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- von  der Strukturbestimmung an Pulvern
bis zur Analyse magnetischer Anregungen
an Einkristallen

0. Einführung : Neutron : Geschichte Eigenschaften und Quellen



Wilhelm Conrad Röntgen 1845-1923

1895: Discovery of  
X-Rays 



1901 W. C. Röntgen in Physics for the discovery of x-rays. 
1914 M. von Laue in Physics for x-ray diffraction from crystals. 
1915 W. H. Bragg and W. L. Bragg in Physics for crystal structure determination.
1917 C. G. Barkla in Physics for characteristic radiation of elements. 
1924 K. M. G. Siegbahn in Physics for x-ray spectroscopy. 
1927 A. H. Compton in Physics for scattering of x-rays by electrons. 
1936 P. Debye in Chemistry for diffraction of x-rays and electrons in gases. 
1962 M. Perutz and J. Kendrew in Chemistry for the structure of hemoglobin. 
1962 J. Watson, M. Wilkins, and F. Crick in Medicine for the structure of DNA. 
1979 A. McLeod Cormack and G. Newbold Hounsfield in Medicine for computed axial

tomography. 
1981 K. M. Siegbahn in Physics for high resolution electron spectroscopy. 
1985 H. Hauptman and J. Karle in Chemistry for direct methods to determine

x-ray structures. 
1988 J. Deisenhofer, R. Huber, and H. Michel in Chemistry for the structures

of proteins that are crucial to photosynthesis. 

NobelNobel Prizes forPrizes for ResearchResearch
withwith XX--RaysRays
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Nobelpreise Neutronen
The Nobel Prize in 
Physics 1994

"for pioneering contributions to the 
development of neutron scattering 
techniques for studies of 
condensed matter" 

"for the 
development of 
neutron 
spectroscopy"

"for the 
development of 
the neutron 
diffraction 
technique"

The Nobel Prize in 
Physics 1935

"for the discovery 
of the neutron"

"In simple terms, 
Clifford G. Shull (1915-2001)
has helped answer the question of 
where atoms are, 

and 

Bertram N. Brockhouse
(1918-2003)
the question of what atoms do“,
(Nobel citation)

James Chadwick

http://images.google.de/imgres?imgurl=wwwps.lnf.infn.it/notiziario/not10/Resources/6.jpg&imgrefurl=http://wwwps.lnf.infn.it/notiziario/not10/scienza.html&h=297&w=231&prev=/images%3Fq%3Djames%2Bchadwick%26start%3D20%26svnum%3D10%26hl%3Dde%26lr%3D%26ie%3DUTF-8%26sa%3DN


1932: Entdeckung von Chadwick
212Po→208Pb+α
9Be+ α→12C+n

verschiedene Absorber (Paraffin (H), He, Li)

Ionisationskammer













Graphit-Reaktor in Oak-Ridge (Tennessee)



Wollan, Shull, Koehler   the pioneers !  ! !
today High Flux Isotope Reactor (HFIR) in 1966, ORNL 







Inelastische Neutronenstreuung : Bertram Brockhouse
Chalk River Kanada (in den 50‘ern)









Neutrons
Mn = 1.674928.10-27kg 

= 1.001 MProton
τ =  885 s (β decay)
n → p + e-+νe+0.78MeV

n:          E=h2/2Mnλ2=81.1meV/λ2

photon: E=hf=hc/λ=12398eV/ λ
k=2π/ λ p=h/ λ

units:
1 meV=11.6 K=8.066/cm=0.241THz

λ[Å]  k[1/Å]  v(m/s)    E   best ∆E/E

Photon light  5000 10-3           3.108 eV 10-8

X-ray   1 1           3.108 keV 10-6

electron             1 1           6.107     150eV 10-5

neutron 1 1           400 meV 10-6



-Neutronen sind neutral  (Q<10-20e)
-Wechselwirkung mit den Atomkernen

lokal
nicht direkt von Z abhängig

Bestimmung leichter und schwerer
Atome  !!!



I4/mmm

-Sauerstoffpositionen in Oxiden mit
Seltenen Erden oder La 
besser mit Neutronen !



Analyse der Intensitäten

Intensitäten der Reflexe
komplette Strukturinformation
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Magnetische Eigenschaften

Ladung=0
elektr. Dipolmoment=0

Spin:     S = 1/2

magnetisches Dipolmoment:

µ = 9.6491783.10-27J/T 
= -1.913042 µN

µN=µB me/mp=0.5446 10-3µB

„Erklärung“:

DIRAC µProton=1 µN exp 2.8 µN
µNeutron=0 exp –1.9 µN

MESON p ↔ n + π+       n ↔ p + π-

µNeutron≠0:  Neutron
ist 20% der Zeit p+π-, wobei
π- Bahnmoment von 10 µN 

hat.

QUARK u d d



Magnetic properties of the neutron

The neutron has a spin ½
and a magnetic dipole 
moment



Magnetische Wechselwirkung
The dipole moment of unfilled shells yields 
inhomogeneous B-field

The neutron senses the field

magnetische Streuung kann so stark wie Kernstreuung sein !

Spin-Dichte ist verteilt Streuung nimmt mit Q ab

sensitiv zu magnetischem Dipolmoment (Spin) senkrecht zu Q !



Anwendungen von magn.Einkristall-Beugung

- Moments are very small
- Transition temperatures lower than 1 K
- Incommensurate magnetic structures
- Magnetic transitions induced by H or P

- Magnetism of absorbing elements (Gd, Sm)
- Mapping of the density of spin

- Molecular magnetism



A2FeX5·H2O (A=K, Rb, X=Cl, Br)
Magnetic structure

•Colinear AF with TN = 14.06 K          k = (0 0 0)

•Easy axis: a
•Ferromagnetic planes 

⊥ b-axis AF coupled

a

b

c

J.Campo et al. 2000



Oxygen moment in Li2CuO2
E. Chung et al. 2003

1D chains of S=1/2 Cu atoms

CuO4 plaquettes (like in
CuGeO3, High-TC or chain-ladder
system La14-xCaxCu24O41 )

Li2CuO2 crossover between 
AFM and FM ordering



Oxygen moment in Li2CuO2
AF canted model

Moments are canted 
in the a-c plane 
toward the c-axis.
Canting of the Cu 
moments is almost 
fully compensated 
by counter-canting 
of the O moments

Cu moment: 0.91 µB
O moment: 0. 12 µB

3-D spin density Patterson



InelastischeInelastische StreuungStreuung
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Streudreieck:

Beispiel : Thermische Neutronen
Energie            :  5THz = 20.68meV = 240K = 167cm-1

Wellenlänge    :  2.0Å    Wellenvektor  : 3.14 Å-1

Geschwindigkeit   :  1988 m sec-1



Gitterdynamik in Sr2RuO4

I4/mmm
7atoms

=>
21 branches

Braden et al., 
PRB 2007.





Wechselwirkung 
mit Materie



Schwächungskoeffizienten Σ



Antares
Advanced Neutron Tomography And Radiography
Experimental System





23.10.2007





(Energy – Dependence)



Was sind  die Charakteristika von Neutronen ?

1) Masse vergleichbar zu Kern-Massen elastische und inelastische Streuung
2) Wellenlänge 1-5Å im Bereich der Gitterabstände
3) nukleare und lokale Wechselwirkung : keine Z-Abhängigkeit

V(r) =  b*δ(r)
4) Energie im Bereich 1-100meV vergleichbar zu der von Phononen

(x-ray : Cu-K hat 8*106meV Energieauflösung besser als 10-7 )
5) das Neutron hat einen Spin ½

- Kontrast : leichte schwere Atome
- Magnetismus
- Experimente bei grossem Streuvektor möglich
- Messungen in der ganzen Brillouin-Zone (inelastisch)

Beispiel : Thermische Neutronen
Energie            :  5THz = 20.68meV = 240K = 167cm-1

Wellenlänge    :  2.0Å    Wellenvektor  : 3.14 Å-1

Geschwindigkeit        :  1988 m sec-1

ABER : Quellen sind teuer und schlecht !!!



Liste ist nicht vollständig ! ! !

ISIS

FRJ2

Orphee
ILL

BENSC
Geesthacht

FRM-II

PSI



NeutronenNeutronen--QuellenQuellen





Reaktor-Neutronenquellen

FRM-II, Garching,D ILL, Grenoble,F

U235+n → Mo95+La139+2n
235x7.6         95x8.6   138x8.4MeV
i.e. 200MeV freiwerdende Energie
Davon 6MeV kin Energie der n



FRM-II - thermal power:  20MW
ILL: 56MW

unperturbed thermal 
neutron flux: 8x1014cm-2s-1

core cooled with light water H20

moderator tank: heavy water D20
diameter of approx. 2,5m 

http://www.frm2.tu-muenchen.de/frm2/reactor/compact/images/concept_en.html
http://www.frm2.tu-muenchen.de/frm2/reactor/compact/images/reactorhall1_en.html


FRM-II, Garching (München)



FRM-II's reactor core:
a single, cylindrical fuel 
element 700mm height. 

113 involuted, curved fuel plates
three layers: fuel U3Si2 +
aluminium powder 
in an aluminium matrix.
5 elements will be required per year. 

Thermal neutron flux 
density as function 
of the radius (FRM-II)



Laboratoire Leon Brillouin (Saclay, Paris)





Facility: LLB

Type: Reactor

Flux: 3.0 x 1014 n/cm2/sec

Operational days/year: 250 no longer now 114 till 180

Total number of instruments: 28

Number of instruments available to users: 24

Type of instruments available to external users:

6 powder/liquid diffractometers

2 single crystal diffractometers

1 Strain diffractometer

1 Texture diffractometer

3 SANS

3 reflectometers

5 3-axis spectrometers

1 TOF (MET)

1 spin echo

1 polarised neutron instrument



Moderatoren (D2O)
MeV→meV  durch elastische Streuung an leichten Elementen
verlieren die Neutronen Energie und es ergibt sich im Idealfall eine Maxwell 
Verteilung der n-Geschwindigkeit  entsprechend der Moderator Temperatur

Betrachtung eines
elastischen Stoßes
eines Neutrons mit
einem Kern der 
Massenzahl A 
ergibt:

Am besten wäre 
Wasserstoff
Problem
- Absorption -
- daher Deuterium !

25K3000K (Graphit)
300K

Berechnung für FRM-II, Garching



Genereller Aufbau der Spektrometer um den Reaktor







Facility: ILL

Type: 58MW High Flux Reactor

Flux: 1.5 x1015 n/cm2/sec

Operational days/year: 225

Total number of instruments:

Approximately 43 including test 

Number of instruments available to users: 36

Type of instruments available to external users:

5 powder/liquid diffractometers

7 single crystal diffractometers

2 SANS*

3 reflectometers*

5 polarised neutron instruments*

2 Nuclear Physics

6 3-axis spectrometers

2 backscattering spectrometers

3 TOF (MET)

2 spin echo

2 Fundamental Physics

*some double counting

NB: 7 of the above instruments are operated and 
supported by external groups

Institut Laue Langevin 
(Grenoble)



BENSC 
(Berlin)

Facility: BER II, BENSC

Type: Swimming pool reactor

Flux: 2x1014 n/cm2/sec

Operational days/year: 250

Total number of instruments: 24

Number of instruments available to

external users: >17

Type of instruments available to external users:

2 powder/liquid diffractometers

3 3-axis spectrometers

4 single crystal diffractometers

1 quasielastic spectrometer

1 membrane diffraction

2 TOF (MET)

2 SANS

1 spin echo 1 reflectometer

1 neutron interferometer 1 β−NMR

1 cold source

NB: For many instruments options include polarisation
high fields, high pressures and low temperatures



FRJ-2 Jülich



FRG-2 Geesthacht Facility: FRG-1

Type: Swimming Pool Cold Neutron Source

Flux: 8.7 x 1013 n/cm2/sec

Operational days/year: 210

Total number of instruments: 10

Number of instruments available to

external users: 10

Type of instruments available to

external users:

1 four circle texture diffractometer

2 residual stress diffractometers

2 SANS

2 reflectometers

1 TOF spectrometer for basic research

1 Double crystal diffractometer for high

resolution SANS

1 3-dimensional polarisation analysis

diffractometer

Polarised neutrons available on 5 instruments



Spallation
pro freigesetztem
Neutron entsteht
bei der Spallation
weniger Wärme als
bei der Kettenreaktion
.... daher sind 
höhere Flüsse
möglich: spitzenwerte
thermische Neutronen
2x1017n/cm2s (geplant
bei der ESS)

Pb: 20n/p    +23MeV
238U: 40n/p +50MeV
(vgl 235U:1n/spaltung 

+ 200MeV)



ISIS, Rutherford (Oxford)
Winfried Kockelmann



Spallations-Neutronenquellen
ISIS, Oxford, UK

In Bau





SNS, Oakridge, USA

1.400.000$

In Bau

1.500.000€

In Planung ?



Neutronen haben weltweit Zukunft ! ! !



Reactor-Sources                      Spallation Sources
•Budapest Neutron Centre, AEKI, Budapest, Hungary
•Berlin Neutron Scattering Center, Hahn-Meitner-Institut, Berlin
•Center for Fundamental and Applied Neutron Research (CFANR), Rez nr Prague, 
Czech Republic
•FRJ-2 Reactor, Forschungzentrum Jülich, Germany
•Frank Laboratory of Neutron Physics, Joint Institute of Nuclear Research, Dubna, 
Russia
•GKSS Institute for Materials Research, Hamburg, Germany
•Institut Laue Langevin, Grenoble, France
•Interfacultair Reactor Instituut, Delft University of Technology, NL
•JEEP-II Reactor, IFE, Kjeller, Norway
•Laboratoire Léon Brillouin, Saclay, France
•Ljubljana TRIGA MARK II Research Reactor, J. Stefan Institute, Slovenia
•St. Petersburg Nuclear Physics Institute, Gatchina, Russia
•Studsvik Neutron Research Laboratory (NFL), Studsvik, Sweden
•Centro Atomico Bariloche, Rio Negro, Argentina
•Chalk River Neutron Program for Material Research, Chalk River, Ontario, Canada
•High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory, Tennessee, USA
•Los Alamos Neutron Science Center (LANSCE), New Mexico, USA
•McMaster Nuclear Reactor, Hamilton, Ontario, Canada
•MIT Nuclear Reactor Laboratory, Massachusetts, USA
•NIST Center for Neutron Research, Gaithersburg, Maryland, USA
•Peruvian Institute of Nuclear Energy (IPEN), Lima, Peru
•University of Missouri Research Reactor, Columbia, Missouri, USA
•University of Illinois Triga Reactor, Urbana-Champaign, Illinois, USA
•Institute, Australian Nuclear Science and Technology Organisation, Lucas Heights, 
Australia
•High-flux Advanced Neutron Application Reactor (HANARO), Korea
•Japan Atomic Energy Research Institute (JAERI), Tokai, Japan
•KENS Neutron Scattering Facility, KEK, Tsukuba, Japan
•Kyoto University Research Reactor Institute (KURRI), Kyoto, Japan
•Malaysian Institute for Nuclear Technology Research (MINT), Malaysia
• Australian Replacement Research Reactor, Lucas Heights, Australia
•Canadian Neutron Facility, Chalk River, Ontario, Canada
•FRM-II Research Reactor, Garching, Germany

•ISIS Pulsed Neutron Facility, 
Rutherford-Appleton Laboratory, 
Oxfordshire, UK
•Swiss Spallation Neutron Source (SINQ), 
Villigen SwitzerlandBragg 
•Intense Pulsed Neutron Source (IPNS), 
Argonne National Laboratory, Illinois, 
USA
•Spallation Neutron Source, Oak Ridge 
National Laboratory, Tennessee, USA
• Japanese Spallation Source
•Austron Spallation Neutron Source, 
Vienna, Austria
•European Spallation Source (ESS)
•Japan Proton Accelerator Research 
Complex (J-PARC), Tokai, Japan



Nachweis von Neutronen
n nicht ionisierend – daher immer indirekter Nachweis
(keine Energieanalyse bei Nachweis)

schnelle Neutronen (MeV): Stöße mit p-haltigen Substanzen

thermische Neutronen (meV): 
1. Aktivierung durch n – Einfang (z.B. n-γ Reaktionen in Au,In)

2.     Kernreaktionen und anschließender Nachweis der (geladenen) Reaktions
produkte – üblich in der Neutronenstreuung: Geiger Müller Zählrohr
a) BF3:     B10 (n, α) Li7 + 2.79MeV
b) He3:      He3 (n,p) H3 + 0.765MeV
Nachweiswahrscheinlichkeiten ca 95% (hängt von λ ab, λ2 ∝1/v)

3. Szintillationszähler: n → B → α→ZnS (Photomultiplier)

4. Imageplates : Gd-Schicht n-γ Reaktionen Detektion wie in x-ray



Literatur
S. W. Lovesey Theory of Neutron Scattering from Oxford (1981)

Condensed Matter 
G. E. Bacon Neutron Physics Wykeham (1969)
G. E. Bacon Neutron Diffraction Oxford (1979)
Shirane, Sahpiro and Tranquada Neutron Scattering with a triple axis spectrometer
Izyumov, Ozerov Magnetic Neutron Diffraction Plenum (1970)
Marshall and Lovesey    Theory of thermal neutron scattering
Squires                            Thermal Neutron scattering



Neutrons – Photons
Neutrons:

Particle beam (neutral)
E=h2/2mNλ2=81.1meV/λ2

Low brilliance (particles/cm2/sr/meV)
Interactions with the nuclei and 
the magnetic moment 
of unpaired electrons 

Scattered by all elements, also the light 
ones like the hydrogen isotopes

Deep penetration depth 
(bulk studies of samples) 

Less intense beam measuring larger samples 

Applications: 
Magnetic structures & excitations, 
critical scattering 

Photons:
Light beam 
E=hf=hc/λ=12398eV/ λ
High brilliance
Interactions with the electrons 
surrounding the nuclei 

Mainly scattered by heavy elements 

Small penetration depth 
(surface studies of samples) 

Very intense beam measuring small or 
ultra-dilute samples 

Applications: 
Surface studies, element and shell 
sensitive resonant magnetic scattering, 
magnetic dichroism,  magnetic Materials
with high neutron absorption 


	Neutronenstreuung :eine Einführung anhand aktueller Fragestellungen
	Nobelpreise Neutronen
	1932: Entdeckung von Chadwick
	Neutrons
	Analyse der Intensitäten
	Magnetische Eigenschaften
	Magnetic properties of the neutron
	Magnetische Wechselwirkung
	Anwendungen von magn.Einkristall-Beugung
	A2FeX5·H2O (A=K, Rb, X=Cl, Br)
	Oxygen moment in Li2CuO2
	Oxygen moment in Li2CuO2
	
	Wechselwirkung mit Materie
	Schwächungskoeffizienten Σ
	23.10.2007
	(Energy – Dependence)
	Reaktor-Neutronenquellen
	Moderatoren (D2O)
	Spallation
	Spallations-Neutronenquellen
	Reactor-Sources                      Spallation Sources
	Nachweis von Neutronen
	Literatur
	Neutrons – Photons

