el al. [3] 
wh ere the charge transfer rate between 
guanine base pairs or D A separatecl by 
aclenine - thymine bri clge or va rious 
length s ha· been mea ured. Th ese 
authors l1avc found Lhat the rate or charge 
lran fer decrca ·e exponentially only for 
small distances (i.e .. up Lo about three 
base pair, . i. e. 3a = I 0.5 A) . whil e th e 

deca is considerabl weak wh en th e 
bridge lenglh inereascs ho\\'ing hence a 
transition rro m coherent tunnelling for 

s 3 lo th ermally induced hopping for 
'V>3. \\'here Vcounl lhe number ofba e 
pair in th e bridge. F'or compari on. Lhe 
·tandarcl larcus-Le\ ich-,Jorlner [4] the­

ory predicL an exponential decay or th e 
elec tron transfer rate. kH with Lhe donor­

acceptor distance a a . kEr oc K0e-ll ' "· 
\\ here a denote the ba e pa ir inter-
pacing. K0 si pre fac tor ( ee 141) . and 

lhe fa lloff fac tor B ma ra nge from 0.5 A- 1 

Lo 1.2 -1. One fi nd that ome \\·orks 

( cc e.g. [51) can be de cribed by th e 
\l arcu, llwor~. bul many others [G] are 

not and incl iea le \'ery \\'ea k decay or. kr.r 
for large clonor-acceplor distance. 

Th is paper aim s al clemonslraling that 
allhough : imple. th e r ro po cd model 
alrracly reproduce, a number of fea ture 
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found in long-range electron transfer in 

D A. i.e. an exponential decay or the elec­
tron transfer rate k1:r with the clonor-accep­
tor separation at mall distance. and the 
slow algebraic decay of k1_7 for large clonor­
acceptor separations. 

Below lhe rate of the charge tran fer pro­
cess between donor ancl acceptor pec ie 
is ca lculated for eparale sites or a large 
molecule (e.g .. DNA with pecially designed 
base sequences I 31). The electron trans­
fer from a donor Lo an acceptor is il lu -
Lrated below in figure I. The donor D i 

attachecl to the site n = 0. th e bridgrs B,, 
consi t or - I identical segments (denoted 
n = I. 2. .... - 1 ). and the acceptor A i 
attached to the site n = . The elcel!'on 
transfer may proceecl b two non -

clichotomic proce • e : either by direc t 
uni Lep uperexchange tunnell ing rrom 
the donor to the acceptor\ ith the rate kr 
or following the multi Lep hopping proce 

with forward ancl backward rntes k+ and k_. 
re pecti ve ly. Although phenomenologica l. 

the three relevantquanliti cs krand k±are 
related Lo micro scopic energetic or the 

proce scs. 

The ca lculated rate k1i,N) for different va l­
ue or the parameters (K0. k±) i reprc cnted 
in the figure 2. The rate k1,7 as a function of 

is shown lo cxhil.Jit a tran ition from tun­
nelling Lo hopping regime .. The rate ka 
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~a= 2.3 
Ko = 150 k+ 
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Figure 2: Reduced rate, k,_,.(N)lkd, I ) , as a function oflhe reduced length N. Quoted numbers correspond lo lhe rallo kJ k • . (a): kd, 1)=1.05 K0. (b) : k~,.( I )=0.107 K0. Filled lr­
cle are data from 131. 

decreases exponentially with N for short N 

while the decay is weaken and becomes non­
exponential as N gets larger. It clearly 
appears that the ratio t<Jk+ measures the rel­
ative magnitude of the contribution of tun­
nelling versus hopping to the ET rate whereas 
kj k+ is the control parameter for different of 
the ET rate with Nin the hopping limit. 

As an illustration , the experimental data 
from Giese etal. [3] are reported on panel 
B of figure 2. Th e agreement between 
experiment and th e theory is rather spec­
tacular. The model sugges ts that the mag­
nitude of tunnelling is about hundred times 
lager than the hopping in these experi­
ments [3]. The exponential decay at hort 

N (N s 3) corre ponding to the tunnelling 
regime with ~ ... 6.5 A-1 is common to 
the three curves. In the hopping regime at 
large N. the data are well described by the 
curve quoted k+ = 100 k_. i. e. almo t bal­
li tic hopping. ■ 
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Instrument personalities 

• ChrisLophrr Ling position ing a sample on thr Eulcrian Crad le of I hr hot 
neutron four-circ lr dilTrartomrter D9. 

Roland Gancklli during thr assemhly of !he nc·,, rol limation merhanism for ► 
I) I I . 

BenoiL ~lalard and the deLecLor ban~ of the high resolution powder dilTrar-
◄ Lometcr 028. 

Gwcnaclle Rou se and the D20 pyrolilic graphite monochromator renecling 
a ·ample holder. ormally neulrons renect from the monochromator on Lo 
the sample. 'Y 



millennium 
progr 
and technical developments 

Launched on 1 st January 2000, the first 

day of a new century and a new millen­

nium to all except a few purists, the 

ILL's Millennium Programme is now a centra l 

theme in ILL's dai ly life. The aim of the Mil­

lennium Programme was to set in place an 

acce lerated and continuous programme of 

instrument and infrastructure renewa l wh ich 

wou ld increase the data rate of each ancl every 

instrument by a factor of between ten and 

twenty and perceptibly improve the service to 

users. The ILL's reactor was rebuilt in the 

early 90's resuming full operations in 1995. 

This operation totally absorbed the lnstitut's 

budget with the result that the modes t invest­

ment in instrumentation poss ible in the late 

9o·s and currently now reaching fruition ended 

a period of famine for in strument upgrade at 

ILL wh ich lasted a full decade. The Mi llennium 

Programme will reverse that dec line. F'i ve 

instrnments were rebuilt in the late nineties 

from within the lnstitut's own budget and a sixth 

instrument was rebuilt using external funding 

from Spain and in addition the H 11 3 ballisti c 

guide was installed, funded from Germany. 

The Millennium Programme currently con­

ta in s a further nine in strument projec ts with 

the rebui ld of two neutmn guides unclerway and 

the renewa l of tlie ageing vacuum pump park 

(54 oil diffusion pumps!) now 25% ach ieved. 

This intense ac tivity has required a refocussing 

of working practi ces and project management 

to which the ILL staff has responded admirably, 

but it is becoming clear that there is a need 

to redeploy sta ff in key areas. This process is 

taking place in an organic manner. 

Detail s of progress on individual projects are 

given on the following pages. 



millenniUm programme and technical developments 

Ove view of the ILL's Millennium Programme 

• C.J . CARLILE (ILL) 

T 
he D4 liquid and amorphous 
diffractometer with its microstrip 

detectors is now in routine opera­
tion with a significant improvement in 
detector stability, and a five times increase 

in so lid angle. U ers (and instrument sci­
entists) eagerly await the insta llation of the 
new hot source in Apri l 2002. 

The Mark-11 microstrip detector on D20 has 

operated for 18 months with no signs of any 
clegradation in performance. Improvements 
to the design and manufacture appear to 

have paid off and ta lk from the diffraction 
group is of a Mark-Ill detector. The dead time 
between stop-start of runs is only 80 ms which 

makes this high in tensity diffractometer ideal 
for kinetic experiments. The abili ty to increase 
the take-off angle for the monochromator to 

120° presently being implemented will sig­
nificantly enhance the resolu tion. 

The D 17 retlectometer has been fully 
functional now for over a year. There were 
some tricky problems in the ea rly days of 
the commiss ioning phase with the elec­
tronics of the 2-D detector which have 
been overcome and the instrument now 
boasts the highest intensity in its class. 

Thomas Hansen and the Mark-III detector of D20. 

The primary spectrometer of the IN5 time­
of-tlight instrument has been completely 

rebuilt with a new focuss ing supermirror 
gu ide. The multiple chopper sys tem with 

magnetic bearings from Jiilich is now 
nearing completion . First neutrons are 
expected during summer 2002. 

At that stage the design of a new secondary 
spec trometer using a new type of 2-D He3 

gas detector will start. 

The high-intensity triple-axis spectrome­
ter INS, built in collaboration with Spanish 
researchers, took its first neutrons in Novem­
ber 2001. Intensities on the sample position, 
reflected off the three-faced doubly focussing 
monochromator, are sufficien Lly high that 

Bragg reflections from the sample position 
pose a potential radiological hazard. Hot 
spots are now be ing shielded against. 

The refitting of the IN4 spectrometer 
with horizontal axis choppers is now com­
plete and the commiss ioning of the small­
angle detec tor is underway. Time-of-flight 
data on single crystal samples look very 
promising as they do on IN6. 

The installation of the 2-D 26 cm square 
wire detector on the D16 long wavelength 
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detector took place 
in February 2002 
and it is performing 
beautifully. Overall 
the data rate on the 
instrument has risen 
by fifteen times. 

The polarisation 
analysis triple-axis 
spectrometer 
IN20 has benefitted 
from a total rebuild 
of the primary spec-

The three-faced double-focussing monochromator of 
the thermal three-axis spectrometer IN8C. One face 
consists of eleven horizontally bent sandwiches com­
posed of perfect Si 111 crystals. The two other faces 
(one is hidden) consist of 9 x 11 elements equipped 
with PG002 and Cu200 crystals, respectively. 

trometer with a "virtual source" and a large 
area doubly focussing Heusler monochro­
mator. built in-house, which results in a 
10 times increa se in flux on the sample 
position but, as importan tly, a doubling of 
the accessible energy transfer range. 

The D3 spherical polarimeter is moving 
steadily towards completion. Various compo­
nents are now in place- including the polari­
sa tion sensitive detector and a total rewrite 
of software with sophisticated optimisation pro­
cesses for this complex instrument. Cryopad 
Mark Ill, a 4-circle single-crystal device inside 
a zero magnetic field cavity inside a cryostat, 
is in manufacture due for delivery in 2002. 

The thermal beam single-crystal image 
plate diffractometer Vivaldi is now fully 
operational - the first totally new instru­
ment of the Millennium Programme- and 
it is producing high quality data in short col­
lection times - recent data from vitam in 
B 12 look particularly impressive. 



The Strain lmager - another totally nrw 
instrument, built in co llaboration with the 
University of Manchester - is well undcr­
way. Site excava tion is corn plete and the 
sophistica ted sample suriport Lablc- mar­
ble rloor, granite table and hexa pod orien­

tation device - is now the subject or a 
design stucly in collaboration with a Greno­

ble roboti cs rcsearcl1 labo ratory. It wi ll 
support sa mples up Lo one tonn e in weight 
with 50 µm accuracy. 

The D 16 two-dimensional wire detector. 

The high speed 2-D SANS detector for the 

D22 small-angle camera has progressed 
faster than expected. 7. 5 mm diameter 
linear position sensitive detec tors. 1 m long 
with a spatial resolution of 5 mm have 

been dcvelopecl. 128 of these will be as cm­
bled into a single detec tor and installed 
during 2002. Together with fast read-out 

elec tronics newly developed. the specified 
coun L rate of 2 MHz at less than 10% cleacl­
Lime lo ses wi ll be far exceeded. This develop­
ment will now be applied to D2 and D 11 as 
well as the three Lime-of-flight instruments 

I 4. I 5 and IN6 wl1icl1 will benefit from a 
further development to enca e all linea r 
detectors in an integrated double-mani­
fold. This design has been patented. 

The high resolution powder clill'ractome­
ter D2B (the only instrument Lo reta in its 
trailing letter1) will benefi t from a total rehuilcl 
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or its secondary spcctromct r ro llowed by a 
new monocl1romator. The 128 lincar po iLion 
sen •itive detectors l1avc been received and 
the same number or fine Soller collimators are 
mid-way through the manufacturing process. 

The Lohengrin fission fragment spec­
trometer has been furni shed with 2 
Eurogam germanium detec tors on loan 
with coinciclence electronics and anLicoin­
cidence scintill aLOr shields ror prototype 

studi es of short­

lived isotopes close 
Lo the neutron 
driplinc. T11 e sen i­
tivity or the instru­
ment will improve 
very igniricantly as 
ea rl y r·csu!Ls have 

shown. The bea m 
stop area of Lohen­
grin has been tota lly 
rebuilt Lo provide an 

intense beam for 
kinetic rad iography 
and tomograpl1y. 

The rebuild of the polarisaLion analy­
sis lime-of-flight spectrometer D7 

has begun with th e in stall ation of a 
new incident bea m po lari se r providing 
a 2.5 tim es in crease in flu x on th e 
sa mpl e. Th e prototype spin analyse r 

which has n gligible extraneous mate­
ri al in th e bea m path is und ergo ing 
tes ts prio r to th e mamm oth task or 
spuLLerin g th e many square metres of 

supermirror for th e new analy er 
banks. 

The BRISP Brillouin scattering spec­
trometer located on one or the therma l 
inclined beams has become a significant 
presence in Lhe reactor hall. After rigorous 

earthquake imulations or the platform 
and the instrument itse lf. the builcl I hase 
is progressing apace. F'irst tes ts are 
planned for ea rly 2003. 
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The quarter century old collimation system 
and neutron guide for the small-angle scat­
tcri ng instrument 0 ·1 ·1 has now been 

replaced between the rebuilt velocity elec­
tor position and the instrument. The upstream 
section will be in ta iled in summer of 2002. 
We plan to replace the detector following on 
from the D22 detector renewal programme. 

The fibre and single crysta l diffrac­

tometer DI 9, being rebuilt in co llabora­
tion with a K consortium or universities. 
will benefit from a much larger area detec­
tor which will deliver a 20 Limes improve­
ment in data rate. Prototype area detec­

tors. both traditional wire and microstrip 
ve rsions. have been tes ted and show 
impress ive results. Manufac ture of th e 
large detector itse lf will sta rt soon ready 

to take data before the end of 2003. 

So there·s a lot go ing on ancl we haven·t 

touched upon the deuteration laboratory. 
part of the prnposed Partnership for Struc­

tu ra l Biology with ESRF and EMBL. or the 
facility for Materials Engin eering FaME 

built in collaboration with the University 
or Sa lford ancl ESRF. 

We look forward to the new neutron source 
around the world being operational, but 

the older ones are not standing still. 

Partial array of the Lohengrin MINIBALL detector 
(courtesy or Lile Unil'crsily or Cologne). 
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A strain image 

S . ROWE AN D T. PI RLIN G ( ILL) 

• W. HUTT, G. B RUNO 

( U NIVERSITY OF M ANC HESTER, ILL ) 

As part of the Millennium Programme 
the ILL, in collaboration with the 

University of Manchester, is con· 
structing a neutron Strain lmager, 

partly funded by an EPSRC grant. 
Its design and construction is 

expected to be completed in 2003. 

After a one-year commissioning 
period during 2004 it will become a 

full ILL instrument. 

A short description 
of the new instrument 
The instrumenL and the principle of sLra in 
determination has been described already 
in the ILL Annua l Report 2000 [1.2]. There­
fore we give only a short summary of iLs 
opera tion here. A neutron sLra in imager 
deLermin es th e stress distr ibution in a 
component with a latera l reso lution of 
typica lly 1 mm3. Thi is done by mea u­
ring the variation of the lattice spacing of 
the crysta ll ite inside the materia l. This 
method applies to measurements in welds. 
composite and hardened materials and 
many more applica ti ons in engineering 

and materials science. as well as industrial 
testing. The advantage of the neutron strain 
imaging method is that it is applica ble to 
rea l engineering components. Therefore 
the range of sample dimensions and weight 
is quiLe large: from millimetres to metres 
in length and from grams to several hun­
dred kilograms in weight. The challenges 
for the construction of the instrument are 
a high neutron flux to enable penetration 
of large samples. and at the same time high 
resolution to determine stresses precise ly. 
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at the ILL 

The Strain lmager Team. From left to right: Steven Rowe (draughtsman). William Hutt and Philippe Decarpentrle 
(instrument technicians). Thilo Pirllng (pro ject leader. ILL) . Giovanni Bruno (project leader. Manchester) . 

Our solutions Lo achieve this goal are Lhe 

development of a double focussing mono­
chromator us ing bent Silicon crysLa ls. A 
new uper mirror guide (m = 2) will pro­
vide at leasL 3 Lime more flux than today. 
A special feature is Lhe ample table which 
is a Stewart Platform (known from flight 
simulators). It allows us to Lil t. rotate and 
translate samples Lo within 50 µm accu­
racy. This gives a unique fl exibi li ty in sa m­
ple positioning and the ca pability to se t up 
nea rly every type of specimen. The load 

capacity will be more than 500 kg. The 
Stewart platrorm will slide on a large base 

plate in order to extend its ra nge of action, 
so that samples up to 2 metres in length 
can be measured. Collimating optics will 
allow high lateral resolu tion and a va riable 
take-off provides a wavelength range from 
0.1 3 to 0.45 nm . The development of the 
instrumenL will be in close contacL with the 
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F'aME pro jecL for the coordination and 
preparation of stress experiments. This 
will resul t in tandardised sample l1olders 
and sa mple environment. and sta ndard 
fil e fo rmat for data interchange. 

Progress during 2001 

The win ter shu tdown 2000/2001 saw the 
excavation of the Strain lmager zone, where 

an es timated 55 tons of material were 
removed. The area was then consolidated 
with concrete including the foundation 
block required for the 1 000 kg crane. 

The area around the guide housing and the 
casemate has temporarily been rebuilt to the 
pre-excava tion height, in order to allow the 
old guide, guide protection and casemate Lo 
be replaced. This is a stop-gap measure 
un til the new guide, guide protection and 
casemate are ready at the end of 2002. 



The H22 guide between D1ND I Band the 
Strain lmager wi ll be increa sed from the 
current 125 x 30 mm2 to 200 x 30 mm2 

supermirror guide. This is linked to th e 

proposed replacement of the H22 guide 
from th e reactor. onwards. 

The replacement guide between D1ND I B 
to Strain lmager is currently out for ten­
der with Llie contract for manufacture. 
clu e Lo be placed in ear ly November. 
Delivery and insta llation on site is planned 
for the 2002/2003 winter shutclown. 

The new casemate wi ll house a 3-mono­
chromator se lec tor tab le. The 3 monochro­
mators will compri e a silicon variab le 

double focussing monochromator which 
will have a focus range in both plan es of 
in fi ni ty clown to 1.4 m. a l'lat graphi te 
monochromator for brnad bandwidth 

imaging applica tion . and a fixed focus 
copper monochromator. This combination 
will provide th e required high-intensity, 

high-reso lution beam adaptable for dif­
ferent applica tions. 

, U \\Or ~otum 
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The initia l de ign for the double focus. ing 

monochromator has been produ ced. Our 
Lo its complexity it ha been cl ec icled Lo 
manufacture a prototype with 3 egment . 
The final version will con isL of a 13 eg­
ment . Each individual crysta l i 180 mm 
wide, ·15 mm high and 2 mm th ick with 
each segment consi Ling or 5 cry Lal . 

The specil'i ca Lions for the graph ite ancl 
copper monochromators will be produc cl 
in early 2002. The e monochromators arc 
of a stanclarcl de ign and construction . 
with delivery expec ted at the encl of 2002. 

The Hca lll1 Ph ys ics Servic has completed 
the initia l casemate ca lculation. which 
indica te that 750 mm of heavy concre te 
will be required Lo provide adequate shield­

ing ad jacent Lo the monochromator. 

The sa mple ca n position is fi xed at 2 m 
from the monochromator. A va riable take­
off angle i pos ible between 55 to 125 
clegrces. giving a wavelength range or 0. 13 
to 0.4 5 nm. The results wi ll be co llec ted 
using a bi-dimensional micro- 'trip Po ilion 
Sen itive Detector. placed I m away from 

the sa mple po •ition - this detector is 

currently fiLLCd on D1A for stress 
exper iments. The detector will 

be able to be removccl ancl 

repla eel with an alter­
native se t-up. if re­
quired. 

The sample holder of the Strain lmager. the tewart Platform. in lilt position. The range 
or the x.y and z mOl·emenl i indica ted. together \\ilh the 3D working ·pace. 

In order to be able 
to analy e a wide 
se lec tion or sa m­
ples both in •ize 
and weight (more 
than 500 kg). we 
have clecicled to use 
a para llel robot 
(Stewart platform) 
for the ample posi­
tioning. The initial 
de ign of the para l­
lrl robot ha bern 
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produced. wi th a tudy of th e proposccl 
mechanica l configuration being carri ed 
out by Jean-Pierre Merlct at INRIA Sopl1ia­
Antipoli . It has been proved that it i pos-
ible Lo construct a sy tern that will pro­

vide the 6 degrees of l'reedom with accu­
racy greater tha n that or conventional 
units. INRIA is now continuing to determine 
the optimum geometry ror maximum per­
formance and sa re operation . 

Collaboration with 
the University of Manchester 
The Strain lmager i fortunate in brne­
fiLing from its co llaboration with the Uni­
ve r ity or Ma nches ter (led by Professor 
Withers). not only with th e EPSRC funding 
but also with th experience and knowledge 
LIH'Y bring Lo the projec t. The funcling ha 
al. o provided two add itional co-workers at 
the ILi.: one technician. William ll utt. ancl 

a dcclicatccl physici ' t Dr. Giovanni Bruno. 
who joi ned the group in October 200 I 
when the ILL ho tecl the fir t Manag -
ment mee ting with representatives or the 
EPSRC. lanche Irr niversity. the I I.L 
and the .K. u crs community. lanagc­
ment mee ting will take place every 6 

months. 

Conclusion 
2002 looks to be an exciting ea r. which 
will sec further cl ve lopmcntofthc paral­
lel robot and control ·ys tcm. manufacture 
of th e monochromator. delivery of th e 
guicle. guide protection and ea emate \\-iLh 
installati on over th e winter hutdown 
2002/2003. Thi s puts the instrument on 
target ror it fir t Le t cycle in 2003. 
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high-flux polarised neutron 
three-axis spectrometer 

• J. KULDA, P. COURTOI S, M. ENDE RLE, 

M. THOMAS, AND P. FLORES ( ILL) 

J. SAROUN ( ILL AND NUCLEAR PH YS ICS 

INSTITUTE, ~E2, PRAGUE ) 

The three-axis spectrometer IN20 has 

received the first part of its upgrade, 
aiming at a substantial increase in its 

data collection rate for inelastic scat­

tering experiments with polarised 

neutrons. The in-pile collimation has 

been remodelled, and a new large, 

double focussing Heusler alloy 

monochromator/polariser has been 

installed, Illuminated through a 

heavy-input slit (virtual source) of 

adjustable width. In combination 

with a horizontally focussing Heusler 

analyser of similar design imple­
mented in spring 2000, the data col­

lection rate in polarisation analysis 

mode has increased by a factor 30 -

50 compared to the original IN20. 

IN20 was designed for excitation sLudies in 

Lhe 10-60 meV range using polarised neu­
tron s: it represented Lhe staLe or Lhe arL in 
iLs domain in Lhe 1980's and 1990's. The 
experimenLs ca rried out on IN20 involve 

elastic and inelastic sca LLering with 1 D [1) 
and 3D (CRYOPAD) 121 polarisa tion analysis, 
as well as the thermal beam spin-echo tech­
nique (TASSE) [3]. In reality the energ,y scale 

or excitations covered on I 20 extended only 
LO about 35 meV due LO a severe cuL-off or Lhe 
monochromatic flux aL incident neutron ener­
gies higher Lhan 60 meV, caused by Lhe small 
size or the original Heusler monochroma­
tor. Even at lower neutron energies Lhe data 
acquisition raLe often proved insufficienL for 
Lhe proposed experimenLs. 

Figure 1: The new IN20 Heusler monochromator 
ready LO be instal led. 

To match the increasing demand on inelas­
tic polarised neutron studies (spin dynam­
ics in low-dimensiona l quanLum magnets 

and strongly correlated electron systems. 
spin-lattice coupling) it was imperative to 
increase the luminosity of Lhe spectrome­

ter by relaxing iLs momenLum resolution 
while main ta ining good energy resolution 
and signal-to-noise raLio. In prac tica l terms 

thi s mean s employing a monochromatic 
focuss ing geometry on both the monochro­
mator and analyser, increas ing the neu­

tron source width . and plac ing a heavy 
input slit upstream or the monochromator 
to serve as a virtual source. whilst keeping 
the background at an acceptable level. The 

exact beam geometry has been optimised 
using a Monte-Ca rlo ray trac ing code 

(RESTRAX f 41). va lidated by simulations or 
the existing ILL TAS instrumenL on an 
absolute scale [5]. The major technologica l 
achievement ol' the renewed primary spec­
trometer is th e new double Focuss ing 
Heusler monochromaLOr with an active area 
230 mm wide and 150 mm high (displayed 

in figure 1 ). It consists of 75 crystal plates 

arranged in 15 co lumns, each pivoting 
around a vertica l axis to allow for variable 
horizontal focussing. In addition. the 5 plates 

in each of the columns are cut in such a way 
as to provide fi xed vertica l focuss ing, opti­
mised for the neutron wavelength or 1.4 A. 
The sa turating field. optimised by detailed 
3D finite-element ca lculations (ANSYS), is 

produced by dF'eB permanent magnets 
mounted into a C-shaped iron yoke closing 
th e magnetic circuit on th e rea r or the 

monochromator. This solution provides the 
neutron beam with unlimited lateral access 
neutron to the monochromator crysta ls. 

The exchange or the beam tube was per­
formed during the 2000/2001 winter shut­

down followed by th e installation and pre­
liminary tes ting of the new monochroma­
tor in the March/April reactor cycle. F'rom 
May 200 1. IN20 was again ava ilable Lo 

ex ternal users. The polari sed monochro­
matic flux delive red at the sa mple position 
(figure 2) closely fo llows the project curves, 
aiming at a ga in factor of 5 - 10 in the 

higher therma l energ,y range. Thanks LO the 
monochromatic horizontal focuss ing the 
increase in neutron flux results in no loss 
or energy reso lution. The typica l energy 

widths (F'WHM) at the graphite filter wave­

n umbers ki = 2.66 A- 1 and 4.1 A- 1 are 
0.82(3) meV and 3.05 (15) meV. respec­

tively. Good beam polarisa tion (about 90%) 
has been confirmed across most of the 
neutron energy range [6]. 

Measurements or the vanadium sca ttering 
intensity. including measurements or sen­
sitivity Lo inelastic scattering. permit LO fol­
low the evo lu Lion of the instrument per­
formance achieved with the modifications 



C: g 107 
:, 
Cl) 
z 

2 3 4 

I I 

Millenn1u'TI P•ogru•nm<' 

8 9 10 

Figure 2: The polarised neutron nux at the sample position or tbe new I 20 (full and empty square corre pond­
Ing to input lit width or 30 and 15 mm respectively) together with the project curve (rull linc). The open circles 

1 repre ent th nux mca ured in the old set-up. 

in troduced in recent yea rs. AL tandard 
condition and at unchanged energy 
re olution I 2o·s peak count-rate at 

~ = 4.1 A- 1 rose from 3 cts/s with vertically 
focu ing geom try in 1998 to 15 cts/ 
after implementation of the horizontally 
focuss ing analy er in 2000 and achieved 
about 100 cts/ with the new monochro­
mator in 2001. The background level ha 
increased at th e same rate as th e 
monochromatic flux. with almost no change 
in the signal-Lo-noi e ratio. 

Since May 2001 . I 20 has been available 
to external u ers in all or its operation > 3 

Q) 

modes. The power of the renewed instru- .s 
ment in the conventional three-axis mode e, 
is illustrated by the first direct polarised neu- ~ 

IJJ 
tron study of the multi-magnon continuum 
in a two-dimensional quantum (spin-1/2) 
Heisenberg antiferromagnet. Combining 
scattering data from CF'DT (copper formate 
tetra-deuterate) [7] collected with neutron 
polarisation dir ction along each of the 
three principal axes. sufficient intensity is 
achieved to distingui h the strong single­
magnon di per ion branches (mainly tran -
ver e - figure 3a) from the multi-magnon 
continuum filling the space between them 
(mainly longitudinal - figure 3b) . 

The performance of the CRYOPAD has been 
enhanced by new pin nutator . avoiding 
parasitic cattering at the increased beam 
divergence. Its performance wast ted on 
a ingle crystal of MnF'2. a well-known 
collinear antiferromagnet. A polari ation 

clo e to 90% was confirmed For all diago-

-0.25 0 0.25 
H [r.l.u] 

Figure 3: Quantum spin excitations in the 2D-anti­
rerromagnct CFTD: tran ver cly polarised slngle­
magnon signal (a) vers. longitudinally 1>oiarl cd multi­
magnon continuum (b) resolved by neutron polari­
sation analysis on I 20. 
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nal components on a nuclear Bragg p ak. 
on a magnetic Bragg peak. and on a purely 
transver e magnetic excitation ( ql l Q). The 
off-diagonal polari ation component should 
vani h in MnF' 2 - indeed zeros within the 
sta tistica l error were found in all three 
case . In the TASSE mode ( pin-echo) a y -
tematic study or temperature and mass 
disorder effects on phonon line width in i o­
topic Ge cry ta ls has become poss ible. 
with a ignirica nt ga in in the data co ll ec­
tion rate due to an increase in L11e 
monochromatic flux and the possibi lity of 

working at higher incident neutron encrgic . 

Th implementation of horizontal focu ing 
i on ly a fir L step in the I 20 upgrade. The 
re ult is that experiment of th ame 
qual ity a in the past can now be per­
formed much Faster. The next step is a 
reduction of the background level to 
enhance further the en itivity of the 
in trument. In order Lo cut Lh fast n uLron 
background. increased by the opening up 
of the in-pile co llimation. the monochro­
mator shielding will be reinforced and the 
incident white beam filtered. A second 
monochromator will also be added using 
elastica lly bent Si (11 1) crysta ls [81. The 
main advantage of this will be the sup­
pre ion of t-12 contam ination in the inci­
dent beam at wave-vectors of 2.66 - 4 •1. 

wh ich is otherwi e responsible For a sig­
nificant part of the ample-related unpo­
larised background. In th i case an alter­
native neutron polarisation technique. a 
3He fil ter or a multilayer bender. wi ll be 
employed. ■ 
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• ased data rates 
on SANS machines 

P. VAN ESCH { ILL) 

Resistive charge division is a posi­

tion encoding technique well suited 

to neutron detection in gas detec­

tors. However, it puts severe demands 

on the read-out electronics, as not 

only hit/no-hit information has to be 

conveyed but an accurate signal 

amplitude has to be measured within 

a short time if high count rates are to 

be chieved. Front end electronics 

has been successfully developed in 

the framework of the Millennium 

SANS·2MHz project. It consists of a 

fast low-noise preamplifier, a Gaus­

sian shaping circuit and a noiseless 

baseline correction. 

Principle of resistive 
charge division 
Tile idea of resistive charge division is to u e 
a disLributed resistive elecLrode as d tecL-

ing element. Lerm inaled al both ends wiLh 
a low impedance. Tile charge collected aL 
boLh ends encode ror the position or Lhe 
impact along the electmde. Tllis technique 

is well-suited to the readout or neuLron gas 
detectors. becausr the ignal provided b 
tllese detectors is inherently "s low": the 
time of charge coll ction last From a rew 
llundred nano econd up Lo a micro rconcl 
and omelimes even longer depending on the 
detec tor topology. On thi time sca le. a di -
tributed re istor can be considered rairl 
idea l. a Fact which is primordial to Lll Func­
tioning of resistive cl1 arge division. 

Th is technique is Lile readout principle or 
the new detec tion clcmcnLs ror tile SJ\ S-
2MHz projec t 11.21. In that projec t. the 
anode wire in a c lincl rica l 1 metre long 
det ctor is the res isti e elcc Lrode. 

Spatial resolution and 
electronic noise: preamplifier 
In many cases (c pecially in large detec­

tors). the determining fac tor of Lil e spa-

Figure I: Impulse response or ampllner with u pulse width slightly larger than I ps. Thi is Lh(' sha1>ing Iha! 11<· 

inl<'nd to use ror the SA S-2M llz project. 

Lia l resolution in charge cli vision i Lh e 
elec troni c noi added Lo the ignal . 

Thi s noi se ha s two differenL kind s of 
ources: on one hand. th ere is the noi se 

clu e to th e prca mplifier . on th e other 

hand there is th e Lhermal John ·on noise 
clue to the re ·i Li ve anode wire iLself. The 
ca lculation of Lil e relati ve contribution 
to th e palial re olution i , cl tailed in 

J2J. Til e ab ilit lo ca lculate tll ose con­
tributi ons (wlli ch arc Found Lo be in 

exce llent ag reement with ac tu al mea-
urement ) enable us LO optimi e the 

choice of the prcamplifi cr uch th at the 
essential term (th e John son noise of til e 
resistive elecu·ocle itse lf) is the dominant 
one. 

Th e preamplifier is a currenL ampli fie r 
witll a very large bandwidth : it is config­
ured a a first order sys tem willl a time 
con Lant that ca n be a low as 12 n . 
lncleed. Lile presence of a finite resistance 
in the detec tion element docs away wi th 
the low noise advantages or an in Legra ling 

charge amplifier. The advanLage. of a cur­
rent amplifier are that tllere is no pile up 
at high counting rates. Lllat no pole-zero l 
compensation is necessa ry ancl Lllat the 
input impedance (important in our case) 
can be much lower. 

Counting rate issues 
and noise: shaper 
The total clea cl Lime (a nd hence the count-J 
ing ra te) of one cl ctcc tor Lu be will be 
cs entiall cl cte rminecl by Lhc total pulse 

width of lhr shaping circuit. In order Lo 
optimi c Lili : pul se width and LO limi t at 
th e sa me tim e til e spec tral wiclt11 of Lhe 
pul se. a Gauss ian sllap<' is optimal. We 
implemented a 4t h orclc• r ac ti ve filter 
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Figun· 2: A typira l clctertor signal (on the I O mm diameter pnitot)pr 111111li-tub1· detector at 1011- 1n·1•s~ 1111 •) aft l'r 
shaping wi th a Causs ian 1111rr or total width about 200 ns. The trailing signal al tlir enrl is not a n·sull or lil t· shap­
ing. but clue to the resirlual ion nrnvemenl in the ti<'trctor. 

app rox ima Li on of Uiat , hapc. We havC' 

cl cmonstratecl. wiLhin th(' same circuil 

topology. fi ltns or wl1ich the 1% pu lse 

width ca n va ry from 100 ns up to 2 ms 

(and more). The Limr scalr of the pu lse 

can hencC' be mlaplcd to LhC' nre(I or a par­

ticular detector. nipolar· shap ing has 

two aclva ntagC's: thr obvious one is that 

thr du ra tion of the pu lse is of course 

twice as shol'L as for l)ipolar shap ing. The 

less obvious advantage is that Lhe no ise 

bandwitlLh is about 40% lower than wha t 

can be ach ieved with bipo lar shaping. 

The signal shape of the Gaussian shaper 
inLcnclell for US(' wilh Lill' S/\NS-2M ll z 

project is shown in figure I./\ fast shaped 

de tector signa l (about 200 ns) is shown 

in figu re 2. 

Noiseless baseline correction 
The di advantage or unipolar shaping is 
that at high count rates. Lht' ··1iaselinr .. 

sh ifts (!own. Wr ha\e cleveloped a simple 

base line correct ion circuit llial fi lters out 

llw shifted llaselint'. passrs it through a low 

pass fil ler (eliminaLing essrnlially all noi:<' 

Figur" 3: Effect or the baseline correction: 11 ith (~t• lhm) and 1\ithout (blue) basrlin<' l'orrcction. at high count r.rt!'s. 
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on the baseline) anti acids till' sl1ifl to thr 

original signal so as to restore lhl' has('­

linl'. Tlw advantage of this approach O\er 
the more traditional .. clamping .. approach 

is l11al this docs not adtl an~ noisr to the 

signal. The effect or the baseline correction 

is sl1own in figun· :3. 

Conclusion 
Wr have dC'vc lopcd a complete analogue 

amplificaLion chain. atlapLccl Lo rast rnunt­

ing neutron gas detectors using the prin­
cip le of clrnrge division Lo C''\ tI·ac I posi­

tion- srnsili\(' inrormation. /\ carefu l 

ana lys is allowed us to des ign a circuit 

topology llIa1 doC's not add any signil'icant 

limits on llH' de tector performanC(' con­

cern ing count ra te or spalia l n·solution. 

Init ially this work. has lwen tle\cloped in 

Llw rranwwork or Ille Millenni um S/\NS-

2 II lz project in orclrr Lo ach it'vt' (ancl 
supt•1·sccle) its goals ((i mm spatial res­

olulion on I m clCLiVl' IC'ngth . 140 f.- ll z 

count ratr at 10% <lead lime coIT('CLion 

per cl('lC'CLor clement). /\s charge division 

i.· a quite promising technique. its appli­

cations in neutron cletrclion \,ill not lw 

limited to that project only. Tht' range in 

time constants and gain factors (!emon­

strated covers a \,ide range ol potl'nlial 

applications. 
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Neutron nano-beam production 
using a thin film waveguide 

• F. PFEIFFER 
( ILL AND UNIVERSITY OF SAARBRUCKEN } 

• V. L EI NER ( ILL AND UNIVERSITY OF 8OCHUM ) 

• P. H{ISGH{ISJ ( ILL AND XENOCS) 

• I. ANDERSON ( ILL) 

We have experimentally demon­

strated that planar neutron wave­

guide structures can be used as reso­

nant beam coupling devices to effi­

ciently produce a coherent neutron 

line source with cross-sections in the 

sub-micrometer range. The Fraun­

hofer f arfield diffraction pattern of 

the resonance modes was measured 

and found to be in excellent agree­

ment with the theoretical model. 
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eutron diffraction. spectroscopy and 
imaging. using beam size in the sub­

micrometer range. are rapidly evolvi ng 
fields of research. Progre s i fueled not 
on ly by the avai lability or novel neutron 

optics. such as microcollimators. super­
mirror or focussing monochromators and 
neutron lenses . but also by the urgent 
need for characteri aLion tools that meet 
the demands of the advances in biochem­
ica l and semiconductor nanoscience. 

The simple use or !its to define a sub­
micrometer neutron beam width in the 
range of 100 A - 5000 A is. however. both 
difficult and inefficient for var ious rea­
sons. F'irstly. uitable lit materials (like for 
instance B4C or Cd) ca nnot be processed 
with the required accuracy. Secondly. the 
use of slits would also be extremely inef-

----------------------"C Ni 

2000 

neutron wavefunction l'P(<Xi,z>f2, i = 
normalized to the amplitude of the incident ---

Si 
0 

0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 
angle of incidence a. [deg] 

Pigure I: Insert: A sketch or a neutron resonant beam coupling waveguide device (RBC). The impinging neutron 
beam excites a resonance mode in ide the tructurc. 'lain Figure: Linear contourplot or the ca lculated neutron 
waverunlion llj/(ai.z)l2 In a 52 A Ni/ 1410 CJ 490 A ii i neutron waveguide as a runclion or the angle or inci­
dence a1 and the depth below the surface z. 
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ficient. since only a small fraction of the 
original beam could then be used. Similarly. 
focu sing neutron optics. like for in stance 
F'resnel lenses. microcollimators or bend 
cry ta l optics are limited by the ach ievable 
structural sizes of current nanolithographic 
techniques. general neutron optical proper­
tie of the materials or the quality of Fabri­
cation. 

Alternatively, and analogous to the appli­
ca tion of pr ism film couplers to couple 

visible light into fiber-opti ca l sys tems. a 
resonant beam coupling device (RBC) can 
be used for neutrons. With this RBC device 
(in the following simply ca lled ·waveguide') 
neutrons can be coupled into a th in guid­
ing layer. guided. and then decoupled at the 
end [1 .2]. 

F'igure 1 (insert) shows a schematic dia­
gram of such a waveguide structu re con­
sisting of a guiding layer of a material with 
a low neutron scattering length density 
(such as carbon) andwiched in between 
a comparably thin cap layer and a rather 
thick bottom layer of a materia l with a 
high neutron catteri ng length density 
(such a nickel). Typical va lues for the 
thickne s of the cap layer. the guiding 
layer and the bottom layer are 30 A -
1 oo 'A. 200 'A- 5000 A and. 500 'A - 1 ooo 'A. 
respectively. 

To gain an understanding of the mode exci­
tation and waveguide properties. we have 
calculated the internal (and external) neu­
tron wavefunction l'P(ai.z)l2 as a function 
of structural and geometric parameters 
by a transfer matrix algorithm similar to 
the one used in the case of optica l wave­
guides [3]. 



In fi gure 1 the resulting neutron wave­
fun ction IW(a; ,z) l2 for a wavelength of 
"A.= 4.4 A is shown. As expec ted, th e 
exc itation of the resonant modes 
appears for a se t of nea rly discrete val­

ues of a; in a range between th e criti­
cal angle of th e gu iding layer and th e 

crit ical angle of the ca p/bottom layer. 
Importantly, th e reson ant enhancement 
of IW(a;,z)l 2 with respec t to the ampli­
tude of the incident bea m can reach a 
factor of more than two orders of mag­
nitud e wh en th e angl e of incid ence 
matches th e excitation angle of a reso­
nance. 

At the end of the structure. th e neutrons 
trapped in the guiding layer exit the thin 
film structure, leading to a coherent beam 
with a vertica l width (in the z-cfirec tion) 

corresponding to th e thi ckn ess or the 
gu iding layer and a divergence given by 
the FWHM of the Fourier transform of the 

excited standing wave-function. The diver­

gence and shape of the exiting guided 
mode. the angular acceptance and th e 
absolute number of supported modes, can 

be all controlled by the structural and 
geometric parameters and varied within 
a ce rtain range [4]. Finally, the far fi etd ­
pattern 1(0) of the different modes can be 
obta ined by app lying class ica l optical 
diffraction theo ry (Fraunhofer diffrac­

tion) to the previously ca lculated complex 
neutron wavcl'unction of th e dil'ferent 
modes . 

To demonstrate the effec ts ca lcu lated above 
experim entally, a se ries of differently 

designed neutron waveguides were fabri­
cated at one or the sputter ing facilities at 
the ILL by using a DC magnetron sputter­
ing process. The samples were measured 
on the ADAM neutron reflectometer using 
a pyroliti c graphite monochromator 
adjusted to give a neutron wavelength of 
4.4 A with an energy-spread of ~ "' 
0.7 %. 
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Figure 2: Measured (circles) and ca lculated (line) rarllcld-pattcrn or Lhe excited lV0, 11'1. and lV2 - modes. The rise 
of the measured inLcnsiLy towa,xls greater values of ar is due Lo Lhe Lails or Lhe primary beam (PB) and Lhe spec­
ular renccLcd beam (SB) . having Lheir maxima at. ar = ± a1. 

The Fraunhofer diffraction pattern of dif­

ferent excited modes has been studied by 
measuring the intensity as a function of ar 

for angles of incidence corresponding to the 
excitation or the different modes. Figure 2 
shows these results (open circles) together 
with th e ca lculations (line) based on the 

prev iously mentioned diffraction th eory 
[5]. 

Importantly, th e only fitting para meter 

used wa s the maximum intensity, from 
which information about the efficiency or 
gain can now be deduced. The latter va lue 

is defined by the ratio between the inte­
grated flux exiting the waveguide (d irec tly 
measurable by integrating over the diver­
gent l'ar fi eld-pattern) and the flux that one 
would obtain using a pair of hypothetica l 

slits Lo prepare a neutron beam with the 
same cross sec tion as the thickness of the 
guiding layer and a divergence corre­
sponding to the angular acceptance of the 
excited mode. Our most efficient waveguide 
yielded a ga in va lue of 17 ± 3. 

Furthermore, sin ce our simulat ion is 
based on a fully coherent beam propa-
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ga tion , the fact th at th e simulation 
matches almost perfectly with the mea­

sured data confirm s the high degree of 
transverse coherence of the exiting wave­

function (in the direction perpendicular 
to th e surface of the guide) . For an addi­
tional assessment of the degree or coher­
ence we fabricated waveguides compri­

sing several guiding layers and thu s incor­
porated the coherent source and a diffrac­
tion grating into one device. In a simpli­
fi ed view, low order excitation modes or 

such a multiple guiding layer waveguide 
can be considered as a source of several. 
di stinct, coherent beams emerging from 
different guiding layers [6] . We measured 

the resulting farfield diffraction pattern 
(figure 3) of such a device (with ten 469 A 
ca rbon guiding layers) and observed high 

contras t interference fringes, which did 
not show any signil'ica nL broadening within 
the first few orders. Clea rl y, this again 
confirms the high degree of coherence of 
the exiting mode. particularly since the 
number of measured fringes was not limi­

ted by their intensity but rather by the 
surface area of th e two-dim ensional 
detector used. 
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In conclusion, we have shown that using 
the resonant beam coupling principle for 
th in film neutron waveguides allows for the 
efficient production of a coherent neutron 

line source with a beam cross section in 
the sub-micrometer range. Many appli­

cat ion s using these devices for sub­
micrometer spatially resolved coherent 
micro-diffrac tion , (phase-contrast) pro­

jection microscopy or stat ic and time­
resolved coherent speckle experiments 
can be envisioned and are of interes t to a 
broad user community in biochemica l and 
sem ico nductor nanosc iences . Further 
progress is expected from improved mate­

rial compositions combined with acl aptecl 
prefocuss ing optics. The application of 
these devices at next generation neutron 
sources may then lead to efficient two­
clim ensional focuss ing devices in the 
future. 

We thank W. Gra f. K. Ben-Sa iclane. ancl 
V Schbnherr for their technica l help and 
T. Salditt for a series of fruitful discus­
s io n s . ■ 
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Figure 3: Front : Measured farfielcl interferen ce pattern or a multiple guiding layer waveguide. The high degree or 
transverse coherence is confirmed by the number ancl the contrast (logarithmic sca ling!) or the clearly visible inter­
ference fringes. Back: 2D-Detector image with beamblock in the middle to reduce diffuse background. 
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1 .8 K closed-cycle refrigerator 
for the 4-circle diffractometer 09 

• S. PUJOL, X. TONON AND F. THOMAS ( ILL) 

The ILL Sample Environment Labora­

tory has developed a Joule-Thomson 

low-cooling-power stage to extend 

the temperature range of commercial 

cryocoolers from 10 K to 1.8 K. As this 

new set-up is very compact and 

insensitive to orientation, it will also 

be used on the Eulerian cradle of the 

diffractometer D9. 

Over the las t decacles great progress has 
been made in neutron sa mple-environ­

menL Leclrniques. F'or low temperatures 
the Orange Cryostat is widely used aL most 
neutron sources around the world. making 

1.5 Ka temperature routin ely achieva ble. 

Figure I : Photo of the Joule-Thomson stage. 
A: Counter-How heat exchanger. B: Joule-Thomson 
capillary. C: 1.8 K plate. D: I O K plate. 

evertheless. in the case of 4-circle diffrac­
tometers. measuring a sample below 10 K (the 
base temperature of a mall commercially 
available cryocooler) is still the privilege of 
a happy few. The two main reasons are: 
• cryocoolers working below ·10 K are big 
machines. Typical ly the co lcl-head it se lf 

weights 20 kg. measures 200 mm in diam­
eter and is 500 mm long. Th erefore. 
insta ll ing such a device on an ~:ulerian cra­
dle would be a rea l wur de force. 
• helium-flow cryos tats work ing below 
4.2 Kin a 4-circlegeometry are e tremely 

dil'ficult to bui ld and mainta in . They can on ly 
be run by users wit11 a strong background 
in cryogenics. The ILL has developed sucl1 

cryos tats for D9 and DI O in th e past and 
their success can be put down to the expeI'­
ti se of the ILL sc ientists in cliargc. 

In order lo democrati se 4-circle diffrac tion 

Figure 2: Photo or the complete set-up. A: Joule-TI1om­
son stage. B: cryocooler cold-head. C: Eulerian-cra­
dle. D: helium-gas bottle. E: liquid-nitrogen trap. 
G: temperature controller. 11 : cryorooler com1iressor. 
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experiments below I OK. we have developed 
a Joule-Thomson low-cooling-power stage 
that can be fitted on a 2/9 RicorTM cryo­

coolcr co ld-head. The stage is a classic 
Joule-Thomson capillary together with a 
counter-now l1 eat exchanger. The stage is 
shown in figure I. Special attention has 
been paid LO achieve a very compact design: 

t11 c overa ll dimensions of the stage arc only 
35 mm in diameter and 65 mm in height. 
F'igu1'e 2 shows the complete four-c ircle 
se t-up. In addition to tile mod ifi ed cry­
ocoo ler sys tem. a 10 m:11I1 primary pump 

is required Lo reach temperatures below 
4. 2 K. as we ll as a l1clium-gas bottle 
ensuring an input pressure in tile 10 bar 
range and a liquid-nitrogen trap Lo purify 
t11 e l1clium gas. Til e ovr, rall lengtll of tile 

modified co ld-ll eacl is Lyp ica lly 350 mm. 
Lil e c!iamrtcr remaining unchanged IJy 

Lile adcliLion or Lh e tllird stage. 
In such a clc ign L11 e l1 clium flow tllrougll 
the Joule-Thom son stage can be adjusLccl 
via the input pressuI'e. Increasing L11is flow 

increases tile coo ling rate ancl Lile coo ling 
power below 20 K. but incrca es th e ba e 
temperature LOO. Classica lly. the base Lem­

pera tu re would be given by the va pour 
pressure of t11 e liquid helium at tile encl or 
Lile Joulc-Tilom on ca pillary. i.e. 16.6 mbar 
al 1.8 K. In our case. Lile counter-flow heat 
exchanger is partly filled with liquid helium. 

rendering irrelevant Lile classic relation hip 
between ba e Lempcrature and the vapour 
pre ure of tile liquid helium. Experimcn­

Lation has shown LliaL Lhc best compro­
mise i a helium ga flow of 5 rn3/week STP. 
This leads to a base temperature of 1.8 K. 
a cool ing power at 2 K of 10 mW and a cool­

ing Lime of about 3 hours from room tem­
pera Lure to 1.8 K. This new set-up is ava il­
able on D9 for the ILL users. ■ 
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Imaging with a neutron lens 

• C.0. DEWHURST AND I. ANDERSON (ILL) 

• R. BEGUIRISTAIN (ADELPHI TECHNOLOGY, 

PAOLO ALTO, USA) 

The word 'optics' naturally brings to 

mind the image of a lens used to 

focus or defocus a beam of light. In 
neutron optics refractive lenses are 

rarely, if ever, used - why? 

The answer lies in the low sca ttering power 

of most materials for neutron . a charac­
teri stic that we normally consider an 
advantage! 

Writing the refra Live index fo r neutrons 
as: 

n= l - o - i~ 

th e decrement o = (t,..2/2n)Nb,.0,, is typi­
ca lly of the order of 1 Q·fi . It foll ows that 

Malerial densit,y Jg/rm31 

0 1.1 4 

C02 2. 15 

C 2.26 

Be 1.85 

F I.I I 

Bi 9.73 

MgO 3.58 

Pb 11.3 

1gF 3. 18 

Si02 2.2 

Zr02 5.89 

~lg 1.7-1 

Si 2.32 

Zr 6.49 

Al 2.69 

µ lm·1I 

rigure I : Aluminium compound rcrracLlve lens. 

the refracti ve index is less th an 1, con­

trary to our experience with ligl1L opti cs. 
I lcncc con ave lenses must be generally 
used to focus neutron bea ms and the 
foca l length s. 

J = R/26 

where R i the on-axis radius of curva ture. 
arc prohibi tive ly long. F'o r exa mple. a 
bi -concave lens wiLh on-axis racliu s of 
curva ture 1.27 cm made of alumin ium 

6 &'µ 1ml 

0.00425 1.281-:-0(i 0.000302 

0.0 101 l .60E-06 8.41-:-05 

0.05 1 :l.8Bl•:-0(i 7.62E-05 

0. 11 6 4.9!1E-06 4.27E-O:i 

0.0365 1.021-:-06 2.808-05 

0. 1 IB 1.23E-OG 1.041•:-05 

1.28 3.621-:-06 2.83E-06 

O.:i73 i.GE-06 2.781-:-06 

0.47 1 i.21H:-06 2.621~-06 

0.44 1 1.051•:-06 2.37E-06 

0.8 12 l.(il'.:-06 I .!JBl~-OG 

O.G l :i I.IHl-:-OG Ul41·:-0G 

0.79G i.06f:-OG 1.3-11-:-0(i 

1. 2 l.55E-06 1.Wl·>OG 

1.38 I.Otil•: -OG 7.731~-07 

Table I : Density. linea r absorption ror lTielent. 11 = -l1ttlfi,.. anrl figure of mr ril of st'l1·c11•1I materials al a 11.11 r lenglh 
of 1.8 .\. 
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(6 = 4 x 1 o-s for 10 A neutron ) will have 
a foca l length of 159 m. Reducing R, in 
order Lo reduce the focal length LO prac­
ti ca l values, would severely limit the lens 
aperture. A more reasonable approach 
invo lves stacking together a number of 
lenses. A eri cs of N aligned lenses. with 
negligible distance between each lens has 
a foca l length : 

f = R/2No 

Th e fac tor 1/ reduction in focal length 
of a so-ca lled Compound Refrac tive Lens 
(CRL) allows for a reasonable va lue for 
the radius. R. of each element. Spheri­
ca l surfaces make imperfec t lenses and 

50 55 80 65 70 75 80 -Figure 2: (a) Plastic mesh al the lens object position 
and (b) rorres 1iondinl! magnified neutron image. 
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Figure 3: (a) Rectangular array of holes in cadmium at the len object po ilion and (b) corresponding magnified 
neutron image. 

only the central. paraxial region of the e 
approximate th e paraboloid of resolu­
Lion surface of id ea l lenses. 

Suitable material s for neutron lenses 
should have a large va lue of&. low absorp­
tion. µ. and incoherent sca ttering. 13, and 
show liLLle small angle scattering. In Table 1 
we show the figure of merit IVµ of some 
common materials that may be consid­
ered for neutron lenses. 

Refractive neutron lenses could be used in 
a number of applica tion s: focussing or col­
limation ofa neutron beam for example in 

small-angle sca ttering experiments. wave­
length filtering due Lo their large chro­
matic aberration or imaging. Here we 

report on experiments performed on D22 
to eva luate the imaging properties of an 
aluminium CRL. 

nifi ca tion of 35. ote that the detector 
pixel ize is 7.5 mm . 

Initial images were obtained using: (1) a 
plas tic mesh with grid spacing of 1.5 and 
2 mm in the two perpendicular direc tion s 
(figure 2) and (2) a rectangular array of 0.5 
mm holes drilled in to cadmium with a hole­
Lo-hole distance of - 2.5 mm (figure 3). The 
detec tor images obtained confirmed the 
imaging properties of the lens with a mag­
nification of - 35 times. 

Finally the lens wa used to make an image 
of a steel spring. 16 mm long. 6 mm in 
diameter with a pi tch of 2 mm. Due to the 
restricted field of view of the Al CRL. the 

m1llennium programme and technical developments 
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full image (figure 4) had to be constructecl 
by scanning the lens in horizontal and ver­
ti ca l direc tions in steps of 0.5 mm and 
recombining the individual images. Th e 
result is convincing. th e lens produce a 
clea r magnified image of the spring1 

The next step: a neutron mi c rosco pe? ■ 

(b) 

50 60 70 80 90 100 
PDtol> 

The len y tern wa made up of 105 indi­
vidual bi-concave spheri ca l lenses with 
1.27 cm radii of curva ture and 1.2 cm 
aperture (figure1 ). The tests were made at 
a wavelength of 20 for which the lens has 
a theoretica l foca l length of 0.46 m and a 
transmiss ion of 25 %. Va rious ob jects 
pl aced 0.5 m in front of the lens were 
imaged onto the D22 detector placed 17.6 
m behind the lens giving a theoretica l mag- Figure -l : (a) Steel prlng at the lens oblect po ltion and (b) corre ponding magnified neutron Image. 
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Fast neutron multi-detectors 
for new instrumental conditions 

• B. GUERARD ( ILL) 

The SON (the Neutron Detectors Service) 
of the ILL participates in the Millennium 
project with the development of several 
gas detectors. Two of them are pushing 
back the limits of the current technol­
ogy. One is the large area Micro Strip Gas 

Chamber (MSGC) two-dimensional 
detector. The other is a very fast {2MHz) 
multi-detector with an active area of I m2 

consisting of 130 small-diameter posi­
tion-sensitive {PS) counter tubes. In 
parallel to the development of these 
gas detectors, different configurations 
of scintillator detectors have also been 
studied and are briefly presented. 

Global or individual channel 
position measurement 
with gas detectors 
The cap ture reac ti on or a neutron lly a 
nucleus of •11 le is followed by gas amplil'i ­
ca Lion of the charge crea LC'd by llw two 
l'mitted particles (proton and triton). sing 
charge amplifiers Lo integrate the a\'a lanchP 

CUl'l'enl J)l'O\ iclt'S a signa l Wilh a pulse l1righl 
proportional 10 lilt' r nrrgy clrpos il rct in thr 

gas after Lile nuclrar reaction has taken 
placC'. Detector\ based on l11i principlC' 
are stable in timr . with counting variations 
less than 10 1 of the mean. 

Tlw loca lisation is pC'rformecl r illirr IJy incli­
, iliual or glolla l r<'aliout. \\ilh a global rPa<l­
out. thr srnsitiH' rlcctrode arc inlC'rcon­
nrcLrd in:iclr the drtrctor b) passi\C' elec­
tronic componrnts (R for chargr di\ision. 
ancl I ,C for dela lines) that encodr Lile crn­
I rr of gra, it~ of tlw primary charges. \\'ith 
an inrlil i//ual rrarlout the position of a neu-

tron is given by thr channel \\'ith the max­
imum pul c height. It require more elec­

tronics than global rradout. bul allow. much 
higher counting rate 111_ Our MSGC 2D detec­

tor Bidim80 described in 131 uses a char·gc 
divi ion global method. Several of thC'se 
detectors have llern installecl at 11 ,1,. the first 

one on DIA 141. and more rrcrn tly on D 10 

151 a wPII as on sc\cral other instrument 
(T I3A. T3. D 15). A re ol ution of I mm ha 

bcrn recently clemonstrated IGI. 

SANS_2MHz 
For 2D multi-detectors. tile most common 

method is to detect neutron signals \\'ith l\\'O 
orthogonal planr. or individual crlls. For tile 
case of a rli . lributcd irradiation o,c r the 

detector. thr counting rate is mainly limited 
lly the time of Lile W coincidcncr. around 200 
ns. The highest counting rate capability avail­

able today with 2D gas detectors isolita incd 
using a multi-detector consisting of a largr 
number of independPn t parallel counter tubes 
with double enclecl wirrs react out by charge 

division. The S/\NS_2~II lz ~lillenn ium pro­
ject plan Lo dc li \'er such a detector in 2003 
for D22. It rcquirccl a carefu l design of the 

cha rge amplifier and electronics ca rcls to 
comert analogue signals into position. 5 pro­
totype PS counter tubes ( I m long. 7.9 mm 
diameter) ha\'e been fallricaLecl according to 

our specifications and extensive ly stucliecl. 

The po ition resolution along one Lube spec­
ified for D22 (7.5 mm FWI 1\1) has been 
obta ined at a count rate up to I 00 Kl l,/LUIJe. 
\\'ilh less than I 0% counting orreclion. The 

patial re ponse cloc not require any cor­
rection for non-linearity effect.. 

Figur<' I : Thr mulli-Lubr prolotipr mounlrd on a ga, 
lrnnclling S}Slem. II includes 33 Lubes. 30 cm long with 
a diameter of 10 mm. 

In para llr l Lo this stucly. the SON has reccntl 
fallricatecl a multi-tube detector \vhich dif­

fers rrom inclepcncten t PS coun ters onl. lly 
the fabrica tion 111. It is maclr or scvrral tubes 

(:30 cm in length) in contact side by side. sol­
clncd on a common flange on both ends 
(figure I ). DC'll'.ctor elements arc thr rcfor<' 
sharing tl1r sa mr counting gas. /\ position 
rcso lut.ion or I. 7 mm FWI IM l1as been mca­

surccl along lhc wires. A gas amplifica tion 
ga in of 10 1 l1as been mcasurl'cl. a factor of 
I O higher than tl,e limit wr obtained wi th 

com mercia l PS counters. Thanks toils sim­
plicity ancl ease or mounting. the mulLi-tubc 
could IJe an extremely cost-effective ruturc 
so lution for large area 2D rtetrctors. Wr are 

already considering its usr for the large 
Lime-of-flight sprctrometcrs. 

The two-dimensional MSGC 
detector Bidim200 
\\ ilh a scnsiti\C' arra of 192 mm \ I 92 
mm. the Bidirn200 is tl1C' largest ISCC 2D 
clC'tl'clor C'\C'I' l>uilt (figure 2). ThC' first 

( I l Thr cou nting ral<' r,ipahili l\ is de Fined as lh<' ma\imum co1111 1111g ralt' 11 h irh lnd11rl's ll'ss than I o0,o or miss­
ing r1 rnts. Comparrd 10 glollal rcadoul. l11di1 idual chanrn•I n·,Hlou1 or\) nossrd cel l impro11•s tlw ro11111i11g rn11· 
onl) 11hen 1hr 1rradia1i11n is not rnnccn 1ra1t·d on on1· singlt• n· II or lht· tl1·11'rltll . 
121 French pi!ll'nt application O 11 :i8!JH Fil!'tl Oil lli'Ct·mlwr '.WO I . 
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det.ecLOr out of 8 foreseen for LhC' D 19 pro­
jecl. stal'led its operation in April 2001 
l 7I . ancl is now running on D 19 for routine 
experiments. Only materials known ror 
their low outgas ing properties were used 

in the rabri ca lion of in ternal pieces. Bak­
ing out at I 50°C under ul tra-high vacuum 
(10·8 mbar) was applied during 2 weeks 

under the control of a mass spectrometer. 
The substrate is made of semi-conducting 
Schott glass. known for its long-term sta­
bi li ty I8J. A "'virtual ca thodt:•· layout is used. 
wiL11 anode strips on the upper side. and 

ca t11 ode strips on th e rea r sicl e. perpen­
dicular to L11 e anodes. Thi s layout allows 
very high gas amplifi ca tion ga in. whicl1 is 
an additional guarantee for the robustness 
of LilP detector in long-term operation. The 

pitch of the elec trodes is 3 mm in both 
directions. ancl contacts are gold-plated. 
l~ach electrocle is connected inclividually to 
a charge amplifier and a di scriminator. 

Signa ls rrom the discriminator output are 
l'iltered by the CLET elec troni cs which 
select the channel with the maximum pul se 
height. Th e following stage is th e ICC 

encocling module which performs the X and 
Y co inciclence . ancl converts the 64 X lines 
and 64 Y lines into a 12 bits pixe l address. 

For applications requiring a position reso­
lution better than 3 mm. we are inves ti-

Figul't' 2: Internal 1ie11 or the bidim 200 ~l GC delcc­
Lor. Anode connectics al't' seen on Lhc left . and ca th­
ode conncc tics on Lhe righl. The sensilive area or Lhe 
detector is limited b) -I l"erlica l gua rd clcctroclcs 
which guarantee the unirormil~ Ol"cr lhc whole srn­
si li1·c area. 

I ,,\ 

, ' I : . 
-· ,,,,, I I•• 

ga Ling a new set-up or thi s detector which 
wil l IJcncfiL from the clevelopment made for 
the SANS_2M Hz project: by connecting 

IJoth encl s or eac h anode str ip or th e 
Biclim200 to a charge division elec tronics. 
a position resolution of 1.3 mm has been 
measured along the anode direction. Beside 
the advantage of a better position resolu­

tion . the MSGC i also simpler because the 
ca thoclc layout or th e rear sicJe can be 
replaced by a uniform metallization. 

Scintillators 
Instead or 31 le. a L11in converter laye r ca n 
also be used in gas amplil"ica Lion devices. 
The main drawback is that their detec tion 
effi ciency is lim ited between I 0% ancl 
20% by se lf-absorp tion (in thick conver­
ters. ionising partic les crea ted after neu­
tron ca pture may lo ca ll of their energy 
before reaching the gas medium). Scintil­

lating conve rters are more efri cienl 
because they are transparent Lo their scin­

tillation light. Active gas sc inlillators work 
like a stanclarcl gas chamber. except that 
the detec tion signa l is given by the light 
emittecl during the ava lanche. in teacl or the 
charge. Figure 3 shows the light integratccl 
during I 00 ms with a CCD ca mera coupled 

with the glass winclow of a multi-step gas 
electron multiplier detector with 3He [ I 01. 
Proton-Triton tracks are vis ibl e. Th eir 

apparent length depends on the va riable 
angle or th e track projec tion. Thi promi­
sing detector combines two advantages: the 
low gamma-sensitivity ancl the fact that 

there is no need for electrica l connections. 
For Lime-resolved measuremen ts. the CCD 
reado ut ca n be replaced by a position­
sensitive photo-multiplier. 
Scintillators can also be coupled to multi­
anode photo multipliers by means of wave­
length shifting (WLS) fibre . We are study­

ing a prototype based on thi principle. It 
consists of a 128 mm x 128 mm 6Li glass. 
I mm thi ck. sa ndwiched between two lay­
ers of 256 square \\'LS fibres. The blue light 

em i ttecl by the GLi glass i reem i LLed 
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Figure 3: Lighl measured wilh a CCD camera . induced 
by Lhc prolon-lrilon tracks in idea mullistcp GEM gas 
sc inlillalor. 

iso tropica lly in the green region by WLS 
fibres. The dimension of the fibres. 0.5 mm. 
allows high-position resolu tion (0.5 mm has 
IJeen mca ·urecl with a first design). ancl 

l'Casonably low sca ttering of neutrons. The 
PM signals ar·c read out by th e ampli fiers 
ancl di criminato r • and the Y address is 
encoded on 12 bits. The aim of L11i s proto­

type wi ll be to demon tratc the fo llowing 
expected fea tures : 85% efficiency at 2.5 A. 
counting rate> 1 MHz. and low sensitivity 

lo ga mma-rays. 

Conclusion 
Fast and accurate multi-detec tors are 

being deve loped for the ILL instruments Lo 
fu lly benefit from the neutron flux or the 
high-flux reactor. ew challenges or neu­
tron detec tion imposed by the future spa I­

la Lion sources wil l rein force the interest in 

the e detectors. ■ 
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Instrument Rebuild 

The IN5 project: optimisation of chopper disk 
design and manufacturing 

• M. THOMAS , P. MALBERT, H. CASALTA, 
J. OLLIVIER AND H. SCHOBER { ILL ) 

The SMAE, the Mechanical Service of 
the Experimental Halls, has devel­

oped 3 pairs of disks for the choppers 

of the new IN5 time-of-flight spec­

trometer. The new primary spec­

trometer will use the full height of 
the H16 neutron guide to achieve a 

maximal flux increase. The beam is 

compressed vertically from 20 cm at 

the entrance to s cm at the sample. 

6 disks, mounted in pairs, will be 

used along the beam axis. The height 

of the guide sections to be covered 

implies rather large disk diameters 

with correspondingly deep windows 

(see Photo 1). The development of 

these disks and their manufacture is 

a technical challenge pushing mate­

rial properties and state-of-the-art 

design methods to their limits. The 

process is outlined here and has been 

entirely managed by the ILL, profit­

ing from its excellent knowledge of 

chopper disks and the preliminary 

testing of prototypes. TMM and FZ 

Julich are in charge of the other com­

ponents: the power supply for the 

chopper system, magnetic bearings, 

motors, housings and electronics. 

Design 

The disks have been fully modelled by 
finite element analysis in order to define 
the optimum profile, taking into consid­
era tion the stresses, the link to the motor 
shaft and the required overspeed testing. 
Prototypes have been designed, manu-

fac tured and tested in order to validate the 
different concepts. Meeting the functional 

specifications (see insert above) is a tech­
nologica l challenge even when using a 
very sophisticated high strength aluminium 

alloy (7000 fam ily) . The angular opening 
of the windows resul ts in tress concen­
tration at their narrowest point. i.e. at 
the poin t where the windows connect to 
the full disk. The actual design problem 
consists in limiting the stresses in thi 
area a much as possible. We solved this 
by: 
• optimising the thicknes profile (figure la 
and figure 1 b) 

20 

t ( r ) - 18 mm 

(mm) 

15 

JO 

Photo 1: 200 mm high window on a P disk. 

• using the traditional technique or self 
hardening. 
The principle involved in crossing the elas­

tic limi t via controlled overspeed runs in this 
very local area. to obtain a permanent strain 

(Epiasuc > 0) and in con equence a precon­
stra ined state (Eresldual < 0) at zero peed (fi­
gure 2). Each of the 3 disk fami lies ha its 
own hardening protocol depending on win­
dow hape. To prevent any destructive 
unbalance. the steel motor shaft and alu­
minium disks must stay in contact whatever 
the speed, despite the different stiffness of 

- Pulsi,rg chopper: Disks 1 •nd 2 

- FO/CO chopper : Disks 3 and 4 

- M chopper : Disks 5 •"d 6 

r • 258mm 
Gaussian profil Hyperbolic prof,/ 

5 

J 
j Oo 50 100 

~ 
F'lgure la: Thickness protlle optimisation (Disks 1 and 2). 
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Figure I b: Thickness pronle t(r) of the disks. 



Photo 2: Mart· Loca te ll i and one or the FO/CO disks. 

the two materials. We achieved Lhi by 
applying Lile principles schematica lly out­
lined in figure 3. The disk i fixed to Lile haft 

by means of a centra l screw and a ccnte­
ring shoulder designed to prevent any play 
between the two pieces: Lhis results in 

excellent stabili ty during operation. 

Manufacturing and testing 
The manu fac ture of the di ks is no tri vial 
affair. Tolerance arr ex tremely Light for 

such a large ob ject. The disks were 
manufactured to pecifi ca Lion on a con­
ventional ver ti ca l lathe at YVES SANTI. 
Ann ecy. France, according LO a protocol 

defined in close collaboration with Lhe ILL. 

Figure 2: Residual Von-Mises stresses (in compres­
sion) at 0 rpm art.er a hardening oversprcd at 21000 
rii m (Disks I and 2). 

::t 
Instrument Rebuild 

The disk profi le follows exactly the curve 
determin ed by calculati on. After manu­
facture Lhe disks were balanced and hard­
ened aL the ILL using a dedicated tes t jigI1J . 
During th e controlled overspeed opera­
tion (between 21000 and 24000 rpm 
depending on the di k family) we exceeded 

Lhe yield limit aL the bottom of the windows 
Lhus crea ting the de ired pre-constrained 
sta te. The disks were Lhcn dismoun ted and 
sent to SIC in Annccy who were respon­

sible for Lhe neutron absorber coa ting. The 
neutron absorber is a Gd2O:1 layer about 

0.1 5 mm thick. depos ited by plasma pro­
jec tion. Both face are coa ted Lo main ta in 
the mirror plane of the disk. 
The ILL had carried ouL preliminary Le L aL 

SIC Lo determ ine the coaling procedure with 
the best adhesion. The special gadolinium 
powder used is made aL Lhe CEREM in Greno­
ble according Lo ILU; specification . F'inally Lhe 

clisks were remounted on ILL's test jig LO be 
balanced and spun aL the nominal speed or 
17000 rpm before shipping Lo F'Z Ji.ilich. ■ 
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lnlum silo avallable (yle)d suengtb 
during machining. 
of &he disks: only t mlllime&er. 
1 mm - Cen&erlng on &be shaft within 

02 mm.- arpIDa less iban t mm. 
llDbBIBllce• 1.0&IIIID). 

are crucfal ror &he perfec\ reUabDity of &be chop-

Figure 3: Interface between the disk and its shaft. 

Photo 3: Claude Gomez and Ian Sutton with one or the 
Pulsing disks (0 = 750 mm) mounted on the ILL's 
test iiglll. 

Germany 

dellned ID collalJoraUon wi&b lhe IIL) 
. Loca&elll. I. SuUOO) 

. M. Loca&elli. P. Thoma ) 

( I ) The te t jig (Photo 3) is based on higl1 speed ceramic bear ings from SNFA and a powerful brush less motor 
from PARVE:X. It can spin disks up to 800 mm in diameter at 28000 rpm. For sa fety reasons il operates in a 
special casemate also designed at the ILL. 
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New Exp<"1m1>ntal Te '1niqu<>5 

''Bending'' gamma rays: high resolution index of 
refraction measurements at short wavelengths 

• M.S. DEWEY, A. HENINS AND 

E.G. KESSLER, JR ( NIST, GAITHERSBURG ) 

• H.G. BORNER, M. JENTSCHEL AND P. MUTTI 
( ILL) 

• C. PETRI LLD AND F. SACCHETTI 
( UNIVERSITY OF PERUGIA ) 

Theoretical calculations of the index 

of refraction of light in matter dif· 
fer in their predictions of the high· 
energy limit. In order to help resolve 
these differences, we are using the 
GAMS4 double crystal gamma ray 
spectrometer to measure the index 

of refraction of 181t keV gamma rays 
in silicon by musuring the deflec· 
tion that occurs when gamma rays 
p ss into and out of a wedge­
shaped silicon artifact. No other 

facility in the world brings together 
the prerequisites for a measurement 
such as this one, namely an 
extremely intense source of gamma 
rays and an ultra-high resolution 

spectrometer. A movable collimator 
allows us to record deflected and 
undeflected rocking curves simul· 
taneously thereby greatly reducing 

our sensitivity to small angular 

dri~s. 

Snell's law spec ifies the change in direc­
tion thaL lec tromagnelic radiation under­
take when it pas e from one medium 
into another in term of the index of 
refraction n or the materials. An exam­
ple familiar to everyone is th e way in 
which vi ible light bends when it pa sses 
from air (n - 1) into water (n - 1.33) . 
Th eoreti ca l de criptions of the index of 

refraction differ in their prediction of Lhe 
high-energy limit [I . 2]. These differ­
ences are thought Lo be clue Lo th e way 
in which relativisti c contribulion s are 
inc lu ded. 

F'rom the above it i apparent that accu­
rale experimental measurements of th e 
high-energy limit of n are neecl ecl to test 
the var iou Lh eoreti ca l de crip tion . and 
that one way Lo do thi • would be Lo mea-
ure the angular deflection of ga mma 

rays as th ey pas into and out of ome 
material. Al gamma ray encrgie the index 
of refraction is close to but slightly less 
Lhan one and the angula r deflections are 
ver smal l. For a pri m- haped sample of 
ilicon whose apex angle is 160 degrees 

(figure 1). and radiation of 184 keV. Lhe 
angular deflection Lhal occur when radia­
tion enter parallel to the ba e of the 
pri m is 161 nrad. The accuracy required 

on 1 - n for a ensilive Lest i - 0.1 %. 
wh ich mea ns that th e angu lar deflection 
must be measured to - 0.2 nrad. 

Th e GAMS4 double crysta l gamma ray 
spectrometer with its high angular r so­
lution i , uniquely su ited for this type or 
mea urement [3]. RecenLly we have begun 
LO ca rry out this mcasuremenL in ilicon 
by placing the clevice hown in figure I 
between the two diffracling axe of 
GAMS4. A si milar techniqu e has been 
used for mea uremenl in silicon al much 
lower energies 14]. In our case an inLen e 
beam of 184 keV gamma rays proclucecl 
in the reaclion 167 Er( n.y) 1li8Er pa se 
through an enLrance co llimaLor. is 
clcnected lighLly as il passe through a 
ii icon pri m. and then pa e through Lhe 

exil co llimator (figure 1 ). The gamma ray 
beam i roughly twice Lile heigh t or the 
pri m. Th e height above th e floor of the 

Figure I : Photograph of the apparatus used to measure the Index of refraction. The silicon prism ha an apex angle 
of 160 degrees and sits on to1i of a precision indexing table that can be rotated in one degree steps. Lead colli­
mators on both ends of the prism denne the incident gamma ray beam In the horizontal dircclion. 
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E = 184.284 keV 
• Si (1,-1) refiection 

8 
0 ..,. 

0 
1/J 0 

~g 
.£ 
~ 
C: 
:, 0 
Co 
t) 0 

N 

/ ~ 
0 
0 
0 
~ 

..-- ..-- . 

-950 -700 -450 -200 50 300 

Rocking angle (nrad) 

: : ' 
t1"N br, ri-r,rn• )I 7('{~ n,1u1" 

• 

550 BOO 

0 
0 
N 

'o8 
~ ~ 
.s 
C 
0 

"cii 
·s; 
Q) 
-0 

.!: 

:5 
0 

E 
1/J 
·c 
0.. 

0 

~ 

0 .... 
~ 

0 
<D 

-5 -4 

m11lenn1um pro~ramme and technical developments 

-3 -2 -1 
Prism input angle (deg) 

E = 184.284 keV 

Si ( 1, -1) reflection 

0 

Fil-(urt· 2: Prism-out and prism-in renc~es. Thr sprctromC'trr 11as tuned to 18-1.28-1 ~c\ 
and a ( 1.-1) rellection. \t these energies thcrr is signinrant absorption of the radiation 
in the Iirism-in conf11-(uralion. Tht· lineshapcs show p1unou1wrd oscillatory bchmiour 
\lith a 11an'U1\ pea~ in the renter. This is causrd h~ intrrfcrt·m·r clTerts or gamma ra) , in 
GA11 IS-l·s ncarl) perfect dilTrmting crystals analogous to c1 two slit in tcrfe1t'nce Iiattrrn. 
Their existrncc has nothing lo dn with the index or ,vrraetion apIJaratus. 

Figure 3: Differenrr brl11t·cn the Iirism-in and prism-out centroids as a function of 
the input angl<· or the IJrism. •\ lit to this rurn· }ields the index of refraction and the 
input anglr olisl't. 

prism is arranged so ll1at hair or the IJca rn 
goes through l11 r pri sm while lhe olhrr 
half mi sses il. 1\ mova ble co llimator con­
ta ining two holes (not sho\\'n in Lile figure) 
sit l)C'lwccn the prism ancl the gamma ray 
cl ctcc tor. ll ca n be usC' cl Lo sel ec t cithr r 
the unclerl ec lcd or clr fl ec tecl bea ms. In 
Lt1e usual ra sl1ion. onr ax is or GAMS4 is 
rolalccl in orcler to ol)lain a ro •king curvr 
(ror thi s r xperimenl GAMS4 is tuned lO 
a narro,, refl rc lion lO maximise th e res­

olution). At each rotation angle. counts are 
accumulalecl for each of the two slatrs or 
th e movable collimator. Thu s a pair or 
roc king curves. one having been clerlcctcd 
ancl altcnuatecl l)y lhe prism ancl the other· 

not. are simultaneously acquirccl mini­
mi ing ensitivity to small angular clrift , 
(figure 2). Th e• fitlecl ccntroicl difference 
con titute our data. 

The magnitude of th e ob ervecl angu lar 
clcnecti on de pcnds on the wavelength­
cl cpenclcnL index of re fraction or ilicon. 
the apex angle or the prism. ancl th e input 
angle or the ga mma ray beam. Th e apex 
angle ca n be measured accurately offline. 

but tlH' oth er two quantiti es arc more 
casi l obtained in a fil to angular clelkc­
lion versus input anglr. In order to vary 
lhe unknown input angle in a precise wa . 
the pri sm is mount eel on a prcc i ' ion in­
clcxing Lab!(' . The inclcx ing table allo\\'s the 
pri sm to be rolatecl in one· degree steps. 
Th e results or these mcasurc'ments arc 
shown in J'igurc 3. f:ach poi nt in lhisgraph 
repre sents 16-42 paired sca ns taken 
ove r several cl ay . The accura y oblainccl 
on I - n from a fit to these clala wa 
0.36%. 

\Ve have demonstra ted the feasibility of this 
technique for measuring th e index of 

refraction of gamma rays in materials such 
as silicon. Aclclitional data will be neecl ecl 
Lo reduce the error Lo lhe 0. I% leve l. Our 
most important ystematic unce rtainty is 
due Lo a nonzero centroid difference that 
occur · between the two beams even when 

the pri m is ab ·cnl. It comes about becau, c 
lhe GMv1 S4 cliffracling crys tal ' are nol 
perfec t. This cliffcrcncr. or olTscL. can be 
measured by ca rrying oul similar mea­
surr mcnls with the prism device removed. 

Ill 

No oth er fac il ity in th e worlcl brings 
togr ther an e:-. tremr ly inlr n e ource of 
ga mma ra s ancl an ultra-high re 'olulion 
speelromctcr. making this the only placr 
where ·uch measurements can be donC'. We 
hopr to use· this technique lo measur·e nal 
still shorter wavr lrngth s ancl in oth er 
materials such as ge rmanium where the 
experimental clala are intriguing . ■ 
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New Experimental Techniques 

Ultra-cold neutrons at PF1: 
creation and detection of 11superthermaljj UCN for a new 
generation neutron Electric Dipole Moment experiment 

• C.A. BAKER, K. GREEN, M.G.O. VAN DER GRINTEN, 

P.S. IAYDJIEV AND S.N. IVANOV ( RUTHERFORD 

APPLETON LABORATORY, CHILTON ) 

• J.M. PENDLEBURY, 0.B. SHIERS AND 
M.A.H . TUCKER ( UNIVERSITY OF SUSSEX ) 

• H. YOSHIKI (UNIVERSITY OF KURE ) 

• J. BUTTERWORTH AND P. GELTENBORT (I LL) 

At PF1 ultra-cold neutrons (UCN) have 

been produced by m ans of a 

superthermal UCN source and have 

be n detected in situ by a cryogenic 

neutron detector system specially 

developed to operate within super­

fluid helium. These results form a 

very successful start of a programme 

developing a new generation electric 

dipole moment (EDM) experiment 

that will require a high intensity UCN 

source at ILL. 

PF'2 is the world's most intensive UC 
source and it is reeding the world 's most 
sensiti ve EDM experim ent. Th e EDM 
experiment. developed by the RAL/Sus­
sex/lLL group. is currently probing many 

or the ravourect theories for physics beyond 
the Standard Model (1 ]. The value or the 
neutron EDM is of grea t importance ror 
particle phys ic and cosmology because or 

its direc t bea ring on the baryon asymme­
try of the universe: why does the universe 
have more matter than anti-matter? F'uture 
progre in this area of physics will require 
significant changes in the techniques used 
to measure the neutron EDM. In pa rticu­
lar it will require the development or new 

C sources and it requi res a new gene­
ration or detec tors capable or detecting 
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F'igirc I : The UCN produclion and delcclion volume in Lhe cryostal. 

UC within superrluid helium. The work 
carried out in spring 2001 wa aimed at 
this and was extremely successful in both : 
we have now produced UC at Lile H53 PF'1 
beam line by downsca ttering cold neutrons 
in superrluid helium and also we have now 
cryogenic UCN detectors operational at 

tempera tures of 430 mK. 

Experimental set-up 
and techniques 
The UCN production in a supel'Lhermal 
source relies on the downsca uering of 
colcl neutrons Lo UCN energies by phonon 
and roton interac tion with uperfluid 
helium [2.31. The cryosLa t used is part of 
a prototype cryogen ic EDM apparatus. 
originally manufactured and assembled in 
Japan. bu t wh ich has been modified LO 
house a C production vo lume and stor­
age cell containing 1.2 li tres of isotopi­
ca lly pure 4He at 0.5 K. Pigure 1 shows Lhe 
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production and deLection vo lume in the 
cryosLat. The i oLOpica lly pure 41 le is made 
within the cryostat by forced now through 

a super-leak. The cold neutrons are down­
sca ttered to UC energies and pass. after 
sLorage in the beryllium coa Led horizonta l 
guide section. through a mall aperture in 
the guide and fall under gravity into a UCN 
deLection sys tem operating within super­
l'luid helium. This in situ UCN deLec Lion is 
a tremendous improvement compared with 
techniques employed in the past where 
UCN were extracted from the helium. sur­
rercd from massive attenuation losses. 
and were then detected at room temper­
atu re outs ide the superthermal produc­
tion region. 

The detectors consist of solid-state silicon 
devices d tecting the energy deposited by 
the charged particle reactants from the in l.Cr­
action of neulrons wi lh 6Li (n+ liLi ► a + 3/ n. 



The 6Li aLoms are contained in a thin con­
verter film placed at the ac tive surface of 
the sili con diodes. Thi s reaction has an 
extremely large cross section (300 kb) at 
UCN energy and resul ts in a neutron con­
version efficiency approaching 100% with 
very thin conversion layers. A 2500 A alu­
minium layer has been deposited direc tly 

onLo the detector surface on top of which 
a layer of 600 µg/cm2 or 6Lif' has been 
deposited. The 2500 A aluminium layer 

has been used to improve the adhesion of 
the 6LiF' to the detecLor. A proLective layer 
of 50 A of aluminium has been evaporated 
on top of the 6LiF'. This converter configu­
ration has been applied to various solid 

sta te detec tors and has been proven to be 
efficient and stable [4 ]. These detec tors 
have been mounted onto an assembly and 
placed in the cryostat within the liquid 

helium. F'igure 2 shows the solid state sili­
con detec tor wiLh the conve rLer layer. The 
signal from the detectors is lea d to a 

preamplifier situated outside the cryostat 
at room temperature. 

Results and conclusions 
The experiment was run in pulsed mode. 
with the beam on for 40 sand then shut 
off for th e next 70 s. This cyc le was 

repea ted many times and the counts in 
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Figure 3: UCN build-up in supernuid helium (0 .43 K) as the production volume is open to the cold neutron beam. 
and emptying or the production chamber after closing the cold neutron beam. At higher temperatures (2 .03 K) UCN 
are immediately lost by upscattering in the helium. 

the cryogen ic neutron detectors recorded 
as a function of time. The detec tors show 
a clean triton signal well separated from 
the noise. The deLectors have been oper­

ating within the superfluid helium for a 
period of 30 days. At no moment the detec­

tors have showed any sign of degradation. 
Figure 3 shows the number of detected 
neutrons at two temperatures: with the 
superfluid helium at a temperature of 
430 mK and at 2.03 K. The figure shows 

that as the co ld neutron beam passes 
through the superfluid helium in the cryo­

perature of 2.03 Ka similar raLe of scaL­

tered neutrons is seen but Lhere is no built 
up of counts and no UCN are sLored as 
they are immediately lost by upscattering 
from the helium. The normalised UCN pro­

duction at base temperature is measured 
in this experiment to be considerably in 

excess of whaL one would expect for UCN 
production from the main production chan­
nel only i. e. single phonon emission from 
8.9 A neutrons. 

In conclusion one can say that we have 
taken an important step in producing a 
new high-intensity UCN source for a new 

generation EDM experiment aL Lhe ILL. We 
have developed cryogenic UCN detectors 
that play a crucial role in this R&D phase 
of the projec t and these will continue to 

play a key ro le in the design of the new 
generation experim ent. ■ 
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GEORGE: dynamic experiment control at the ILL 

• D. RICHARD (ILL) 

Instrument control on most ILL instru­

ments involves a so~ware called MAD 

driving instrument set- up and data 

acquisition. Predefined sequences of 

scans based on empirically deter­

mined counting times can be exe­

cuted as a batch job, enabling instru­

ments to run autonomously over long 

periods of time. In a recent develop­

ment, an interface has been created 

between MAD and IDL, a powerful 

Fortran-like computing language 

with comprehensive graphics and 

interface-building routines, allow­

ing instrument control parameters to 

be calculated from data analysis and 

passed to the instrument control pro­

gram . In this way, counting times 

can be optimised on data quality cri­

teria, and instrument parameters such 

as resolution or sample temperature 

can be calculated and set according 

to a search algorithm . The IDL pro­

gram, in which scientists can develop 

intelligent control routines, is called 

GEORGE- General Experiment, Organi­

sation, Response and Guidance Execu­

tive. By exporting data snapshots 

and instrument parameters to the 

BARNS web server, flexible data visu­

alisation is available from any web 

browser and also personal commu­

nication devices such as mobile, WAP 

telephones. 

Neutron sca ttering is generally rega rded 
as a low flux experimental technique. 
counting Limes traditionally ranging from 
hours to days, so that sc ientists could 

Figure I: The gra1ihica l user interracc or GEORGE showing the central display window. the sma ll dial displays on 
the right and the PAD. 

always arrange to be at the instrument at 
critica l Limes with respect to direc ting the 
experi men tal inves tigation. Since Lh e 

res tart of the reactor in 1995 instruments 
and neutron guides have been and are 
being upgraded with a view to maximising 
the use of the ILL neutron rlux by increas­
ing counting rates, allowing shorter coun­

ting times and the detec tion of weaker 
sca ttering. One aspect or thi s policy or 
"maximising the use or ILL neutrons" is 
optim ising count ing Limes and experi­

mental strategies. When counting Limes 
becom e or the order or the Lime required 
to initialise each scan (for example change 

temperature) considerable ga ins are to be 
made by counting on stati stics and not on 
time. Directly in measured data, "statistics" 
means signa l-to-noise ratio, but the phy­

sica l quantities of interest are the parame­
ters extracted by fitting the data. in which 
case "statistics" means the standard devi­
ations of the refined parameters. In both 

cases. data analysis must be performed on­
line. during the measurement. and a dec i­
sion must be made Lo stop the scan and set 
new experimental variables (such as sam­
ple temperature). Dynamic or intelligent 
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experiment control is defined here as deci­
sion making and implementation as a result 
or on- line data ana lys is. 
On most instruments at ILL. instrum ent 
control sortware ca lle(J MAD, running on 

UN IX work-stations. cletermines th e 
instrument se t-up and controls data acqui­
sition. Each scan requires manually enter­
ing the parameters for set-up and acqui­

sition and se ri es or scans can be pro­
grammed in a batch l'ile. F'or intelligent 
experiment control. two functions are miss­
ing from this kind of batch fil e, conditional 

flow (if no measurable signal then change 
Lhe se t-up) and pass ing parameters ca l­
culated on- line. Ca lculated instrument 
parameters are determined from data 

analysis and thi s requires a high- level 
computing language, which enable large 
data arrays to be manipulated easily and 
rapid ly. Traditionally. such programs would 

be F'ortran or C, buL these have been com­
plemented in th e sc ientifi c co mputinf 

domain by languages such as Matlab anc 
IDL. which combine numeri ca l and gra­
phics routines with interface-building tools 
With a view to developing intelligent experi­
ment control. a MAD-IDL interface hat 



been created on the instruments. allowing 
IDI. programs to communica te with MAD. 
Data visuali alion and analys is can be 
perform ed on many instruments using the 
IDL-based. Largo Array Manipu lation Pro­
gram called LAMP. All ILL data can be 
read and visuali sed in LAM P. data analy­
sis is performed by writing macros in the 
F'ortran-likc language and a large num­

ber of macros now exist for different appli­
ca tion s. F'or intelligent experim ent con­
trol. Lhe inLerface GEORGE (figure 1) has 
been developed from LAMP. offering sci­
entists a familiar environment and access 

to Lhe existing LAMP macros. In add ition 
GEORGI~ allows for a new kind of macro. 
ca lled a DIAL. which communicates with 
MAD using a library of 11 function s (fig­
ure 2). A dial has particular attribuLcs . 

notably a frequency, which cl etcrmincs for 
exa mple how often data is retrieved from 
MAD, ancl allows many dia ls to run simul­
taneou ly. Dial output is either tex t or a 

bitmap image. wh ich is cli splayecl in thr 
small clial windows or in th e centra l dis­
play winclow. Another fea ture of th e 

GEORGE in terface is the PAD. allowing 
direc t, format-free execution of those MAD 
commands that the instrument scientist 
makes available to the user. In addition to 

mu ltiple measurement scans. the ability to 
perform a sequence of scans is use ful for 
setting-up th e instrument. particularl y 

where a number of non-independent rocking 
curves have to be measured (for example 
in monochromator alignment) . 

An internal dial in GEORGE can also be run . 
which exports the output of all opera ting 
dials to the web server BARNS (1l. where 

html pages arc crea ted with a ,JAVA mod­
ule. By connec ting to BARNS with Netscape 
or Internet Explorer. the current state of the 

(1) (Web) GEORGE is one or many applications run­
ning on thr web-server BAR S (hltp//harns. i!Ur). ILL 
data recovery. 1 isualisation ancl treatment software 
is avai lable on BAR S. enabling scientists to fin is!, 
data analys is via thr wrb. 11i1hout clownloacl ing and 
compi ling prngrams locally. 
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data acquisition can be seen. rC.'freshccl at 
the frequency of the dia ls. By giving the 

same password a· that entered on the 
instrument control computer. dials can be 
stopped and new dials sta rted. allowing 
nexibility in remote monitoring - visuali­
sa tion is not limi ted to those dials started 
while at the instrument. Finally WML cards 
ca n also be exported from the web server. 
which can be visualised on WAP devices 
such as portable telephones. 
Cur rently GEORGE ca n be run on th e 
instruments D7. D17. D20 and D22 and it 
is being developed for the time-of-flight 
spectrometers IN5 and ING. GEORGE is an 

IDL module. which i independent of the 
instrument control software. The sol'Lwar<.' 
ca n be obtained as part of the LAMP clis­
tr ibu tion (see ftpJ/ftp.ill.fr/pub/cs/). 
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GRASansP: 
Graphical Reduction and Analysis SANS Program 

• C. D. DEWH URST (ILL) 

A new suite of so~ware for the analy­

sis of small-angle neutron scatter­

ing (SANS) multidetector data has 

been developed. The Graphical 

Reduction and Analysis SANS Pro­

gram, GRAS 0 n,P, is designed for use 

with the SANS instruments D22 and 

D11, the small-angle diffractometer 

D16, together with the possibility of 

treating data from SANS or multide­

tector-based instruments at other 

neutron sources. Developed and run­

ning as a script language under Mat­

lab TM, an already comprehensive suite 

of data inspection and analysis tools 

can be enhanced or customised with 

the addition of 'User Modules' and 

'Fitting Functions'. Compiled versions 

for several computing platforms allow 

the main GRASan,P package to be dis­

tributed as stand-alone and licence­

free so~ware. GRAS0 n,P offers an easy 

access to analysis and display of SANS 

data via a modern style graphical 

user interface (GUI) . 

Modern GUI based packages such as Mat­
lab™ and IDL™ offer a high-level com­
puting language complete with easy matrix 
manipulation, comprehensive graphics and 
interface building routines [1]. Both Mat­
lab™ and IDL™ programs are able Lo be 
compiled into stand-alone. licence-free, 
runtime code and are commonly used 
within the ILL. In this paper a new software 
package, GRASansp· is presented devel­
oped using Matlab™ and designed for the 

graphical inspec tion, reduction and anal­
ys is of multi-detec tor data produced by 
SANS instruments [2.3). 
The main GRASJGUI is shown in figure 1. 
The main interface shows the display or 2D 
multidetector data with the displayed image 
properti es controlled by a panel at the 
right-hand side or from tool-bar or main-

fl _pa L ■ 

menu items. Data entry into GRASanl and 
control over the displayed scattering data 
and background subtractions is achieved 
using the data-selectors below the main 
display. The data-selectors allow access to 

a large array of workspace storage areas 
indexed by Workshee t: Number: Depth; in 
a sense. a three-dimensional array of 2D 

Figure 1: The main GRAS.,,.Plnt.errace howing the main display window, displayed Image control panel, data selec­
tors and load control. Dropdown menu allow acce to the numerous multidetecLor anal Is tool , project, data. 
instrument, program options and controls. 
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Figure 2: Exa mple data trcc1ted. analysed and out.Iiut using GRAS"),. (a) Co lloidal crysta ls (l-lellwcg et al. . D 11 ). (b) Magnetised meta llic ribbon (Badurck et al. . D 11 ). (c) Vor­
tex latti ce (Levett et al. . D22). 

data storage. The ·worksheet· and ·number· 

area allows several storage areas for 
generic classes or cl ata such as fore­
grounds. backgrouncl s, transmission mea­
surements etc. The ·c1epth· property allows 

many individual data fil es. for example on 
Ll1 e same sample but with varying exper­

imenta l condi tions. Lo be collected together 
but stored separately uncler a single work­

shee t number. Whole sequences of data 
compri sing a larger measurement ca n 

hence be analysed eas ily as a function 
data fil e or a changing sample environment 
parameter (e.g. tempera ture, magnetic 

field . ample angle etc.). Cross-referencing 
of se lec ted areas of Lile mu!Lideteetor data 
(e.g. intensiti es within boxes. str ips. sec­
tors, cuts at constant q, or 2D curve l'iL 

parameters) through a sequence of data 

fil es is one of Lile key features of GRAS,wJ . 

Examples of 2D an isotropic clata corrected. 
analysed and graph ica lly exported using 

GRASan,Pare shown in figure 2. In figure 
2(a) sca ttering from col loida l crysta ls 
shows a quasi-ordered hexagonal latLice 
structure. Analys is here might proceed by 
extracting an average / vs. !qi or / vs. 'lj) 
(angle around Lile detector) about se lected 
sec tors or an nuli of detector pixel s using 
the Sectors ancl Averaging tools from Lile 
Analysis menu items. In figure 2(b) SANS 
from a magnetised ferl'OmagneLic ribbon 

shows an approximately cos ine-squared 

var iation in / vs. 111 due to Lile absence of 
magnetic scattering for direc tion s with a 
component or q parallel to Lile magneti­
sa tion direction (verti ca l). Individual !'its to 

I vs. 1jJ as a function of lql could be per­
form ed manuall y using th e Sector and 

Averaging tools. GRAS""'Ps Ancos2 [41 pro­
cedure separates non-magnetic from mag­
netic sca ttering and gives Lile cos2 phase 
(magneti sa tion clirecLion) as a function of 

lql. In figure 2(c) sharp Bragg peaks from 
Lile magnetic vo rtex laLLice in a supercon­
ducting sa mple are shown. Rocking curves. 

/ vs. 0 (sample angle). ora particular Bragg 
peak ca n be ex tracted from a sequence of 
measurements. co llec ted together in the 

GR/1S,msPworkshee t areas, using L11 e Box 
ancl Sector too ls. The 2D Curve Fitting 
option allows mul tiple function s Lo be fit­
ted to the backgrouncl co rrectecl mu!Lide­

Lec tor claLa (figure 1 main cli splay). These 
are ju st examples of the kincls of ana lys is, 
data and graphics output that can be per­

formed using GRASansP. 

GRASa11.! currenLly accepts data from the 
ILL instruments D22, D1 1 and D16 as well 
as SANS data from SINO. PSI in both uncom­
pressed ancl compressecl formats. Aclcl iLion 
of data-reacl modules for other sources of 

SANS or multicletector data Ll1aL could bene­
fit from the trea tment ancl analys is proce-
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clures offered by CRAS,,n/'are envisaged or 
could be developed upon request. 
GRASansp ·m-cocle· (script) will work on 
any of the platforms supported by MaLlabTM 

inclucling PC windows. Linux, SG I and HP 
and Digital Unix [ 11 . We ca n currently pro­
vide compi led run-Lime vers ions for PC 

windows, Lin ux ancl SG I. Further infor­

mation. so ftware and manual clown load 
can be round on Lhe ILL web site [2J. 
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Simulation of neutron guides and 
instruments by means of Monte-Carlo packages 

• E. FARHI AND J. OLLIVIER (I LL) 

• J. SAROUN ( NUCLEAR PHYS ICS INSTITUTE, 

~E2., PRAGUE) 

With the increasing complexity of 
modern neutron scattering instru­
ments, the need for powerful tools to 
optimise their geometry and physical 
performances (flux, resolution, diver­
gence, etc.) has become essential. As 
the usual analytical methods ( phase­
space theory .. .) may sometimes reach 
their limit of validity in the description 
of fine effects, the use of Monte-Carlo 
simulations, that can handle these 
effects, has become widespread. 
The McStas and Restrax programs were 
initially developed at Rise National 
Laboratory and the Nuclear Physics Insti­
tute ~ez respectively in order to provide 
neutron scattering instrument scien­

tists with efficient and flexible tools for 
building Monte Carlo simulations of 
guides, neutron optics and instruments. 
They are now also maintained and 
developed at the lnstitut Laue-Langevin. 
To date, the Mestas and Restrax pack­
ages have been extensively used at 

the ILL for various studies including 

cold and thermal guides with ballistic 

and super-mirror geometries, diffrac­

tometers, triple-axis, back-scattering, 

and time-of-flight spectrometers. 

It i a known fact that the neutron physi­
cist always feels li ke increas ing as far as 
the possible the ava ilable neutron flux 
reaching his instrum ent. in order to be 
able to perform original experiments. This 
can be done either by improving existing 
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Figure I : Top view or a curved ballisillc guldr. showing a neutron tra jec tory. 

guide sy terns and instruments. or by build­
ing entirely new devices rrom scratch. Rea­
sonable studies should then be ca rried out 
in order toe timate the new expec ted char­
acteri ties. The choice or the 'good' solution 
then usually come from a careful com­
promise between the flux ga in and the re o­
lu tion. Other points uch as the rad iation 
and background levels. the financial co t. 
as well as the time and sta ff neces ary to 

implement a olu tion. hould also bee ti­
mated. Until recently, such studies were 
carried-out u ing analytica l and numerica l 
approximations of guides and instrument 
models [ 1] . Their effic iency is va lidated a 
pos teriori by the mere existence of the 
high quali ty instru ments insta lled on the 
ava ilable neutron sou rces world-wide. 
However. such methods can hardly describe 
fine effects resulting from the increas ing 
complexity of all the elements composing 
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existing and future guides and instruments. 
As a complement to the usual analyti ca l 

methods, the Monte-Ca rlo method enables 
to simulate whole neutron systems from the 
ource to the final detec tor . and to com­

pute all the beam characteristi cs at any 

point of the in trument (including phase­
space diagrams as in [ 1.2]). 

The Mestas Monte-Carlo neutron ray-trac­
ing program, in itially developed at the Ri 0 
Na tional Laboratory [3] as well as the 
Reslrax program, developed at the ILL and 
the NPI [6]. are now part of the daily tools 

used at the In titu t Laue-Langevin for the 
design and optimisation of neutron devices 
[ 4 ]. Most existing guide systems installed in 
the main guide hall at ILL are now suffer­
ing from misalignment. dust and radiation 
damage. The annual capture flux measure­
ments since 30 years show a continuous 



decrease. now reaching abouL 30 %. This 
affects the 29 operational or commissioning 
main guide hall instruments. The renewal of 
the two guide systems H1 (cold) and H2 
(thermal) has then become desirable. In the 
frame of the ILL Millennium programme, 
extensive guide simulations were performed 
with Mestas and Restrax in order to find out 
the more sui tab le solution among super­
mirror guicles. wide guides and ba lli stic 
guides [5]. Furthermore. instrument mo­
dels may then be positioned along and at Lhe 
end of Lhe simulation . in order Lo estimate 
the influence of the different geometries on 
the experimenta l measurements (flux, reso­
lution ... ). Other constrains (moving older 
instruments. changing guide elements. 
necessary taff. cost of operations) must 
also be taken in Lo account before decision. 

In a ballistic geometry. the width of the 
guide is higher in some part of it, in order 
to lower the mean number of neutron reflec­
tions on side wa lls (t"igure 1 ). The resulting 
flux may be comparable to Lhe one obtained 
with super-mirror coatings, and can range 
from a factor 2 up to a factor 5, depending 
on the instrument position. the wavelength 
and th e guide peculiariti es. Anyway, as 
most instruments hardly cope with large 
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F'igure 3: Simulated YBa2Cu30 <222> Bragg peak measured on the Viva ldi cylindrica l detector al the end of the 
H22 thermal guide. 

neutron beam , it is necessary to focus the 
guide output horizonta lly by mean of a 
funn el. Unfortunately, the usage of such 

device often crea tes unexpected beam 
shapes and degrades Lile effective resolu­
tion. Th us. bal listic geometries appear to be 

relevant for high flux/low resolution instru­
ments, especially with focu ssing optics ( e.g. 
bent monochromators and mi rrors) . 

The new Strain Scanner and the VIVALDI 
Laue diffractometer wi ll be installed soon 
aL the end of the H22 thermal guide, next 

Adrenaline crystal Laue pattern simulated on the Vivaldi ins1rument 

to the already existing DlA and 01 B diffrac­
tometers. But the renewal of the guide ele­
ments with super-mirror coatings will affect 
differently each of these instruments, bo th 

in flux and in resolu tion. The delicate choice 
of the guide geometry and coatings wa 
se ttled when looking at Monte-Carlo sim­
ulations carried out both with McStas [3,4] 
and ResTrax [6]. The figure 2 shows the sim­
ulated Laue pattern of an adrenaline crys­
tal positioned in the VIVALDI sample cham­
ber. Each diffraction spot takes in to account 
the modelled resolution function , as shown 
for instance in the figure 3 for the simulated 
<222> YBa 2Cu30 Bragg peak on the same 
instrument . 
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F'igure 2: Simulated Adrenaline Laue Pattern (s lightly misa ligned) obtained at the end of the H22 guide on the Viva ldi 
instrument. 
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Thus, at the ILL. testing next generation 
guides and instruments within numerica l 

models becomes part of their normal design 
process simul taneously with their physi­

cal and mechanical studies. ■ 
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Teams teaming up 

Prom the left: Christian Vettier, Efim Kats. Philippe Nozieres, Paolo Carra 
and Bill Stirling during the Theory Group Open day. on 5 December. • 

The BRISP Team (Brillouin Spectrometer. Italian CRG under construction) 
gathering during one of the project meetings. Prom the left: Anton Heide­
mann. Pabrizio Barocchi (University of Pirenze): Prancesco Sacchetti (Uni­
versity of Perugia), Caterina Petrillo (Politecnico of Milano), Sandra Jahn, 
Eddy Lelievre-Berna, Prederic Descamps, Eleonora Guarini (University of 
f<'irenze). Hannu Mutka, Perdinando Pormisano, Colin Carlile. T 

• Seventeen of Lhe ILL's PhD students during their second annual clip session. held on 6 
December. It was aplly (and confidently! ) entitled "We are Lhe Mure". 

The tenth anniversary of ·La Pete de la Science·. the Prance-wide science festival. was held ► 
this year from the 15 to 21 October. Its objective is to make science accessible to everybody. 
Prom the left: Ingeborg Te Groen, 1-fubert I-lumblot. Alain Filhol. Isabelle Grillo and Andrew 
Wildes (the organiser) ready to welcome the visitors to the ILL stand. 
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Workshops in which the ILL was a major player in 2001: 

Protons in proteins Organised by Peter Timmins (ILL) ILL and 25-27 January 

and Dean Myles (EMBL) EMBL 

Workshop on environmental Organised by Ake Kvick (ESRF) , Alan Hewat ILL and 20-21 February 

studies using neutron (ILL). Jose Baruchel (ESRF), Peter Lindner (ILL). ESRF 

and synchrotron radiation Anato ly Sn igirev (ESRF) . Jean Susini (ESRF) 

Perfect Crystal Neutron Organised by Matthias Baron (ILL) and ILL and 1-4 March 

Optics (PECNO)-TMR Helmut Rauch (Atominstitut. Vienna) Vienna 

The ILL Millennium Symposium Organ ised by the ILL Direction ILL 6-7 Apri l 

and European User Meeting 

Collective Aid for Nomadic Organised by ILL, EMBL and ESRF ILL, EMBL 17-1 9 May 

Small-Angle Scatterers and ESRF 

Colloquium in honour Organised by R. Currat and C. Vettier (ILL) ILL 15 June 

of Bruno Dorner 

Self-Assembled Fibrillar Organised by Pierre Terech (CEA-CNRS, ILL 24-28 November 

Networks (in Chemistry, Grenoble) and Bruno Deme (ILL) 

Physics and Biology) 

Workshop in honour Organised by C. Vettier and H. Schober (ILL) ILL 6 December 

of Jose Dianoux 
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Protons in proteins: 
biological applications of neutron diffraction 

H ydrogen aLom • are imporLant in 

mediaLing biological strucLu res and 
functions. but they are difficult to 

pinpoinL in bio logica l strucLUres. A work­

sl1 op organi ed by Lhe ILL and the EMBL 
and co-spon orecl by Lhe EU eu tron Round 

Table was held in Grenob le to discuss how 
the complemenLary Lechniques of nuclea r 
magnetic resonance (N lR) and neuLron or 
X-ray protein crysLa llograpl1y can help in 

Lhis respect. 

On L11 e first clay a number of speakers dis­
cussed the ro le ancl particular achieve­

menLs of neutron scauering in biology. 
stress ing thaL ncuLrons should continue 
Lo focus upon importanL biologica l prob­
lem s. Recent adva nces and applica Lion s 

using syncl1roLron X- ray crys Lallogra phy 

aml NMR were also desc ribccl. 

Th e new generaLion or neuLron prolein 
crys ta llogrnphy insLrumcnt.ation was also 

reviewed in a dedica ted session L11 aL high­
lighted th e stale of Ll1 e art in neutron pro­
tein crys lallogra phy: thi s incluclecl LADI at 

Lile ILL. BIX-3 at JAl•'.RI ancl Lile newly com­
pleted TOF I .aur diffractometer at LA SCE. 

Talks in L11 c afLernoon focussed on low­
resolution neutron crysta llograph y. wlwre 
contrast variation techniqurs have been 
used Lo locate detergent and lipid com po­
nents in membranr protein . A lively posLer 

ses ion was then fo llowed by a con fer­
ence dinner. during which many new the­

ories were exposed on the powerful influ­
rnce of protein/solvent interaction · on bio­
logical sy terns. 

The econd clay·s agenda contrasted the use 
of X-rays and neutrons in the location of 
protons in proteins. A number of beautifully 
illu stra Lccl talks on enzyme structure 

A friendly discussion between obuo Niimura (JAERI) . Joe Zaccai (IBS, Grenoble) and Don Caspar (University of 
·1~1llahassee. Florida) . 

cmpha ised that. even aL atomic (1 A) X­

ray re solutions. crucial hydrogen atom 
posiLions ofLen ca nnoL be seen at all. For 
L11 e enzyme endothiapcps in on L11 e ot11 er 
hand it was shown that these problems ca n 

be re so lved using neutron cliffraclion Lo 
locate hydrogen atom positions in th e ca t­
alyLic site. Th e final session saw th e pre­
senLaLion of work at the frontier of X-ray 

and nculron proLein crystallogra phy. 

Tl1e workshop fini shccl with a round Lab le 

chaired by Peter Lindley of the ESRF' di -
cu ing the ach ievements ancl fuLUre 
prospects of neuLron diffraction in biol­

ogy. Key points Lo emerge were Lhat: 
■ it is im porLant Lo work on well-chosen 

imporLant biological problems where 
neutrons can make unique or truly 
complementary contributions: 

■ such work should be more widely dis­

sem inated Lo the biology community: 
■ improved techn iques and instrumen­

t.aLion were crucial Lo new (ESS & S S) 
and upgraded neu tron sources: 
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■ the im provement in in sLrum entation 

and sa mple preparaLion fac ilitie 
(e.g. for se lecLive deuLerium label ling) 
wi ll brin g so luti ons to hi th erto 
intra ctab le prob lems. in part ia ll y 

orcl ercd sys tem s. co l1 erent inelas tic 
sca ttering. proLein crys Lallograp l1 y. 
and small -a ngle neutron sca LLer ing 
for exa mpl e. 

A parti cular ly exc iting area Lo wa tch 
wi ll be the co mplementary experiment 

with synchrotron rad iation ancl neuLrons 
on proLein s wl1 icl1 cliffracL Lo high reso­
lu tion - it is already clea r that, where 

some importanL parts of the sLructure are 
less we ll-ordered. neutrons will give 
unambiguou s information on key H 

atoms. 

In summary iL was agreed Lhat neutron 
have played. and will continue LO play. a ig­

nifica nt role in strucLUral bio logy. ancl that 
their complementarity with X-rays hould 
be tressed and exploited. 
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ESRF/ILL workshop on environmental studies 
using neutron and synchrotron radiation 

T 
he ESRI? and the ILL organised a 
joint Workshop on Environmenta l 
Studies on 20-21 February, attract­

ing over 100 partic ipants from Europe. the 
USA and Austra lia. These heard 19 invited 

lec turers and di scussed a large se lection 
of posters. Many of the lec turers had an 

opportun ity Lo describe the prac tica l impor­
tance of their work at a press conference 
attendecl by half a dozen journalists. Tl1 e 
plenary lecture discussed new liLhium-zeo­

liLes used for heavy-metal recovery From 
industrial and nuclear waste. IL is now pos­
sible Lo study the crysta l chem is try of tliese 
new materia ls using a combination of syn­

chrotrnn and neutron diffraction techniques, 
including in-situ chemica l synthesis. 

Other speakers clescribed neutron and X-ray 
stru ctural resea rch on the potential for 
develop ing the storage or hydrngen in meta l 
alloys. thus improving the capacities of new 

lithium and NiMH batteries. Beautiful exam­
ples of real -time elec tro-chemistry in neu­
tron ancl synchrotron beams were shown. 
An in teresting appli ca tion of e\ec trochem­

istry. to th in film gas detectors was 
describecl. Neutron refl ectometry is used to 
study the spatial distribution of material in 

the film used to selectively sense molecu­
lar species in the environment. 

Diffraction measurements are also needed 
to understand the structure and stability 
of ice and clathrate materials under par­
ticular condi tions. Antarc tic ice appar­
ently holds a record of changes to th e 
earth's atm osphere over thousands of 
yea rs, whi le clathrates (which remain sta­

ble under the pressure and temperature of 
the oceans· dep th s) may have the capac­

ity to store waste carbon dioxide. Na tural 
clathrates are also seen as a potential 
source of methane fuel. 

A number or ta lks were given on the cletec­
tion of heavy meta ls in geologica l forma­
tions, in water and in soi l, using, for the 

the French CEA for the transmutation of 
nuclear waste using special reactors or accel­
erators; the mini-lNCA experiment at ILL -
designed to explore such possibilities - was 
described. Indeed it has been proposed that 
the new European Spallation Source might 
also operate as a nuclear waste incinerator. 

Altogether a ve ry enjoyable meeting at 

which the ESRF ancl ILL discovered that 
tliey were contribu Ling more to t11 e study 
and improvement of the environment than 
they might have imagined. confirming that 
they share not only a user community in 

common but a number of overlapping sci­
entific interests as well. 

most part. syn­

chrotron methods. 
Participants were 
reminded how sen­
sitive neutron acti­

va tion analysis can 
be for detecting 
trace elements. It 
was agreed that the 

ILL is the best­
placed neutron 
source to Lake up 

such work aga in. 
Finally a proposal 
was presented from 

Herve Jobic (CNRS/IRC. Villeurbanne), Olivier lsnard (CNRS. Grenoble) ancl Gwe­
naelle Rousse (ILL) enjoying the coffee break. 

The ILL Millennium Symposium 
and european user meeting 

A 
bout 320 participants attended the 
ILL Mi llennium Symposium and 
European User Meeting on 6 and 

7 Apri l in Grenoble. The ob jective of this 
initiati ve was to deba te the future use of 
neutrons at the ILL and the relevance of 

neutron methods to emerging sc ientific 
and technological fi elds. Tim e was also 
devoted to the complementarity of neu­

tron technology with other investigative 
techniques of similar potentia l, including 
X-ray technology, nuclear magnetic reso-
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nance. muon spectrometry, and microscopy 
techn iques. 

The Millennium Symposium was. most 
notably, an opportunity to present ILL:s 
Millennium Programme. the ambitious pro-
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gramme launched in 
January 2001 ror the 
further development 
of ILL:s instruments 
and inrrastructure: 

o les significant 
however was the dis­
tribution to the par­
ticipants of the "ILL 
Roadmap". a docu­
ment produced by 
ILL management. 

r ( ( 
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erving as a spring­
board for discussion 
of the choices Lha L 
have to be made on 
instrument develop-

Past and pre ent directors or the ILL. From let\ to right: Brian Fender. Peter Day. Peter 
chofleld. Peter Armbruster. John Enderby. Ruprecht Haensel. Tasso Springer. Wolf­

gang Glaser. Bernard Jacrot. Jacques Joffrin. Alan Leadbetter. Reinhard Scherm. Dirk 
Dubbers, Christian Veltier and Colin Carlile 

menL and the very future of the Institute. 

The two-day programme was very intensive, 
wide-ranging. and of high quality. The 7 ple­

nary sessions covered a large pan or subjects: 
■ the development or instrumentation at 

Lhe ILL: 
■ Lhe quantum many body problem in 

condensed mauer physics: 
■ new challenges in structural biology; 
■ the role or neutrons in modern biology; 

■ fields or inves tigation with slow neu­
trons in nuclear and particle physics; 

■ the use of neutrons in chemistry at 
the molecular level: 

■ the key role or neutrons in sort con­
densecl matter: 

Beside the plenary talks. 40 oral presentations 
and more than 120 posters were organised in 

6 parallel sessions: Life sciences. Supramole­
cular ystem . Molecular systems. Electronic 

systems, uclei and Particles. Industrial 
relevance of neutrons. Instrumentation. 

Time was round for two open-forum panel 
sessions where the audience was invited 
to express its views and comments on the 
organisation of the ILL and on future ci­
ence at the Institute. 

There was unanimous agreement on the 
success or the User Meeting and that the 
objectives or the symposium had been 
achieved. Our thanks Lo all those who 
helped to organise the event and con­
tributed with enthusiasm Lo its success. 
The conference proceedings are available 
on the ILL web site (www.ill.fr, Events) . 

Serge Claisse - in charge of logistics at the ILL -
between Colin Carlile (ILL Director. left) and Reinhard 
Scherm (Pl'B Braunschweig. right). 

Perfect crystal neutron optics - TMR workshop 

T 
he 4th workshop of the TMR-Euro­
pean-Network on Perfect Crystal 
Neutron Optics (PEC 0) was held 

at the ILL from 1 - 4 March 2001. PECNO 
is a network of 14 laboratorie from 8 dif­
ferent countries co-ordinated by the Atom­
insLiLUL der Osterreichi chen Universit.aten, 
Vienna. The network was created early in 
1997 and wi ll end by the end of 2001. It 
receives 1.595 million euro in funding. 

The aim of this network is to take the step 
from geometrica l to quantum optics. with 
the neutron, as a probing particle. being 

treated as a quantum object rather than a 
classic particle. Using perrect crysta ls the 

wave function can be ca lculated through­
out the system. The project seeks to opti­
mise the use of existing neutron sources 
and prepare the ground for the full exploita­

tion of more intense sources. 

As the leading neutron research centre the 
ILL was a perfect choice of location for this 
workshop. Samuel Werner and Helmut Kaiser 
were special guests to the event. They opened 
the workshop with a report on the neutron 
interferometer programme in the United 
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States. Berthold Georg Englert from the MPI 
Garching reviewed the wave-particle duality 
in neutron in terferometry. The first morning 

wa rounded off with a talk by Roland Gah­
Ier on spin-echo and coherence. The afternoon 
continued with reports from several partici­

pants on the performance of the new perfect­
crystal ultra-small-angle cameras (USANS) 

currently installed on the ILL S18 instru­
ment. on SINO at Villingen, and at HMI Berlin. 
the NP! at Rez and the Atominstitut Vienna. 

Another topic was the continuing development 
of the perfect-crystal neutron resonator sys-



Thr PEC~O-T\IR 11ork 11011 pnrlicipanls assrmblr in front of lhr ILL. 

r r ( 
~ ( 

Lem. on \\'hich up LO 
4000 back-ancl-forlh 
rdlrc Lions ancl multi­
ple beam storage have 
bern achieved. Th i 

narrow-band neutron 
re ona Lor cou lei be­
come an es enlial Looi 
for ad\'ancecl beam Lai­
lori ng aL new pulsecl 
spallalion sourcrs. 

RC'cent Lh eo reli ca l 
ca lculation. ,,·ere 

prese nted b th C' 

shops 

partner. from Bari ancl Olomouc. which 
arc likely to Limulatc new experim ental 
work. News wa also given of the th eo­
rclica l backgrouncl ancl preparatory work 

for th e fi r L attempt al neutron pha. e 
tomography to be made in ovember 2001 
onlLL·s s1s. 

isit of ILL; fac ilitie ancl reactor hall wa 
organi sccl for those parLicipanLs not ye t 
fami liar with Lile lnsLiLuLe. PurLher infor­
mation on PEC O can be founcl on it. 
homepage: hllp://wW\ .a ti .ac.a t/- ncutr­
,,,eb/pecno/pecno.h Lm I. 

Collective aid for nomadic small-angle scatterers 

The .. canSAS .. mt'c tings aim at pro­

moting and, haring St\S <lala-analy­

' is methods. The third workshop. 
sponsored ily the ILl,.1•:SRI•' and Lhc DUH­

BLl-: -CRC. \\'as held al the ILL on 17- 1 D 
\lay. ,, il11 :w participants from European 

ancl American faci liti c's. Bl'am line rrspon­
·ilJles and IC'a<ling cicntisls re,·ic\\'CCI data 

forrnatling proillcms with computer cxpc•rts 
before moving on to con sider packages l'or 
graphica l data trea tment and finally place 

thr rrsults obtainrcl in thr perspec ti\C' of 
genuine sc icnlil'ic problems. 

The cli parity in da ta formats l1acl tr iggerccl 
the firsL ca nSAS mee ting and gi,•en ri c to a 
text file format. sasC W. ReccnL modifica-

lions adclccl the mrta-data required for timc­
of-flight neutron clata. and al thi mee ting a 

document matching sasCI I•' names and NeXus 

nc1mcs wc.1s we lcomed and discussed in work­
ing groups. i\ t the cml or tlw pre cnlalions 
the partic ipants ackno,, IC' tlgetl that ilolll 
\ ~IL and I IIW3 claLa formats offer ,, idC' I 

accept.able slanclarcls for se lf-de cribing daLa 
rormclls lor U1r l'uture. I L was agreccl that illus­
tra l in' cx.a mples woulcl lie presentccl Lo the 
community at lilt" S<\S2002 meeting in Venice'. 

Platform-independent. package for Si\S 

analys is are based on a range or products. 
The GRASP procedure using ~I TLAB from 
ILL ,, as \\'elcomecl as il (" Ill be cli striliuted 

r1wly Lo user . Recent progress was J)IT-

sentecl on the integration or data acquisition 
and trea tment. \\'l1icl1 is bC'coming more and 
more nece smy gi,•en the complex mea­

suremC'nls lhat ca n IJC aLLcmpLecl with Lhe 
high rluxes a\'ailable. 

The scientific present.a lion: re\'ealed Lhc \'ari­
ety or sLUdies unclerway. rrom upf' r-alloy lo 
biological molecules in solution and rope. 

The participant di scussed the poss ibilities or 
furll1er haring analys is program , ancl or 
teaching ne\\' usrr • analytica l meLhocls. 

The mee ting conclucbl with a proposa l to 
crea te a dedica ted ca ns S web ite a, a 
rcpo, itory or information and programs 

on L11e Lecl1niquc. 

Colloquium in honour of Bruno Dorner 

I n May 200 I Bruno Dorner left the ILL. 
after nea rl y thirty yea rs of ac ti, it in 
th e In stitute ancl a long ancl ac ti,•e 

ca ree r in neutron and >---ray scauering. 
Over 50 or hi s fri <' nd s ancl co ll eagues 
ga th ered at the ILL'. Cl1 ad,\·ick mphillH'-

alrc ror an informal co lloquium organi sed 
on 15 June in his honour. Th e mceling 
included invited pre, en ta lions on Bruno·s 

main fi elcl of research (phonons) ancl sc i­
entific or personal recollec tions b his 
fri r nd. and co llabora tors. 
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Bruno is be L kn own for his contribu­

ti on Lo th e cl e\'elopmenl of th e n u­
tron three-ax i tec hnique and . e pe­
cially. for his pionee ring wo rk on reso­
lution effec ts anti in strum ental efri­
cicncy ( 1972). 
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Bruno was a pioneer in the field of neutron 
Bril louin scattering. for which he produced 
the first numerical estimates and test mea­

surements (1967). He wa also a lead ing 
figure in the early development of the X-ray 
inelastic backscattering technique at HASY­

Lab (1981-1 986) . a technique which later 
matured to become one of the mo t produc­
tive branches of modern X-ray synchrotron 

in trumentalion. Bruno has been active in 
many different sc ientific fields: phonons in 
ionic and molecular crystals. tructural phase 
transitions. magnetic excitations in low­
dimensional systems. ound veloc ity mea-
urements in liquids. In collaboration with 

1.C. Bellissent-F'unel, J. Teixeira and S. H. 
Chen. he was the first to produce experi­
mental evidence in support of the concep t of 
"fast ound" in heavy water ( 1985). 

Despite his many duties Bruno was known 
for devoting hi time and expertise to peo­
ple. He has always been keen on commu­

nicating his knowledge and experience. 
especia lly to the younger generation 
through his participation in numerous neu­

tron courses. neutron summer chools and 
lectures at Regen burg Univer ity, which 
awa rded him the Habi litation degree in 

1981. During his years at ILL Bruno was 
associated with all aspect of in-hou se 
sc ientific and instrumenta l activity. His 

contribution to ILL's early years was essen­
tial: in 1972. together with Michael Steiner 
he co-authored the first publication on 

experimental work performed at ILL. 
Bruno will be mi ssed by everyone at the 
ILL. We regret his departure and we send 
him all our best wisl1es for hi future life. 

Self-assembled fibrillar networks 
(in chemistry, physics and biology) 

T 
he Euroconference on Self-A ssem­
bled Fibrillar Network . SAF' IN 
2001. was held in Autran on 24-

28 ovember 2001. These fibrillar net­
works result from the revers ible conn ec­
tion of one-dimensional objects (such as 
fibril s, rods. helices, ribbons and tubules). 
The e objects are found in synthetic and 
biologica l sys tems. and are th emselves 

form ed by spontaneous aggregation of 
low mass molecules. or by chemica lly 
bound monomers forming macro­

molecu Jes. SAF'!Ns have now reached a 
stage where the number of studies con­
stitutes a field of its own within the sci­
ence of soft matter. 

The conference was a great success. gath­
ering 100 sc ientists from 15 countries. 
SAF'IN 2001 pursued the initiative of the 
Symposium on Organogels held in ovem­
ber 1999 in Groningen (The etherlands), 

with the will both to open th e conference 
to a wide community and to initiate a 
regular continuation of such meetings in 
the future. One of its ob jective was to 
gather th e communities of chemists, 
ph ys icists, biolo­

gists. experimen­
tali ts or theoreti­
cian s working in 

the field of SAF'lNs. 
In the last decade. 
an impressive lit­

erature has been 
accumulated and a 
more recent ten­

dency towards 
in terdisci pi i nary 
studies sugges ts 
that it is now time 
to look for more 
conceptual and 
universa l descrip- gramme. 
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tions of SAF' INs. Because SAF' I s are 
upra-molecular assemblies. the field 

covers very different length and time 
sca les. and therefore a varie ty of exper­
imental techniques. 



Thank to the European Commi ion ancl 
to our generous sponsors (among whom the 
ILL) . 25 young cienli sts were fully sup­
ported and were allocated a travel grant 

to attend the conrerence. The certain ly 
learned a lot from the international exp rt 

pre ent at the con ference about the intri­
cac ies of SAF'INs. 
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The conference was organised by Miguel 
Aubouy (CEA-G renob l ), Bruno Deme 
(ILL). and PierreTerech (CEA-Grenoble). 

A symposium marks the retirement of Jose Dianoux 

T 
he ILL celebrated the cientific work 
of Jose Dianoux on 7 December by 
organising a colloquium in his honour. 

Jose Dianoux has been one of the main pil­
lars of the Institute over the las t 30 yea r . 

His energetic enthusiasm contributed ub­
stantially to establish the ILL a the world. 

leading neutron ource. 

The ILL director Colin Ca rlile briefl y intro­
duced Jose·s sc ientifi c curriculum vitae. 

Jose Dianoux obtained hi the is at th e 
uclea r Research Center of Saclay study­

ing the magnetic properti es of ranium­
Fluorid e co mpounds. A pos t-doc toral 
po ition in the Chemi try Department 
of th e niversity of Illinois familiari ed 
Jose with molecular motions in plas ti c 
solids. He joined the ILL in 1971 
and became rap idly interes ted in the 
deve lopm ent of th e pec trometer IN5 
b t uited for th e inves tiga tion of motion 
in di ordered sy tern s. In 1977 he wa 
nominated res ponsibl e for th e con-
truction of th e time-focuss ing time-of­

fl igh t spec trometer IN6. In 1993 h 
fin ally became head of the time-of-flight 
high-reso lution group. 

In his scientifi c lecture Marc Bee (ILL & 
Universite Joseph Fourier) gave a highly 

instructive overview of neutron ca ttering 

stud ie concerning parti cle diffusion, a 
field to which Jose Dianoux made es en­
tial contributions. Hinting at the pas t and 
stress ing the present status of the fi eld 
Marc Bee final! offered a glimpse in to 

the future. The complexity of the subjec ts 
under in estiga tion increa e permanently. 
Further progre swill. therefore. rely heav­
ily on the successfu l combination of com­
puter simu lations and experimental inves­
tiga tion . 

The second pa rt of th e co lloquium wa 
devoted to Jo e· cientific contributions in 
a historica l context. Ru1 p Lechner (HMI. 
Berlin). one of the main protagonists in the 
field and clo e co llaborator of Jose 
Dianoux. told tl1 e rasc inating Lory of 
quasiela tic neutron ca ttering and its 
theoretical interpretation from the ea rly 
days up to now. Reinhard Scherm (PTB 
Braun schweig) introduced the aud ience 
to the mysteriou world of quantum liquids. 
demon trating that~ ith sufficiently ener­
getic people-of whom Jose certain ly wa 
part - and the right in trument neutron 
allow us to inves tiga te nea rly everything. 
i.e. even the materials you would otherwise 
only u e to detect them. Th e session was 
closed by Stephane Ro is. formerly Jose's 
thesis student and now at IPNS Argonne. 
who presented the complex structure and 

dynamics of nanotubes. 
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Jose Lhanking Lhe a sembl during the ympo ium 
organ i ed in his honour. 

The meeting ended with an enjoyable din­
ner at the Chateau de Sa enage. in a splen­
did se tting in the Grenoble region. Jose 
retires to devote himself fu lly to his favourite 
hobbie : mountaineering and "ski de ran­
donnee '1 He will be missed by many of us. 
We all wish him a long and sunny retirement 
and we hope to see him often at the ILL . 



Emotions revealed 

• Fiona Jewi s (Paul-Drude Institute. Berlin) in a thoughtful mood whilst 
carrying out an experiment on D7 on MnAs. 

Rudi Loidl , looking serious. and Matthia Baron. looking jolly in the cnclo- ► 
sure oflhe S18 neutron interferometer. a CRG instrument from the Univer ity 
of Vi enna. 

Smiles on their faces following a succe sful experiment on D7 for Phil Bent-
◄ ley ancl Judith Preston ( niversity of Lecds) 1 

Concentration on their faces whilst selling up another experiment on D 17. 
From the left. Beale Kloc gen (FU Berlin). Giovanna Fragneto (D 16 in tru­
ment re ponsibl ) and Thoma Cutberlet (1-IMI) . • 



Reactor operation Beam-time allocation 

User operation Instrument performance 

Instrument list Industrial use of neutrons 



DIA (50%) 

D28 
D3* 

D4 (50% with IN I)* 

D7 

D9* 

D10 

D11 

D16 

D17 

D19 

D20 

D22 
VJ IN I (50% with D4)* 0 

IN3 

IN4 

INS 

IN6 

INS 

INI0 

INII 

IN14 

INl6 

IN20 

PFI 

PF2 

PNI 

PN3 

Strain lmager 

VIVALDI 

* hot neutron instruments 

The ILL's instrument suite (December 2001) 

ILL INSTRUMENTS 

powder diffractometer operational 

powder diffractometer operational 

single-crystal diffractometer operatlonal 

liquids diffractometer operational 

diffuse-scattering spectrometer operational 

single-crystal diffractometer operational 

single-crystal diffractometer operational 

small-angle scattering diffractometer operational 

small momentum-transfer diffractometer operational 

reflectometer operational 

single-crystal diffractometer operational 

powder diffractometer operational 

small-angle scattering diffractometer operational 

three-axis spectrometer operational 

three-axis spectrometer operational 

time-of-flight spectrometer operational 

time-of-flight spectrometer under reconstruction 

time-of-flight spectrometer operational 

three-axis spectrometer under reconstruction 

backscattering spectrometer operational 

spin-echo spectrometer operational 

three-axis spectrometer operational 

backscattering spectrometer operational 

three-axis spectrometer operational 

neutron beam for fundamental physics operational 

ultracold neutron source for fundamental physics operational 

fission product mass-spectrometer operational 

gamma-ray spectrometer operational 

residual stress diffractometer under construction 

thermal neutron Laue diffractometer commissioning 

JOINTLY FUNDED INSTRUMENTS 

D821 (50%) 

LADI (50%) 

INIS 

single-crystal diffractometer operational (EMBL) 

LAUE diffractometer operational (EMBL) 

spin-echo spectrometer operational (FZ Jiilich and 

HMI Berlin) 

CRG INSTRUMENTS 

DIB powder diffractometer CRG-A operational (CNRS) 

INl3 backscattering spectrometer CRG-A operational (INFM Italy) 

ADAM reflectometer CRG-8 operational (Bochum Uniwrsity) 

BRISP Brillouin spectrometer CRG-B under construction (INFM Italy) 

DIS single-crystal diffractometer CRG-B operational (CEA Grenoble) 

D23 single-crystal diffractometer CRG-B operational (CEA Grenoble) 

EVA reflectometer CRG-8 operational (MPI Stuttgart) 

INl2 three-axis spectrometer CRG-B operational (FZJurtch) 

IN22 three-axis spectrometer CRG-B operational (CEA Grenoble) 

S18 interferometer CRG-C operational (AtominstitutWien) 

TEST BEAMS 

CT I , CTI detector test facilities 

S42 Laue-crystal alignment facility 

T3 neutron optlcs test facility 

TI 3A,C monochromator test facilities 

T 17 cold neutron test facility 

~ ..,.., 
-, -., 



O Reactor core 

Hot neutrons 

--Thennal neutrons 

-.Cold neutrons 

' A. Flhof 2000 

Instrument layout 

Reactor hall 
Level D 

Guide hall I (ILL 7) 

- ILL instruments {filled in : operational 

- jointly funded instruments open : commissioning or 

- C~G nmurnents under construction 

D. Three-axis group 

D Diffraction group 

S42 

...:::::l Large-scale strucwre group 

VIVALDI 

X Time-of-flight/high-resolution group 

O Nuclear and particle physics group 

D Test and other beam positions 

-0 -



e and user programme 

The 200 opera ting days cheduled 
for cientific work in the year 2001 
were completed succe fully. On 

the whole, no particular problems were 
experienced with reactor operations over 
the period. The Lime lost during two short 

hutdowns was recovered . 
The construction of the new reactor emer­
gency control room (known as Lh PCS) and 
the closure of the old facility were com­
pleted at the beginning of the yea r. 

cw developments in the reactor block 
included the in ertion into the reactor of 
the beam tube IH 3 in preparation for the 

Cycle tarting date 
Finishing 

date 

126 14 03.0 1 02 .05.0 1 

127 22.05.0 1 110701 

128 09.08.01 30.09.0 1 

129 16 1001 05. 12.0 1 

Total 

Table I: Reactor operation In 200 I . 

The ILL ser Support is Lhere to 
assi L all our user . If you are 
coming to th e ILL to ca rry out 

r r I 
~ r I 

Reactor operation 

new BRISP instrument. The H 13 thimble 
wa replaced with a la rger diameter thim­
ble in order to improve I 2o·s perfor­
mances. The H4 thimble. the reactor block's 
central chimney and th e control rod 
absorber material were replaced as part 
of th e reac tor block maintenance pro­
gramme. At the beginning of the year. the 
V4 irradiation tube and its cooling system 
were insta lled, making it pos ible to ca rry 
out irradiations and develop new fission 
chambers for the Mini Inca programme. 
The detritiation facili ty wa s shut down on 
8 November 2000 to allow fo r mainte-

Days Days of Unscheduled 
scheduled operation hutdowns 

50 50 

50 50 

50 50 2 

50 50 

200 200 2 

User operation 

experiments. the er Office is here to 
give you the organisational and ad mi­
ni trative support you need for the suc­

cessful operation of 
you r experi ments. 

eutron beams and 
instrument facilities 
are free of charge 
for proposers of 
accepted exper i­
ment . Scienti sts 
affili ated LO ILL 
member countri es 
will also, in general, 
be assisted with 
necessa ry trave l 
and daily subsis­
tence for a limited 
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nance work. o tritium was produced or 
despatched this year. 
The F' rench nuclear sa fety authorities 
have decided to ca rry out a review of the 
safety of the reactor and its auxiliary 
installations. Preparation for this review 
have generated a cons iderab le work­
load. in particu lar concern ing th e ana ly­
sis of the reactor's behaviour under seis­
mic conditions. a stud y which has 
required the development of a non-l inea r. 
elastop lastic method of analysis. The 
review will end with th e hold ing of a 
mee ting of a safe ty comm ission known 
as th e .. Groupe Perman ent ... whi ch is 

scheduled for March 2002. 
F'uel cycle activities continue to require 
constant attention. This yea r, six fu el ele­
ments were sent for reproce sing. The 
delivery of uranium from the Ru sia will 
allow us to continue fuel element manu­
facture for a number of yea rs to come. 

period. The User Support Team makes all 
ar rangements for accom modation and 
transport and will process claims for 
expenses after you have completed your 
experim en l. 

The ILL Visitors Club 
All administrative tools for our 
sc ientific visitor are now 

grouped together and directly 
acce ible on the web. thanks to 

the Visitors Club. 
All informati on is presented in a user 
friendly environment. 

After having logged in with your own per­
sonal identification. you will access directly 
all the available information wh ich con-



The friendly User Support Team is here to assist all 
users. Prom the left: Diana Dijoux, Brigitte Aubert, 
Katja Mayer-Jenkins and Giovanna Cicognani. 

cerns you. Use rs wiLh particular respon­

sibilities have privileged access LO oLher 
Laoi s according LO their role. 

You may already be familiar with our elec­
tronic proposal and experimental reports 

submiss ion prncedurc. The ILL Vi sitors 
Club includes these two systems and makes 

available additional servi ces on the web. 
such as acknowledgement of receipt. sub­
committee results and user sa ti sfac tion 
form. In the futu re, invitation l'orms and all 

information about scheduling, hotel/guest­
hou se reservation s. reimbursement and 
so on , will also be access ible via the Vi si­

tors Club. 

If you have submitted a proposal to the ILL 
from 1998 onwards, you have been auto­
matica lly registered in the Visitors Club and 
received an email wiLh your personal user­

name and password. If not and you wish 
to join the ILL Vi sitors Club, you can regis­
ter on Lh e ILL web site or direc tly at 
h ttp://vi trai II. ill. fr/cv/. 

r r r 
~ ( 

expe 1, and user programme 

Extensive in formation about the ILL, its facilities and application for beam-time is 
available on our web-site: bttp://www.ill.fr/, User & Science, User Information. 

Proposal submission 
There are three different ways of submit­
ting a proposal to the ILL: 
■ standard submission or a research pro­

posal - twice a year (in the first & th ird 
quarters). 

■ fast access to the ILL beam Lime- twice 
a year (in the second & fourth quarters). 

■ Director·s discretion time (DDT) - no 

time res triction. 
Special access for proprietary research 
and industrial users is also possible at the 
ILL (see page 139). 

In 2002, a common ILL/EMBL deulemtion 
laborat0ty will be made ava ilable LO exter­
nal users. The aim of the laboratory is Lo 

provide a focus for European sc ientists 
wi shing to make Lh eir own deuterated 
materials l'or neutron sca ttering or NMR 
experiments. Information about the ava il­
abili ty or this facility for external users 
will be given in due te rm on the ILL web­
site (http://www. i I I.fr/pages/science/User/ 

Uproposa ls.html). In the meantime please 
con tact the Head ol' the DeuLeration Facility. 
Dr Michael Hartlein (haertlein@ill.fr). 

The ILL scientific life is organised in to 10 colleges: 

College 1 Instrumentation 
College 2 Theory 
College 3 Nuclear and Fundamental Physics 
College 4 Structural and Magnetic Excitations 
College 5A Crystallography 
College 5B Magnetism 
College 6 StrucLUre and Dynamics of liquids and Glasses 
College 7 Materials Science. Surfaces and Spectroscopy 
College 8 Structure and Dynamics of Biological Systems 
College 9 Strucl/Jre and Dynamics of Soft-condensed Maller 

The ILL college secretaries (from the lei\): Ross Stewart (Coll .4), Hubert Hum blot (Coll. t ). Clemens Ritter 
(Coll.58), Valery Nesvizhevsky (Coll.3), Miguel Gonzalez (Coll.6) , Giovanna Fragneto (Coll.8), Isabelle Grillo 
(Coll .9), Gweaaelle Rousse (Coll.5A) and Charles Dewhurst (Coll.7). 
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expenme al and user programme 

Submission of a standard 
research proposal 
Applica tions for beam Lime hould be sub­
mitted electronica lly, via our Elec tronic 
Proposa l Submi ss ion sys tem (EPS). ava il­
able on the Visitors Club web-site. Pro­
posals can be submitted to the ILL twice 

a year. end of Pebruary and end of Septem­
ber. The web sys tem is ac ti va ted two 

months before each deadline. 

Submitted proposals are divided amongst 

the different co lleges. (see indent page 
133) according to their main subject area . 

Proposa ls are judged by a Peer Review 
Commi ttee. the Subcommittees of the ILL 
Scientific Council. Subcommittee members 
are specialists in relevant areas of each Col­
lege and they evaluate the proposals for sci­
entil'ic merit. assigning priorities and beam 
time to accepted proposals. 

Before th e meeting. the subcommittee 
receives a report on the technical feasi­
bili ty and sa fety of a proposed experiment 
from the appropriate College at the ILL. Two 

proposa l review rounds are held each year. 
approximately six weeks after the deadlines 

r r I 
~ r I 

for submission of 
applica tions. 

There are normally 
4. 5 reactor cycles 
a yea r each of 
which lasts 50 days. 

In 2001 . however. 
the reactor ope­
ra ted for 4 cyc les: 

th e winter shut­
down wa s longer 

because of the ILL 
renewal programme. 

Coffee break during one of the two User Forums organised last year at the ILL to gather 
valuable feed-back from our users. 

Accepted proposals submitted by Pebruary 
will receive beam time in the second half 
of the year and those submitted by Sep­
tember in the first half of the following year. 

More detailed information on application 
for beam-time and dead-lines are given 
on our web-site at http://www.ill.fr/pages/ 
sc ience/User/U Proposa ls. htm. 

Submission of a proposal by the 
Fast Access route (FAST) 
To be more responsive to user needs where 
appropriate and where possible, the ILL has 

introduced Paster Access Special beam Time 
(PAST) on specific instruments. This covers 
scientific areas where fast response Lime is 
a crucial point. PAST gives rapid beam time 
on selected instruments. The dead-lines are 
three months offse t from standard research 
proposal submissions. Proposals must be 
submitted through the web. using EPS. In ter­
nal review and peer-review assessment by 
the Subcommittees are also conducted 
electronica lly. The delay time between the 
proposal submiss ion and the running of 
experiments is of the order of two months. 

Precise information on th e applicability 
of PAST access is given on our web-site at 
http://www.ill.fr/ pages/ science/User/UPro­
posa ls.htm. 

Submission of a proposal to the 
Director's Discretion Time (DDT) 
This option allows a researcher to obtain 
beam time quickly, without going through the 
peer-review procedure. DDT is normally used 

for hot topics. new ideas. feasibility tests, 
and to encourage new user . Applications 
for Director's Discretion Time can be sub­
mitted to the Head of the Science Division. Dr. 
Christian Vettier, at any time (vettier@ill.fr). 

Feedback from our Users 

Exchanging views on the Annual Report during the User Forum. From the left: Robert Wlmpory (Imperial College. 
London) . Giovanna Cicognani. Roberto Coppola (E EA. Rome). Peter Timmins. Alan Hewat and Albert Wright. 

We va lue feedback from our use rs as an 
indi ca tor of how well our facility is ful-
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fil li ng th eir needs and to initiate actions 
when we are not. Th ere fore this year 
we have aga in orga ni sed two User 

Forums. in June and in November. ers 
who are on-site that day are invited to 
an informal meeti ng with the ILL Direc­
tors. the User Support Offi ce and Group 
Leaders or both th e Science and the Pro­

jec t and Tec hniqu e Di vi ion . Th 
objective i to obta in important reed­
back on the quali ty or the in struments 
and se rv ices at the ILL. 

We ve ry much appreciate the enthusiasm 
and co-operation or our use rs in giving 
their views. on such topics as instrument 
upgrading and implementation . new sa m­

ple environment and instrumentation. qua­
li ty or the Restaurant and the Guest I louse. 
and so on. Every effort wi ll be made Lo 
imp lement sugges tions. Fol lowing your 
comments. we have already improved our 
EPS sys tem and the res taurant service in 

the evening and at week end s. 

The ongoing sys tem or User Feedback 
Forms. now dealt with el ctronica lly, is 
another measure or gathering the opin ion 
of our users. Levels of sa ti sfac tion are in 
general high bu t we particularl y appreci­

ate the wr itten comments on these fo rm s. 
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Figure I : User sa tisraction survey resul ts ( year 200 I ). (•) The source re llablli ly has been calculaled fl'Om table 1. 
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prehensive documentation - web-based -
has been put in place. We plan to ex tend 

graduall y this kine! 
or support Lo all the 
other ervices at 
the ILL. 

We have bee n 

tes ting use r sa­
tisfaction since July 
2000 via a qu es­
tionnaire - the User 

Satisfaction Form. 

Users who have 
just fin ished an 
experiment at the 
ILL are asked LO 

complete the ques tionnaire and Lo give us 
their views on different topics. User com­
ments and solutions are entered in to a 
database and summari sed for the ILL 
Directors, the User Support Offi ce, Group 
Leaders and Instrument Responsibles. 

You may alrea dy be acquainted with our 
User Satisfac tion Form. Now. it is ava il­
able on the web, on the Visitors Club. If 
you have been to the ILL for an experi­
ment recently, and you have not done so 
yet. please fi ll in our sa tisfaction form. 

Thank you in advance ror tak ing the time 
to help us improve our services to you and 
future users! 



expenme and user programme 
, r I 
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Lunch break at the ILL Scientific Counci l. From the len.: Thomas Briickcl (Forschungszcntrum Jiilich. Chairman 
of thr ScirnLil1c Counci l) . Ted Forgan (University of Birmingham). Bob Cywinski (University of Leeds) and Colin 
Carlile (ILL Director) . 

T 
l1c instrumental facilities at the ILL 

are shown in the schematic dia­
gram on page 131. Bes ides the 25 

ILL instruments there are 10 CRG- instru­
ments. which are operated by ex ternal 

Col laborating Research Groups. Tl1ere are 
currenLly three clifferent ca tegories of CRG 
instruments. 

■ CRG-A in whi ch th e external group 

leases an instrument owned by ILL. They 
have 50% of the beam time at their clis­
posa l and for the remaining 50% they sup­

port ILL's sc ientific user programme. 

■ The CRG-B ca tegory owns their instru­

ment and retain 70% of the available beam 
time. supporting the ILL programme for the 
other 30%. 

■ Finally. CRG-C instrumf'nls are used 
full time for specific research programmes 
by the externa l group which has exc lusive 
use of the beam. 

Instruments 

DB2I. LAD! ancl IN 15 have a special sta­

tus. since th ey arc joint ventures of the ILL 
with other laboratories: in th e case of 
DB21 and LAD! with EMBL and for I 15 
with rz JU!ich and HMI Berlin. 

The li st of instruments as or December 

2001 is summari sed below (CRG instru­
ments arc marked with an asterisk *) : 
■ powder diffractometers: DI A. 01 B*. 

02B. 020 
■ liquids diffractometer: 04 
■ polarised neutron diffrnctometers: D3. 

023* 
■ ingle-crysta l diffractometers: D9. 010. 

D 15* 
■ large-sca le structures diffrac tometers: 

Dl9. DB2I. LAD! 
■ small-angle sca ttc1•i ng: D t I . D22 
■ low momentum-transfe r diffractome-

ter: D 16 
■ reflectometcrs: ADAM *. Dl 7. EVA* 
■ diffuse scauering ancl polari a Li on ana-

lysis spectrometer: D7 
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The re ults of the survey during 2001 (fig­

ure1) showed in most cases a very high sat­
isfaction (higher than 90%) with the sta ff 
support and ILL equipment. The Out of 

Hours Support - recently established -
met with the approval of most of those 

who needed it. 

■ three-axis spectrometers: IN1. IN3. 
IN8. IN12*. IN14. IN20. I 22* 

■ Lime-of-l'light spectrometers: IN4. IN5. 
IN6 

■ backscattering and spin-echo spec­

trometers: I IO. IN11 . IN1 3* . IN15. 
IN16 

■ nuclea r ph ys ics instruments: P I. PN3 
■ fundamental physics instruments: PF1 . 

PF'2 

D1A is shared between powder cliffrac­
Lion and strain sca nner applica tions. 

Details of the in truments can be found 
on the web under hLLp://www.ill.fr (Users 

& Sc ience / Instrument groups & The­
ory). 

S18*. an interferometer. is a CRG-C instru­
ment ancl is normally not ava ilable as a 
·u er' instrum ent. although some beam 
Lime is made ava ilable for prototype tests 

of SANS. 



and user programme 

Beam-time allocation and utilisation for 2001 

the beam-days allocaLed but gives the total 
number of exper iments running simulta­

neously. 

In 2001, the member countries of tlie ILL 
were : France , Germany, UK. Spa in . 
Switzer land. Austria, Ita ly. the Czech 
Republic and Ru ss ia. 

German users of the ILL: Petra Schiebel (Tu bingen) and Jens-Boie Suck (Chemnitz) 

In ca lculating the statisti cs of beam-time 
per coun try, shown in table 2. the attri­

bution is ba sed on tlie locat ion of th e 
laboratory of the proposers. not their indi­
vidual national ity. F'or a proposal involving 

laboratories from more than one member 
country, the tota l number of days is divided 
equally amongst the co llaborating coun­
tries. When a proposa l invo lves a colla­

boration with a non-member country, the 
allocated time is attributed entirely to t11e 

co llaborating member country (or coun-

During 2001 Lh e reactor operated 
for 4 cyc les representing 200 days 

of neutrons. Overall Lhe Subcom-
mittees of the Scientific Council (meetings 
in October 2000 and April 2001) sc ruti ­

nised 948 proposals requesting 7960 days. 
out of which 585 proposa ls received beam 
time. allocating 3702 days or beam time on 
the di fferenL instruments. About 630 expe­

riments were carried ouL. Tab le 3 (on page 
138) shows the reques t and alloca tion of 
beam time per instrument. 

Note that D4 and IN1 share a beam and 
that the CRG instruments offer a reduced 

Others 
15% 

GB 20% 

AUT CH CZ 
2% 3% 1% 

number or days for ILL users. F'or PF'2 
several experiments share the beam taking 

neutrons alternatively, so the table contains 

Country Requested days Requested % 

i\UT 62.4 0.8 
CH 285.2 3.6 
cz 82.9 1.0 

D 1958.9 24 .6 
8 297.2 3.8 
F 1973.6 24.8 

GB 2155.4 26.9 
I 349.9 4.4 

RUS 795.1 10.0 

Total 7960 .5 100.0 

Allocated days Allocated% 

32. 1 0.9 
146.1 4.0 
32.8 0.8 

989.5 26.7 
164.4 4.4 
994.5 26.8 
919.5 25.1 
178.2 4.7 
245. 1 6.5 

3702.0 100.0 

Table 2: Distribution of beam-Lime requested and allocated amongst the Associate and Scientific-member countries. 

F' 24% 

E 
5% 

College 7 
9% 

College 6 
8% 

College 9 
9% 

College 5b 
19% 

Col lege 3 
16% 

College 5a 
14% 

Figure 2: National affili ation of ILL users during 2001 . Figure 3: Beam-lime allocation in 200 I : distribution amongst the different Colleges. 
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Instrument 
Days Days 

requested allocatedt 

,W·\1\/ 89 -II 

D10 435 138 
DI 1 260 \ 19 
D/5* 29 21 

Dl 6 155 131 
Dl 7 157 129 
Dl9 234 147 
D1A 153 110 
D/8 12-1 75 

D20 177 105 
D22 430 122 
{)23 25 -1 7 
D2B 239 11 4 
D3* 33 1 75 
D4 108 43 
D7 286 130 
D9 233 135 

DB21 18 10 
/~\ \ I OY 7/i 

!NI 11 2 69 
IN10 65 110 
IN11 169 118 
/,\/2 -18 33 
I.\ 13 1-10 (i9 

IN14 464 139 
IN15 190 77 
IN16 205 135 
IN20 323 11 6 
1\ 2:! l -12 17 

IN3 47 63 
IN4 103 50 
IN5* 38 0 
ING 430 145 
INS* 85 10 
LADI 256 155 
PF'l 495 144 

PF2** 438 142 
PN1 267 92 
PN3 294 160 

VIVALDI 57 60 

Total 7960 3702 

Number of Days used 
experiments for userstt 

7 .'J·/ 

17 175 
49 150 

:1 u 
18 152 
29 161 
15 171 
32 142 
2FI !12 

42 155 
43 143 
·/ 53 

49 156 
7 69 

10 79 
14 149 
21 169 
2 15 
Ii 77 

11 77 
12 11 7 
13 154 
., 
,> -18 
7 :;7 

16 159 
9 142 
19 155 
13 120 
7 .ii 

6 69 
14 66 
0 0 

39 182 
1 0 

12 157 
8 190 
12 200 
10 126 
10 167 
10 60 

629 4462 

r ( ( ;: ( 

Days lost 

0 

6 
20 
u 
5 
9 
14 
3 
8 

11 
13 
0 

15 
6 
4 
10 
15 
0 
2 

11 
4 
8 
I 

0 

5 
9 

21 
23 
I 

3 
76 
0 
2 
0 
5 
4 
0 
23 
0 
0 

337 

Days used for 
commiss./test 

0 

15 
33 
0 

42 
30 
15 
49 
3 

37 
43 
2 

29 
26 
10 
42 
15 
0 
(} 

22 
81 
38 
Ii 
17 

37 
51 
24 
57 
2 

129 
58 ••• 

0 
18 
0 
39 
6 
0 
51 
33 
0 

1060 

tries) . When ILL scientists are proposers 
or co-proposers. the allocated ILL time is 

attributed amongst the member countries 
according to their financial contributions 
to ILL. Local contacts are not counted as 
proposers except when they are members 
of the research team. 

The ILL welcomed 1280 users in 2001. 
Approximately 85% came from the mem­
ber countries including 320 from France, 
231 from Germany and 252 from the UK 
(figure 2). Many of our visi tors came to do 
experiments several times during the last 
yea r. There were thus almost 1854 visits 
in which about 630 experiments were car­
ried out. 

The distribution of beam time for these 

experiments amongst the different ·col­
leges· is shown in figure 3. 

Table 3: Beam-time request / allocation by instrument 
and instrument performance. ILL use or the CRG instru­
ments (italic and blue) corresponds to 30 or 50% of the 
total beam time used. 
t 'days allocated' refers to only those days reviewed by the 
subcommittees (i.e .. excluding CRG days for CRGs) 
tt 'days used' refers to the total number of days delivered 
to users in ILL time (i.e .. excluding CRG days for CRGs) 
• I 5 was not officially scheduled in 2000. D 15 was not 
running. INS has not started, D3 was reconstructed and 
therefore available only the second half of the year. 
• • PF2 consists of several long-term experiments so the 
number of days scheduled is given as an estimation . 
• •• includes backlog and commissioning/ test experi­
ments with internal/external users. 

Instrument performance 

Table 3 gives a summary of instru­
ment performance for 2001. For 
each cycle a record is kept of any 

time lost from the total ava ilable beam­
time, and the reasons for the lost time are 
analysed for all the instruments. The table 
gives a global summary for the year. 

Overall 4462 days were made ava ilable 
for ILL users on ILL and CRG instru­
ments. which represents about 77% of the 
total days ava ilable. About 18% of the 
tota l beam time available on the ILL 
instruments is allowed for tests, ca libra­
tions. scheduling flexibility. minor brea k-

downs recuperation and director's di s­
cretion time. In 2001, 337 days were lost 
due to va rious malfunctions. which rep­
resents less than 6 % of the tota l avail­
able beam-time. 
The breakdown by reason for beam time 
losses is shown in the figure 4. 
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Detai led comments on the larger beam-Lime losses (20 days or 
more) are as follows: 
■ IN16 had va riou s problems with electronic failures and control 

corn pu ting crashes. 
■ IN20 suffered time losses mainly because of the replacement of 

the electronics which could not be completed in time during a reac­

tor shut-down. 
■ PN1 had to stop two weeks because of the target changing 

mechanism reparation; another week was lost due to a radiological 
protec tion default. 

Figure 4: Reasons for beam time loss in 2001. 

■ on 011 three experiments failed because of a badly prepared 

sample. 

Industrial use of neutrons 

I 
n 2001. a forum for neutron-wi se 

indu stri al and applied sc ientists 
(Applied Neutron Network. ANNet) 

wa s es tabli shed, fo llowing the founding 

meeting on 6 April at the occasion of the 
ILL Millennium Symposium. Its role is to 
stimulate commun ication among indus­

trial companies. expert scientists and 
the wor ld 's lea ding neutron research 
facility, in order to find solution s to 
app lied and industrial research prob­
lems. ANN et membership is open to all 

sc ientists and engineers who would like 
to work together on applied and industr ial 
R&D projects using neutrons. AN Net wel­

comes members from public and univer­
sity resea rch laboratories as well as from 
applied and industrial commercial organ­
isa tions. In the fu ture the ILL will animate 

seminars and meetings of thi s forum to 
build relationships and develop a strategy 
for neutron applications for the benefit of 

all parties . 

In September 2001. the ILL presented 
three "industrial" posters at the Interna­

tional Conference for Neutron Scattering 
("ICNS 2001 ") in Munich. ANNet wa s offi­
cially launched at this conference with a 
well-received presentation of one of the 

posters and via the announcement on ILL's 

Industrial Web page (http://www. ill.fr. 
Industrial Use) . 

The year 2001 was again a good yea r for 
relation s with high profile industrial com­
panies. 6 commercial contrac ts with 5 
customers (2 of them were new) were 

established. with a tota l of 11 days of beam 
time sold . Most of the experiments were 
performed in the field of small-angle neu-

tron sca ttering (instruments 011 & 022). 
one experiment used the strain imaging 
techn ique at 01A and another experiment 

wa s a diffraction study at 02B. 

The ILL's Industrial Liaison Group (Pierre 

Convert. Peter Lindner. Thilo Pirling and 
Albert Wr ight) continued to es tablish rela­
tions with potential customers to demons­
trate the usefulness of neutron techniques 

for their applied and industrial resea rch. 

Industrial customers enjoying the performance or D11. From right to left: Robin Boothby. Tim Shaw and Mike Hutch­
ings (AEAT) together with Peter Lindner. 
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Unsung heroes and heroines 

The lnfirmieres de Travail Working Group from the Rhone-Alpes Region met 
at the ILL to plan the forthcoming International Convention. Catherine Chazette. 
ILL lnfirmiere, on the left. No prizes for spotting the odd man out. T 

A The pay at the ILL: duo in euro major! Janick Dekerpel-Peyrie and Carol 
Pratt. 

In all weathers and at all hours our guardians keep a watchful and friendly 
eye on all comings and goings on Lo site and into the experimental zones. T 

A Dominique Feltin said au revoir to ILL after many years of sterling ser­
vice in the ILL's detector group. He is here with Gabriel Cuello (04 instru­
ment scientist, which benefits from one of Dominique's detectors) and 
Bruno Dorner who also retired this year as Assistant Lo the Director. 



Name 

Founded 

Associates 

Facts and Figures for 2001 

In tilut Max von Laue - Paul Langevin (ILL) 

1967 

France Commissa riat a I·cnergie atomique (CE/\) 
Centre national de la reehcrchc sc icnlirique (C 1RS) 

Germany F'orschung zentrum Julich (F'ZJ ) 

United Kingdom Engineering ancl Phys ica l Sciences Research Council (l~PSRC) 

Countries with Scientific membership 

Staff 

Spain 

Switzerland 

Italy 

Russia 

Mini ter io de Ciencia y Tecnolog1a (MCYT) 

Schweizer Bunclesa mt fur Bildung und Wi senschafL (SBB\V) 

lstituto azionale per la F'isica della latcria (INFt\l ) 

Ml ATOM 

MENI (Middle European Neutron Initiative) Consortium, composed of 
i\u tri a: Os terreichi che Akademie der Wi , en cha flen 
C7.ech Republic: Charles Univer it of Prague 

427 people includ ing 54 experimentalists in the sc ientific sector 
281 F'rench. 56 Briti h. 47 German. 43 others. 

■ French 281 65 .8% 

□ British 56 13.1% 

□ German 47 11.0% 

■ Others 43 10.1% 



facts and pgures 

SCIE CE 
DIVI 10 

C. Vellier 
(Associate Director} 

THEORY 
E. Kats 

E IOR 
ILL FELLOWS 

DIRECTOR 

C. Carlile 

R. Gahler - F'. Tusset 

SCIENTIFIC 
COMPUTI G 
M. Johnson 

IND STRIAL LIAISON 
and CO LTANCY 

P. Lindner 
T. Pirling (Assistant} 

SCIENTIFIC UPPORT 
G. Cicognani 

SCIENTIFIC 
COORDI ATIO 

JOINT ILL/ESRF 
LIBRARY 

V. Teissier 

1. Instruments and Techniques 

2. Theory 

3. uclear and Pal'IJcle Physics 

r 

I 
I, 

HEAD OF 

r ( ( 
~ ( 

HEALTH PHYSICS 

J. 'lribolet 

DIRECTOR' 

SAFETY ENGi EER 

H. Schweitzer 

Ir 
PROJECTS and 

TECHNIO ES DIVI ION 

W. Pres 
(A sociate Director) 

A. Heidemann (Deputy) 

CLEAR and EUTRO DI TRIB .. 
PARTICLE PHYSIC MECHA IC 

H. Borner W. Kaiser 

DIFFRACTION GROUP 
INSTRUMENT 

CONTROL 
A. Hewat 

F. Descamp 

LARGE CALE 
COMPUTING TRUCTIJRE GROUP 

P. Timmins A. Barthelemy 

BIOLOGY/CHEMISTRY 
LABORATORY 

NEUTRO'\'-OPTICS 
I. Anderson 

THREE-AXI 
SPECTROMETER 

GROUP 
R. Currat 

DETECTORS 
B. Guerard 

TIME-OF-FLIGHT. 
HIGH RESOLUTION 

GROUP 
H. Schober SAMPLE 

ENVlRO MENT 
S. Pujol 

COLLEGE SECTOR 

4. Structural and Magnetic Excitations 

5. Crystallography and Magnellc Structures 
6. Structure and Dynamics or Liquids and Glasses 

142 

ERVICE 

MEDICAL 
ASSISTANT TO 

THE DIRECTION 
J.F'. 'lrzmiel A. Wright 

REACTOR ADMI ISTRATIO 
DIVI 10 DIVI 10 

E. Bauer . Konig 
J.M. Astruc (Deputy} I. F'euersenger (Assistant} 

SHIFT TEAMS. 
FI A CE 

ITE ECURITY 
Ph. Guerin 

L. Brayer 

ELECTRICITY and 
PURCHA I G 

ELECTRO JC 
B. Donnelly 

M. Kramer 

MECHANICAL PER 0 EL and 
ERVICE HUMAN RE OURCES 

J. Bazin R. Mulot 

BUILDI G and 
~WNTE CE 

C. Bouton 

MANAGE 1ENT 
INFORMATION 

SYSTEMS 
M. Grevaz 

7. Material Science. Surfaces and Spectrosc:opy 

8. Structure and Dynamics or Blologlcai Systems 

9. Structure and Dynamics or Sort-Condensed Matlfr 



Income (M€) 

■ Income from Associates 52.6 84.00% 
(Divided: F 36.8696: D 36. 1496: UK 2796) 

■ Income from 8.2 14 .20% 
scientific members 

□ Own Income 1.2 1.80% 

Total 62.0 100% 

Budget 

Bodies 

Reactor 

Experimental Programme 

Expenditure (M€) 

■ t.aff cost 29.7 47.90% 

■ Operaling costs 10.8 17.42% 

□ lnve 'lment co ts 7.5 12.10% 

□ Fuel cycle 14.0 22.58% 

Total 62.0 100% 

62 M€ (excluding Laxes) 

Steering Committee, meeting twice a yea r 

■ 

■ 
□ 
□ 

f acls and ~~ures 

Distribution of ILL purchases 
(M€, excluding taxes) 

France 9.24 72.70% 

Germany 1.42 11.18% 

United Kingdom 0.37 2.92% 

Other 1.68 13.20% 

Toi.al 12.71 100% 

Sc ientific Council with 8 SubcommiLLees. meeting twice a year 

58.3 MW. running 4 cyc les in 2001 (wi th cyc les of 50 days) 

630 experim ents (a lloca ted by subcommittees) on 
25 ILL-funded and 9 CRG instruments 
1280 visitors coming from 33 coun tri es 

948 proposal s submitted and 585 accepted 

Experiment Selection by the Scientific Council via its 8 subcommittees 

Scientific Life 

uclea r and fundamental phys ics (co llege 3) 
Structu ra l and magnetic excitations (college 4) 
Crystallographic structures (co llege 5a) 
Magnetic structures (college 5b) 
Structure and dynamics of liquids and glasses (college 6) 
Materials science, surfaces and spectroscopy (college 7) 
Structure and dynamics or biologica l sys tems (college 8) 
Structure and dynamics of soft-condensed maLLer (college 9) 

based on 1 0 co lleges 
8 of which map on Lo the subcommi LLees plus two others: 
instruments and techniques (college 1 ): theory (coll ege 2) 
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Alan Hewat, I-l ead of ILL's dillraction group, showing his sample to Dorthe Lehmann or the 
◄ ILLJESRF joint medical service. Alan's samples are normally in powder form. 

One of the many visits to ILL handled by Ingeborg te Groen and Bruno Dorner. This group of 
students, from the Physics Dept. of the University of Parma, was guided round in Italian by 
Claudia Mondelli and Ferdinando Formisano. Y 

• Ingrid Parrot and Trevor Forsyth looking at the hydrogen bonding net­
work in cellulose on Dl 9. 

Colin Carlile wondering what Father Xmas has in store for the ILL in 2002 ► 
at the celebratory dinner for Jose Dianoux who retired from ILL this yea r. 



publicaNons 

n 2001. the ILL received notice of 344 

pub li ca tions by ILL staff and users of 

which 290 were published as journal arLi-

cles, and 54 as conference proceedings in 

journal . books or report . The distribution by 

subject is as fo llows: 19 in instruments and 

method , 18 in theory. 13 in nuclear and par-

ticle phy ic . 54 in tru tural and magnetic 

excitations. 61 in crys tallograph ic tructures. 

74 in magnetic structures. 24 in structure and 

dynamics of liquid and glasses, 41 in mate­

ri als cience. surfaces and spec troscopy, 

18 in biology. 22 in tructure and dynamics 

of soft-condensed matter. 
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