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1 Neutron Re°ectometry

Within the last decadesneutron re°ectometry has been developed into a powerful ex-

perimental technique for the nondestructive investigation of surfacesand interfaces,thin

¯lms and multila yers. Consequently, each modern neutron scattering facility operatesto-

day oneor more neutron re°ectometersdedicatedin particular to the study of magnetic

systems,polymersand organic materials [1].

Specular intensity. The schematic setup of a neutron re°ectometry experiment is

depicted in Figure 1.
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Figure 1: Schematicview of a specularre°ectometry experiment (S: sample;V: vacuum;I:
incoming, R: re°ected, T: transmitted neutron beam;ki , kf : wave vectors;q: momentum
transfer; D: detector)

A well-collimated neutron beam hits the surfaceunder a (usually) shallow angle ®i .

As in conventional optics the beam is split into a transmitted (T) and a re°ected beam

(R) which is consideredhere. We quote here the well-known kinematic approach to the

re°ected intensity which is given by [2]
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and, thus,contains the laterally averaged nuclearand, in magneticsystems,magneticscat-

tering density ½(z). In equation (1) RF(q) is the Fresnelre°ectivit y and q the momentum

transfer perpendicular to the surface.

As one knows the available neutron sourcessu®erfrom a low neutron °ux density,

thus, neutron re°ectometry may be challengedby the generally low signal from small
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samples.In turn, onewould useneutronsinsteadof X-rays only in thosecases,wherethe

particular advantagesof neutron re°ectometry can be exploited. Theseare inter alia:

(a) The averageneutron re°ection potential is dueto the nuclearinteraction and thus
sensitive to the particular isotopeallowing contrast variation without a®ecting the
chemistry of the system.

(b) The magneticdipole interaction of the neutron spin with local magneticmoments
in the layered structure gives direct quantitative accessto ferro- and antiferro-
magnetic layering [3].

(c) The very low absorption crosssection of neutrons with matter allows accessto
deeply buried interfaces.

(d) Neutron re°ectometry carriesthe potential to discriminate against inelastic pro-
cesses, as thermal scattering in the caseof high temperature studies.

(e) In contrast to X-rays neutron re°ectometry doesgenerallynot destroy radiation-
sensitivesoft and biological materials.

In neutron re°ectometry the tuning of the specular momentum transfer q can be

achieved

(i) by changing the re°ection anglebetweenthe monochromatic neutron beam and
the samplesurface("angle-dispersive mode")

or

(ii ) by changing the wavelength of the incident beam at a ¯xed angle of incidence;
this can be conveniently achieved with a white beam and a subsequent time-of-
°ight-analysis ("time-of-°igh t mode"; TOF mode).

On the theoretical sidesophisticatedtheorieshave beendeveloped in the past for the

analysisof the recordedneutron re°ectivit y pro¯les which goway beyond the simplekine-

matic treatment indicated above. Neutron re°ectometry from arbitrary spin structures

in layeredsystemscan nowadays be handled rigorously [4].

O®-specular intensity. In the last years o®-specular neutron scattering has increas-

ingly been exploited. O®-specular scattering is causedby any local deviation from the

averagelayering structure and is recordedfor nonzeroinplane momentum transfer p 6= 0

(seeFigure 2). This has becomeparticularly interesting in the last years in the case

of magnetic multila yers, since the discovery that the spin-dependent electric transport

propertiesdependsensitively upon the local spin-spincorrelations("magnetic roughness"

5



and magneticdomain structure). In order to collect this generallyweak magneticdi®use

scattering distribution, multidetection techniquesand spin analysishave to be employed.
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Figure 2: Schematic view of an o®-specular di®usescattering experiment

The theoretical treatment of o®-specular neutron scattering is not asadvancedas the

theory of specular neutron scattering, however, currently new progresshasbeenmadein

handling in particular magnetic o®-specular neutron scattering by a rigorous theory [5].

This will alsobe pursuedfurther within this MPG initiativ e in Garching.
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2 Neutron Re°ectometer Pro ject

2.1 The General Concept

2.1.1 Scienti¯c Pro jects

The re°ectometer should be applicable to several Materials Scienceprojects within the

MPG. A selectionof scienti¯c problemsof current interest within this initiativ e to which

neutron re°ectometry can provide unique information is:

(a) magnetic real structure of multila yers (MPI-MF),

(b) density pro¯les of solid-liquid and solid-solid interfaces(MPI-MF),

(c) dissimilar interfacesbetweenpolymer, organic and biological matter (MPIP),

(d) organic layers on metal surfacesand other substrates(MPI-MF, MPI-K G),

(e) polymer ¯lms (MPIP),

(f) real-time and insitu studiesof magneticstructures during growth (MPI-MF),

(g) exploration of the potential of insitu X-n contrast re°ectometry and of NSE tech-
niquesin re°ectometry (MPI-MF, MPI-FKF),

(details: oral presentation.)

2.1.2 General Features of the Instrumen t

After a careful considerationof the sourceproperties we arrived at the following basic

layout of the instrument.

(1) Operation with a continuousmonochromatic beamin angle-dispersive mode:

The alternative to chop the beam and to operate in time-of-°ight mode is not advan-

tageousat reactor basedre°ectometers. The wavelength range will be 2 ºA - 6 ºA. The

instrument will be of Tanzboden type.

(2) Option to operate with horizontal and vertical re°ection geometry:

The horizontal re°ection mode (sample surfacevertical) is particularly useful for large

re°ection anglesto achieve high resolution. The associated large detector anglecan tech-

nically best be realizedin the horizontal scattering plane. It has, however, problemsfor

bulky sampleenvironments and cannot be applied for liquid surfaces.In thesecasesthe
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vertical scattering mode (samplesurfacehorizontal) is necessary. In this mode the option

to perform evanescent Bragg di®raction will also be possible. A convenient and easy-to-

operatere°ectometerwhich canaccommodate both geometrieshasalreadybeendesigned

by the proposersfor the X-ray case.

(3) Focuson o®-specular di®usescattering:

The full information on surface,interfaceand multila yer morphologies(chemicaland mag-

netic) is only accessibleby a detailed study of the o®-specularneutron scattering. This in

turn requiresmultidetection systems,new spin analyzing systemsand strong theoretical

e®ortsto handle the complexity of the neutron scattering crosssection (particularly in

the magneticcase). If Figure 3 the layout for measuringthe specularand the o®-specular

magnetic scattering is shown. Recently, such a setup has beensuccessfullytested at the

EVA facility at ILL [5].

(4) X-n contrast re°ectometry:

In order to eliminate ambiguities in the interpretation of the specular and o®-specular

scattering from complex sampleswe envisageto explore systematically X-n contrast re-

°ectometry. In the caseof insitu-grown and unstable systemsthis requiressimultaneous

X-ray re°ectometry. X-ray re°ectometry allows in addition a simpleonline monitoring of

chemicalmorphologiesduring growth. The plan, thus, is to attach an X-ray re°ectometer

setup to the neutron instrument.

2.1.3 Milestone Concept for the Re°ectometer Pro ject

The realization of the re°ectometerproject consistsof three phases:

PhaseI (2000-2003):Design, construction and commissioningof a basic re°ectometry
version.

PhaseII (2003-2004):Construction, implementation and commissioningof insitu-growth
chamber and of the X-ray re°ectometry setup.

PhaseII I (2005-2007):Exploration of NSE techniquesin re°ectometry.

In 2003we envisagethe start of the operation of the re°ectometerand the accommo-

dation of MPG experiments.
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Figure 3: Layout for measuringthe specular and the o®-specular neutron magneticscat-
tering. (NG: neutron guide; M: monochromator; PM: polarizing mirror; SF: spin °ipp er;
BS: samplemagnetic ¯eld; S: sample;B0: magnetic ¯eld at the polarized 3He gasspin
¯lter; PSD: position sensitive detector)
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Figure 4: Vertical re°ection geometry; sample surface is horizontal (1: neutron guide;
2: monochromator; 3: coarsehalf-aperture; 4: precision half-aperture; 5: transmission
polarizer; 6: spin °ipp er; 7: sample;8: PSD)

2.1.4 Basic Instrumen t Con¯gurations

In the following we describe two basiccon¯gurations of the proposedinstrument.

Vertical re°ection geometry (sample surfaceis horizontal). Figure 4 shows the side

and top views of this layout. We implement two typesof scans:

(i) `Rocking mode': The incoming neutron beamis ¯xed and the angleof incidenceis

changedby rocking the sample.

Applications: studiesof solid surfacesand interfaces.
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Figure 5: Horizontal scattering geometry(samplesurfaceis vertical)

(ii) `Liquid mode': The samplesurfaceis strictly horizontal and the angleof incidence

of the neutron beam is changedby its tilting and by the corresponding up or down dis-

placement of the sample. Applications: experiments on free liquid surfaces,immobile or

large sampleenvironments, simultaneousX-n re°ectometry.

Horizontal re°ection geometry(samplesurfaceis vertical). Figure 5 showsthe sideand

top views of this layout. This geometry o®erseasyaccessto large momentum transfer

which is only limited by the wavelengthand the spaceavailable for the horizontal detector

travel. Sincethe monochromator covers in this con¯guration more e®ectively the cross

sectionof the neutron guide, the beamintensity is a by roughly a factor 2 higher than in

the caseof vertical re°ection geometry(see2.2.1and 2.2.9).

Applications: high-q re°ectometry and di®raction.
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Figure 6: Overviewof the experimental site on the neutron guideNL-1 with the adjustable
beamextraction channel and the contour of the re°ectometer.

2.1.5 Lo cation of the Instrumen t at FRM-I I

The instrument will be located on a large `Tanzboden' area (approx. 65 m2, seeFigure

6) at the cold neutron guide NL-1. This guide is completely designedwith supermirror

walls (m = 2) and hasa constant crosssectionof 60 mm £ 120mm (W £ H). The beam

centerline is at 1230mm above the °oor. Leadingto the instrument, the guideconsistsof

three straight sections(2.2 m + 1.2 m + 4.5 m) and a curved section(20 m; R = 1000m)

and another straight sectionof 10 m.

The guideis sharedbetweenthe re°ectometerdescribedhereand a downstreamXTOF

type instrument. The monochromator position is 38 m from the liquid deuterium cold

sourceof the FRM-I I in an air¯lled gap (200 mm - 300mm long) of NL-1.

The estimated spectral neutron °ux at the monochromator position is shown in Fig-

ure 7.
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Figure 7: The estimated spectral neutron °ux density at the monochromator position
in the neutron guide NL-1 (Courtesy of S. Roth, TU-M Äunchen, Physik Department,
Lehrstuhl E13)

2.2 Phase I (2000-2003): Design and Construction of the Basic
Re°ectometer

In this phasethe basic neutron re°ectometer will be designedand constructed. The in-

strument in this form will allow to perform specularand o®-specularneutron re°ectometry

experiments with both, horizontal and vertical samplesurface. It will include the option

for polarized beamand for polarization analysisof the specularly re°ected beam.

2.2.1 Mono chromator

The monochromator is a 1D focusingdevicemadeof elevenindividually adjustableplatelets

(10 mm £ 75mm) of highly oriented pyrolytic graphite (HOPG) from AdvancedCeramics

with a mosaicspreadof 300 (or better). The total height of the crystal array is 120 mm

(assuminga gap of 1 mm betweenadjacent platelets). Selectedmonochromator takeo®

anglesare given in Table 1 for d(002) = 3.355ºA.

To serve a horizontal and vertical re°ection geometrythe monochromator systemcan
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Table 1: Monochromator takeo®anglefor selectedwavelengths

Wavelength ¸ [ºA] Neutron energy [meV] 2£ [±]

2.0 20.4 34:68

2.35 14.8 41:0

4.0 5.1 73:2

5.5 2.7 110:2

6.0 2.3 126:8

be rotated by 90±. To steer the beamonto the samplesurfacean additional tilt axis will

be available (seealsosection2.2.9).

For removing the higherharmonicsneutrons,weplan to install a liquid nitrogen cooled

beryllium ¯lter or a PG ¯lter.

2.2.2 Beam De¯ning Ap ertures

Depending on the scattering mode and for the alignment of the instrument, the re°ec-

tometry setup will require up to four beamde¯ning apertures. Each aperture consistsof

two di®erent pairs of blades. The ¯rst pair (made out of boron loaded epoxy) controls

the width of the beam (up to 75mm § 0.1 mm). The secondpair limits the height of

the beam in the range of 0 mm to 5 mm (§ 0.005mm). The neutron absorber for the

secondpair is 6Li in a 6LiMg alloy with an additional Gd-oxide layer at the knife edge.

The mechanical designhas beendeveloped for a re°ectometer at the HFBR (BNL) and

guaranteesthe necessaryprecision,the Li alloy is an inhouseproduct in cooperation with

D. Clemens(Paul Scherrer Institut, Villigen, Switzerland). All bladesare controlled by

steppingmotors, for the high precisionslit additional position encodersare used.

The aperturescan be mounted in two di®erent orientations corresponding to the hor-

izontal and a vertical scattering mode.

2.2.3 Beam Monitor

The secondbeam-de¯ning aperture carriestwo pencil shaped 3He detectors.
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Figure 8: The layout of the multi-circle goniometerset-up

2.2.4 Neutron Detectors and the Readout System

Two basicneutron detectorswill be implemented. A singledetectorand a state-of-the-art

two-dimensional(2D) position sensitive detector (EMBL design)will be used. Such 2D

detectorsare currently in useat the ADAM and D17 facilities at ILL. The detectorscan

be moved horizontally in a wide angle range (0 - 150±) on a Tanzboden support. For

vertical scattering experiments it can be scannedvertically and tilted.
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2.2.5 Spin Polarizer and Analyser

Polarizing supermirrors in transmissiongeometrywill be usedfor beampolarization and

polarization analysisof the re°ected beam. (Source:SwissNeutronics.)

2.2.6 Spin Flipp ers

Mezei-type spin °ipp ers.

2.2.7 Multi-Circle Goniometer

The goniometer is a slightly modi¯ed version of a newly developed re°ectometer built

by A. Stierle (MPI-MF) for the ANKA synchrotron-facilit y beamline at Karlsruhe. It

consistsof two parts, a di®ractometer(Huber, Rimsting) which is mounted on an xyz-

table (seeFigure 8) built by the MPI-MF workshop. The systemcan carry heavy loads

(up to 400kg). The samplegoniometer(approx. 30 kg) can be mounted in two di®erent

orientations to accommodate the horizontal and the vertical scattering geometry. The

vertical travel of the sampleposition is 200mm. All translational and rotational motions

are controlled by steppingmotors (further details: oral presentation).

2.2.8 Sample Environmen t

During phaseI one mobile UHV sample chamber will be constructed allowing sample

transfers from Stuttgart to Garching. An active vibration insulation systemwill be in-

stalled for experiments on free liquid surfaces.

2.2.9 Resolution and In tensit y Considerations

The evaluation of the neutron optical performanceof the proposedmonochromator and

instrument geometry is basedon two di®erent wavelengths(2.5 ºA and 5.5 ºA) and the

following parameters:

supermirror coating: m = 2 (all guide walls);

wavelength-dependent critical angleof the guide: ®0c
¸ = m £ 1:7 mrad

ºA
.

The width parameter for all distributions will be given as FWHM (full width at half

maximum).

Resulting beamdivergenceat monochromator position (®0 = 2®0c):

®0 = 17:0 mrad = 0:97± (@ 2:5 ºA);

16



®0 = 37:4 mrad = 2:14± (@ 5:5 ºA) :

Spectral neutron °ux at monochromator position:

±©
±̧

= 3:9 £ 108 cm¡ 2s¡ 1ºA
¡ 1

(@ 2:5 ºA) ;

±©
±̧

= 1:2 £ 109 cm¡ 2s¡ 1ºA
¡ 1

(@ 5:5 ºA) :

Monochromator material: PG(002) with d(002) = 3.355ºA;
mosaicspread: ´ M = 300 = 8.7 mrad;
active volume: 75mm £ 10mm £ 2mm;
expectedre°ectance:

RM = 0.60(@2.5 ºA),
RM = 0.90(@5.5 ºA);

Bragg angle(sin£ M = ¸= (2d(002))):
£ M = 21.9± (@2.5 ºA),
£ M = 55.05± (@5.5 ºA).

Resulting horizontal beamdivergence

¾0
iH =

p
(2´ M )2 + (2®0c)2

of the monochromatic beam:

¾0
iH = 38 mrad = 2.2± (@2.5 ºA),

¾0
iH = 77 mrad = 4.4± (@5.5 ºA).

The basic re°ectometergeometryis de¯ned by the following typical data:

distancebetween¯rst and secondbeamde¯ning aperture: L 12 = 1500mm;

height of ¯rst aperture: d1V = 0.5 mm;

height of secondaperture: d2V = 0.25mm (optimized ratio d1V =d2V = 2);

vertical beamdivergencede¯ned by the apertures: ¾0
iV = d1V + d2V

L 12
= 0:5 mrad;

distancebetweensecondbeamde¯ning aperture and sample: L 2S = 500mm;

vertical beamsizeat sampleposition: diV = d2V + ¾0
iV £ L2S = 0:5 mm;

horizontal beamwidth de¯ned by apertures: d1H = d2H = 20 mm.

With a sampledimensionof dS = 20 mm and a distancebetweenmonochromator and

sampleLMS = 2000mm we ¯nd:

®1 =
2dS

LMS
= 20 mrad = 1:15± :
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Thereforethe energyresolution

¢ ¸
¸

= cot£ M

s
(®0®1)2 + (®0´ M )2 + (®1´ M )2

®2
0 + ®2

1 + 4´ 2
M

is

¢ ¸=¸ = 3:2 ¢10¡ 2 (@2.5 ºA),

¢ ¸=¸ = 1:3 ¢10¡ 2 (@5.5 ºA)

and the expectedneutron °ux

©0(¾0
iV ) =

±©
±̧

¢¢ ¸ ¢RM ¢
µ

2®0c¾0
iV

¾02
iH

¶

at the sampleposition for a vertical beamdivergenceof 1 mrad:

©0 = 2:7 ¢105 cm¡ 2s¡ 1 (@2.5 ºA),

©0 = 5:0 ¢105 cm¡ 2s¡ 1 (@5.5 ºA).

Thesenumber areexpectedfor one°at singlecrystal element. Monte-Carlo raytracing

simulations indicate that a focusingmonochromator geometry(focusingperpendicular to

the scattering plane) should increasethe neutron °ux at the sampleposition by a factor

of 2. Thereforewe expect the following °ux values:

©0 = 5:4 ¢105 cm¡ 2s¡ 1 (@2.5 ºA),

©0 = 1:0 ¢106 cm¡ 2s¡ 1 (@5.5 ºA).

A detailed ray tracing analysisof di®erent geometriesis ongoing.

A signi¯cant additional gain in neutron °ux is possibleby using a monochromator

crystal with a larger lattice spacing. Fluorinated mica is the material of choice [6]. We

are in the processof ordering samplesof natural and synthetic mica crystals for further

evaluations.

With qz = 2 k sin® ¼ 2 k ®
±qz

qz
=

±k
k

+
±®
®

and therefore

±qz = qz
±k
k

+ 2 k ±® .

At 2.5 ºA with ¢ ¸=¸ = 3:2 ¢10¡ 2 and ±® = 0:001rad we ¯nd:

k = 2:513ºA ¡ 1 and ±k = 0:08 ºA ¡ 1

(cf. Table 2) and

at 5.5 ºA with ¢ ¸=¸ = 1:3 ¢10¡ 2 and ±® = 0:001rad:
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Table 2: qz resolution at 2.5 ºA with ¢ ¸=¸ = 3:2 ¢10¡ 2 and ±® = 0:001rad.

® [rad] qz [ºA ¡ 1] ±qz [ºA ¡ 1] ±qz=qz

0.01 0.05 0.0066 0.133

0.05 0.25 0.013 0.052

0.1 0.50 0.021 0.042

0.5 2.41 0.082 0.034

Table 3: qz resolution at 5.5 ºA with ¢ ¸=¸ = 1:3 ¢10¡ 2 and ±® = 0:001rad.

® [rad] qz [ºA ¡ 1] ±qz [ºA ¡ 1] ±qz=qz

0.01 0.023 0.0029 0.125

0.05 0.114 0.0053 0.046

0.1 0.228 0.0083 0.036

0.5 1.095 0.031 0.028

k = 1:142ºA ¡ 1 and ±k = 0:03 ºA ¡ 1

(cf. Table 3).

With the parametersprovided above and the geometricalconstraints, at the instru-

ment location the resolution and the accessibleQ-rangesare as follows.

Horizontal sample geometry (L MS = 2500 mm, ¸ = 2:0 ºA, 200 mm change in sample

height):

0 ºA ¡ 1 < Qz < 0:5 ºA ¡ 1,

0 ºA ¡ 1 < Qq < 6 ºA ¡ 1.

Vertical samplegeometry:

0 ºA ¡ 1 < Qz < 6 ºA ¡ 1;

0 ºA ¡ 1 < Qq < 0:5 ºA ¡ 1.

Someof the results for the horizontal samplegeometryare comparedwith the corre-

sponding ADAM data in Table 4.
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We concludeas follows:

m = 2 supermirror coatingsare a reasonablematch for short wavelengths(®0 '
1± @2.5 ºA, ®1 ' 1:15±);

for longer wavelength the primary beam divergencecannot be usedcompletely
with the type of monochromator we proposefor phaseI (®0 = 2:1± @ 5.5 ºA,
®1 ' 1:15±);

later on the long wavelength neutron °ux can be increasedby stacking several
PG crystals with a small angular misalignment on top of each other to further
increase¢ ¸=¸ and eventually make full use of the m = 2 supermirror coated
guide.

Table 4: Comparisonof characteristic data of the ADAM re°ectometer (ILL) with corre-
sponding data of the proposedinstrument with horizontal samplegeometry (L MS is the
distancebetweenmonochromator and sample)

ADAM proposedinstrument

¸ -range 2.2 ºA, 4.4 ºA 2.0 ºA- 6.0 ºA

L MS 3250mm > 2500mm

Qz range 0 ºA ¡ 1 < Qz < 5:4 ºA
¡ 1

0 ºA ¡ 1 < Qz < 6 ºA
¡ 1

¢ ¸=¸ 0.006 3:2 ¢10¡ 2 @2.5 ºA

1:3 ¢10¡ 2 @5.5 ºA

Flux (1 mrad) 2 ¢106 cm¡ 2s¡ 1 5:4 ¢105 cm¡ 2s¡ 1 @2.5 ºA

1:0 ¢106 cm¡ 2s¡ 1 @5.5 ºA

2.2.10 Computer Hardw are and Soft ware

Two personal computers for the instrument control, the data treatment and the data

modeling are necessaryduring phaseI.

As instrument control softwareSPECby Certi¯ed Scienti¯c Softwarewill be installed.

The FRM-I I TACO [7] systemwill serve as an interface betweenSPEC and the control

hardware and provides networking capabilities.
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Figure 9: Vertical re°ection geometry; sample surface is horizontal (1: neutron guide;
2: monochromator; 3: coarsehalf-aperture; 4: precision half-aperture; 5: transmission
polarizer; 6: spin °ipp er; 7: sample;8: PSD)
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We will implement a newsoftwarecode to calculatethe specular intensity of polarized

neutrons from arbitrary spin structures which we have developed recently [4].

2.2.11 Beamline Commissioning

After the installation of the basicbeamlinecomponents is completedthe neutron optical

performanceof the system is optimized and compared to predictions basedon Monte

Carlo simulations of all critical devices. During the commissioningphasethere will be

limited possibilitiesto perform re°ectometry experiments in cooperation with the various

groupsof the MPI-MF.

2.3 Phase I I (2003-2005): In-Situ Gro wth Cham ber and X-n
Exp erimen ts

In the phaseII we plan to install 2 novel conceptsin neutron re°ectometry:

(a) Insitu growth chamber for the study of growth-dependent magneticproperties of
multila yersand oxid-layers.

(b) X-n contrast re°ectometry for insitu characterisationof complexand metastable
materials.

Both technical and conceptsareprerequisitefor the study of the evolution of magnetic

correlationsduring growth. In particular weareinterestedhow local magneticcorrelations

and the averagemagnetic structures (neutron re°ectometry) evolve as functions of the

growth morphologies(X-ray re°ectometry). We have developed a ¯rst designof an insitu

sputter chamber which allows the insitu growth of thin ¯lms and multila yer and online

X-n re°ectometry.

The sputter chamber is shown schematically in Figure 9 (details: oral presentation).

The setup will be equipped with an X-ray re°ectometer (Figure 10). As a special feature

this design allows to simultaneously record the X-ray and the neutron re°ectivit y and

o®-specular pro¯les by using the `liquid mode' (details: oral presentation).

Roll-on-roll-o®concept: For insitu studiesusing the sputter chamber the multi-circle

di®ractometer will be decoupledfrom the in-pile optics and the detector arm and the

growth chamber will be installed. We envisagethat this change in setup will not take

22



longer than 6 hours.

2.3.1 In-Situ Gro wth System

Insitu studiesof the magneticstructure of multila yersduring growth is a current challange

in neutron re°ectometry [8]. In this project we intent to combine neutron re°ectometry

with sputtering techniques.

The insitu growth chamber is designedto accomodate two °oors (seeFigure 9):

In the `preparation °oor' the insitu samplegrowth takesplace. We plan to useion beam

spattering techniques[9] (which avoid magnetic¯elds). For the re°ection experiment the

sample with sample holder is pulled down to the `scattering °oor' which consistsof a

vesselwith Al and Be windows allowing neutron re°ection and X-ray re°ection in the

`liquid mode'. The transfer betweenthe preparation and the scattering °oor can be done

very fast, therefore the evolution of magnetic growth morphologiescan be studied in a

convenient way (details: oral presentation).

2.3.2 X-Ra y Equipmen t

To perform X-n experiments and monitor insitu growth of layered systemswe plan to

design an X-ray unit which attaches to the multi-circle goniometer as well as to the

growth chamber. X-ray and neutron scattering planesare perpendicular to each other.

To realizedi®erent anglesof incidencethe X-ray sourcecanbetranslated in the vertical

direction and rotated. The `liquid mode' geometrywill be usedto take neutron and X-ray

data simultaneously. The 3 kW X-ray laboratory system(CuK ®-radiation, Rigaku-EFG,

Berlin) will usea GÄobel mirror for monochromatization and linear PSD (M. Braun) as

detector.

2.3.3 Spin Analysis for O®-Specular Scattering

By coupling the polarized 3He gaswide-angleneutron spin analyser[10, 11] and the 2D

detector we intend to realizea setup for fast simultaneousspin-resolved determination of

maps for specular re°ectivit y and o®-specular scattering. The polarized 3He gaswill be

provided by the FRM-I I.

A recent experiment (cf. Figure 3) at EVA (ILL) performedon a magneticmultila yer

sample[5] demonstratedthe feasibility of this method. Although the intrinsic absorption
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Figure 10: `Liquid mode' setup with X-ray re°ectometer attached (a: X-ray source;b:
GÄobel mirror; c: X-ray detector)

of the spin ¯lter gas reducesthe count rates in such experiments, however this loss is

overcompensatedby the gain due to the simultaneous data acquisition. We trust that

by the improvement of the polarization technique the currently 55% 3He gaspolarization

will be increasedto 70%[12] resulting in count rates higher by a factor of 2.

Additionally , we envisage the possibility of using dedicated stacks of transmission

mode supermirror polarizers(details: oral presentation).

2.3.4 Soft ware Installation: Supermatrix Data Evaluation Metho d for Non-
Specular Scattering

During phaseI we will continue our theoretical e®ortsto extend our supermatrix theory

[4] to the caseof o®-speculardi®usemagneticneutron scattering. This will bedonein col-
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Figure 11: The principle of the simultaneousdetermination of specularneutron re°ections
by meansof direction-tagging of the spin (P: polarizer, C1, C2, C3, C4: magnetic ¯eld
areas,S: sample,A: spin analyser,PSD: position sensitive detector)

laboration with A. RÄuhm (c/o APS, Argonne) and B. P. Toperverg (St. Petersburg). We

envisageto be able to implement a ¯rst versionof the data evaluation softwareelaborated

on the baseof this theory during phaseII.

2.3.5 Commissioning of the In-Situ Gro wth and the X-n Setup

We forseea two-month period to align neutron beam,growth chamber and X-ray re°ec-

tometer with respect to each other and perform ¯rst experiments.

2.4 Phase I I I (2005-2006): Exploration of New Metho ds in Re-
°ectometry

The neutron spin echo (NSE) [13, 14] and the neutron resonancespin echo (NRSE) [15] is

a focusingmethod, in which the spin of the individual neutrons is usedasa label for the

coordinate in which the focusingoccurs. In NSE and NRSE this coordinate is the velocity

of the individual neutrons, however, early ideasexist for using the neutron spin as (a)

directional label [16, 17], (b) label for the energy(wavelength) [18], or (c) as time-phase

label in chopper-freetime-of-°ight experiments [19].

In this optional construction phasewe plan feasibility tests for the ideas(a), (b), and

(c) which can be useful in re°ectometry studies. This will be done in closecollaboration

with the research group at MPI-FKF (B. Keimer and T. Keller).

(a) In Figure 11 the principle of a re°ectometry experiment proposedby Rekveldt [20]

is shown. The magnetic ¯elds are polarized in a way that the spin precessioncancelsfor

the neutrons which are specularly re°ected and does not for the o®-specularly re°ected

neutrons. In such an experiment the PSD simultaneouslydetectsthe specular re°ectivit y
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Figure 12: Principle of the determination of lattice-parameterdistribution in a re°ectom-
etry experiment by meansof Larmor precessiondi®raction; the magnetic-¯eld dependent
count rate givesthrough Fourier transformation the distribution of the lattice parameter
[21] (ki : momentum of the incomingneutrons,kf : momentum of the re°ectedneutrons,G:
reciprocal vector of the re°ecting crystal planes,S: sample,B : spin precessionmagnetic
¯eld)

map for the wholedivergencerangeof the neutronsimpinging the sample.With a vertical

monochromator arrangement and vertical scatteringgeometrythe angular divergencecan

be as large as 4±. Supermirror polarizers in transmissionmode may be usedto polarize

and analysethe beam. Sincein this experiment the samplemust not changethe neutron

polarization, the lossof intensity is only a factor of two comparedto similar experiments

with non-polarized neutrons, which is strongly overcompensated by the simultaneous

detection of the map.

(b) In the so-calledLarmor precessiondi®raction, proposed by Rekveldt [18], the

neutron spin is taggedwith the wavelengthof the neutronsand a fast, very high resolution

lattice parameterdetermination becamepossible.Recently, Keller [21] suggestedthat the

sameprinciple can be applied in a re°ectometry experiment for the determination of the

lattice-parameter distribution with high sensitivity (10¡ 5) in thin ¯lms. The principle of
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Figure 13: The principle of the MIEZE experiments (P: polarizer, R: resonancecoils, A:
spin analyser,S: sample,D: detector)

the setup is shown in Figure 12. Sincethe neutrons experiencespin precessionbetween

polarizer and spin analyser, the loss of intensity is at least a factor of four, however,

this is compensatedby the gain due to the simultaneousmeasurement in the divergent

angle range of the beam, which may amount to 2±. The method can be applied also on

polycrystals; its resolution is independent of the beamdivergence.

(c) The MIEZE principle [19] consistsof the ¯rst two resonancecoils of a NRSE [15]

setup which are driven with two di®erent frequencies,! 1=(2¼) and ! 2=(2¼) (Figure 13).

If the detector is placedproperly, i.e. if

! 1(L1 + L2) = ! 2L2 ;

the time structure of the detector signal is periodical with a frequencyof 2(! 2 ¡ ! 1)=(2¼).

Due to the magnitude of the frequencies,the position of the detector must be de¯ned

within a part of a mm, which is generallya strong drawback of this method. Sincein a

re°ectometry experiment the grazinganglesare very small, the neutron path lengths are

the samein this scalefor all practical geometries.Consequently, the MIEZE method is

feasiblefor re°ectometry at least for the selectionof elastic events.
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7 Time Table

Reactor starts: Spring 2001

Neutrons in guide hall: October 2002

PhaseI: November 2000- October 2003

PhaseI (design) currently in progress

PhaseI (construction) January 2001- October 2002

PhaseI (commission) November 2002- October 2003

Regular experiments after November 2003

PhaseII: November 2003- October 2005

PhaseII (design) November 2002- October 2003

PhaseII (construction) November 2003- October 2004

PhaseII (commission) November 2004- October 2005

Regular experiments after November 2005
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8 Exp ertise of the Prop osers

1. Instrumentation

The research grouparoundH. Dosch hasa broadexperiencein the design,construction

and operation of neutron and synchrotron beamlines:

(a) EVA di®ractometerat the ILL (1987-2001):BMBF testbed facility to explorethe

potential of evanescent neutrons [22].

(b) BW6 surface di®ractometer at HASYLAB (1989-1998): surface di®ractometer

dedicatedto the study of surfacephasetransition (in particular surfacemelting of ice).

After the changeto the MPI-MF this project was stopped.

(c) ANKA beamline: Wearecurrently constructinga synchrotron di®ractionbeamline

at the newsynchrotron radiation sourceANKA at Kalrsruhe. A part of the di®ractometer

designwill be usedfor the neutron re°ectometerproposedhere.

2. SurfaceExperiments:

In the last 15 yearsthe research group around H. Dosch hasbeenworking in the ¯eld

of X-ray and neutron scattering to the study of cooperative phenomenaat surfacesand

thin ¯lms [23, 24, 25, 26,27,28,29,30]. Recently the group hasproposedand successfully

performed a spin-resolved o®-specular neutron scattering study of magnetic multila yers

using the polarized 3He gasspin ¯lter technique [5].

3. Theory development in surfacedi®raction:

H. Dosch hasbeeninvolved in the theoretical understandingof evanescent di®raction

of X-ray and neutrons [31, 32, 33]. Recently RÄuhm, Toperverg and H. Dosch succeeded

in developinga closedsupermatrix formalism to describe polarizedneutron re°ectometry

from arbitrary spin structures [4].
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