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Abstract 
 
We present the layout and characteristics of the 3 neutron optics instruments located at the 
beam ports of the Vienna TRIGA reactor (hosted by the Atominstitut of the Austrian Univer-
sities, Vienna University of Technology) and the most recent experiments performed thereon. 
 
 
1. Introduction 
 
Neutron optics, particularly perfect crystal neutron optics and neutron optics with polarized 
neutrons, has always been a key research topic at the Atominstitut. Perfect crystal neutron in-
terferometry was invented here, and a series of fundamental experiments in quantum mechan-
ics have been performed with the neutron interferometer. The set-up at the Vienna TRIGA re-
actor has also always been a training facility and test ground for the interferometer facility at 
the high-flux reactor of the ILL, Grenoble. Most recent studies at the Atominstitut dealt with 
the dependence of the interferometric phase on environmental conditions, specifically tem-
perature variations of the perfect interferometer crystal and its surroundings. The double per-
fect crystal diffractometer in Bonse-Hart configuration for ultra-small-angle neutron scatter-
ing studies (USANS) allows to access scattering angles down to the µrad-range. We introduce 
recent diffraction experiments, specifically on artificial lattices which are both of fundamental 
and methodical interest for neutron optics and the USANS technique itself. Additionally, ex-
periments with magnetic prisms are presented which are novel components for beam prepara-
tion in polarized neutron optics: they have been used for interferometry with polarised neu-
trons and for the development of the new polarized USANS technique. The neutron polarime-
ter set-up at the tangential beam port is presented as the third neutron optics instrument at the 
Vienna TRIGA reactor. Current experiments deal with the measurement of geometric phases 
in neutron spin precession. This instrument has also recently been used for spin flipper devel-
opment and tests related to experiments at stationary and pulsed neutron sources, e.g. for a 
quantum contextuality measurement and perfect crystal neutron storage. 
 
2. Interferometry 
 
This year, it is exactly 30 years ago since the first perfect crystal neutron interferometer was 
tested by an Austrian-German cooperative group at the 250 kW TRIGA-reactor in Vienna 
[1,2]. Since that time, neutron interferometry became a laboratory for quantum mechanical 
test experiments. The key feature of this technique are two widely separated coherent beams 
of thermal neutrons (λ ~ 1.8 Å, E ~ 0.025 eV) which are produced by dynamical Laue-
reflection in a properly shaped perfect silicon crystal (Fig. 1). Analogies exist to the Mach-
Zehnder type interferometers used in light optics and to the Bonse-Hart interferometers de-
veloped for X-rays [3]. 
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Fig. 1. All neutron interferometers used at the Vienna TRIGA reactor or at the high flux reactor of 
the ILL, Grenoble, were manufactured and tested at the Atominstitut. 

 
Neutron interferometry has been used for a series of quite spectacular fundamental quantum 
mechanical experiments, e.g. interference phenomena in non-inertial frames [4], the magnetic 
Josephson effect [5], spin-superposition [6], He-3 [7] and tritium scattering lengths [8]. A 
most complete synopsis of results is given in [9]. Recent achievements are the demonstration 
of Bell’s inequality with single neutrons [10], measurement of topological phases [11], and of 
confinement induced quantum-phase [12]. 
Although the majority of these experiments had to be performed on the high flux reactor of 
the Institute Laue-Langevin, Grenoble, simply because of intensity reasons, it was essential to 
conceive and to prepare them at our reactor as well as to be able to test the functionality of the 
various components of the final setup. 
Following general symmetry considerations, the neutron wave functions originating from 
beam paths I and II in the forward direction (O-Det) are equal in amplitude and phase behind 
the interferometer because of the same number of transmissions and reflections at the crystal 
plates (Fig. 2). When placing a phase shifter with an index of refraction n and thickness D in 
one of the beam paths, the phase difference between the beams is given by χ = k∆ = (n–1)kD 
= –λNbcD (neutron wavelength λ, wave number k, and Nbc the scattering length density of the 
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Fig. 2. Sketch of a neutron interferometer and typical intensity modulation measured at the Vienna 
set-up. 
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Fig. 3. Phase shift due to temperature variation in the Vienna reactor hall (sensor 3) and phase 
control by thermal shielding (sensor 1) and temperature control of the interferometer (sensor 2). 

 
phase shifter material), and the corresponding wave functions differ by a phase factor ψI/ψII = 
exp(iχ). Accordingly, the intensity modulation as a function of the phase shift in an ideal in-
terferometer can be written as I ∝ | ψI + ψII|2 ∝ (1 + cosχ), whereas in a real interferometer 
the interference amplitude is reduced to a fraction K, usually referred to as the contrast. In the 
Vienna setup, contrast values of up to 60% have been obtained (Fig. 2). 
Additionally, the empty real interferometer exhibits an intrinsic phase which might change 
under external influences. A most striking example in this respect is the variation of the in-
trinsic phase with changes in the ambient temperature. Specifically for long term and preci-
sion measurements the knowledge of phase drifts and their possible control, i.e. elimination, 
is of utmost importance. Related investigations and developments in temperature control have 
been performed at the Atominstitut recently (Fig. 3). 
 
 
3. Ultra Small-Angle Neutron Scattering (USANS) 
 
Small-angle scattering of X-rays and neutrons is a widely used diffraction method for study-
ing the structure of matter. This method of elastic scattering is used in various branches of 
science and technology, including condensed matter physics, molecular biology and biophys-
ics, polymer science and metallurgy. It is well known that the most general and informative 
method for investigating the spatial structure of matter is based on wave-diffraction phenom-
ena. In diffraction experiments a primary beam of radiation influences an object under study, 
and the scattering pattern is analyzed. In principle, this analysis allows one to obtain informa-
tion on the structure of an object with spatial resolution determined by the wavelength of the 
radiation.  
Ultra-small-angle neutron scattering (USANS) with the use of perfect silicon crystals (Fig. 4) 
provides a resolution in the order of 10-5 Å-1 in reciprocal space, which corresponds to µrad in 
scattering angles and µm structures in real space (which are up to 5 orders of magnitude larger 
than the wavelength of the neutrons) [13]. 
This method, which has been developed decades ago by Bonse and Hart [14], is presently be- 
coming an established technique, mainly because of the new tail-suppression method de-
scribed by Agamalian et al. [15]. Several examples of application can be found in the survey 
of Hainbuchner et al. [16]. Further investigations on various topics of materials science can be 
found in recent literature [17-25]. 
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Fig. 4. Instrument layout (left) and instrument curve (right) of the double crystal diffractometer in 
Bonse-Hart configuration. 

 
 

Si - channel cut crystals  
   Reflection plane  [331], symmetric 
   Lattice constant  d331 = 1,246 Å 
   Plateau width of the Darwin curve  ∆� = 2.9 µrad = 0,596" 
Bragg angle  �b = 45 ° 
Neutron wavelength after monochromator  1,76 Å 
Wavelength spread  ∆λ / λ = 2,5 x 10-3 
Angular resolution of analyser rotation  0,1513 µrad 
Instrument curve full width at half maximum  3,3 µrad 
Cross section of the neutron beam  26 mm x 26 mm 
Background  0.05 neutrons/s 
Peak intensity  9,5 cps/cm2 
Integral intensity  285 cps/cm2 

 
Table 1. Technical data of the Vienna double crystal diffractometer. 

 
One example of structure analysis is the ongoing investigation of the inner structure of indus-
trial cellulose fibers (Fig. 5). Depending on the spinning parameters and other details of the 
fabrication process these fibers exhibit a remarkable variation of structure in the µm-range 
[26]. Data from experiments in Vienna are also shown in Fig. 5. It is important to note that in 
the microscope image the internal structure of the fibre was revealed only after massive 
chemical and mechanical treatment while in the neutron scattering pattern the internal features 
of the original fibre are present intrinsically. 
Model samples with known parameters, especially silicon phase gratings (Fig. 6) will help to 
better understand the basic features of the USANS technique and clarify the performance of 
the instruments involved [27-29]. Corresponding measurements were performed at the 
USANS facility of the Atominstitut (also Fig. 6). These experiments are of fundamental inter-
est as well since the diffraction patterns result after quantum mechanical multiple-beam inter-
ference of the neutron particle waves. 
A new development concerns the use of polarized neutrons for ultra-small-angle neutron scat-
tering (PUSANS). The corresponding instrument layout is shown in Fig. 7 with a typical in-
strument curve of this setup. The angular separation (several seconds of arc) of the two neu-
tron spin states with respect to the magnetic field, produced by prism refraction in air gaps of 
permanent magnets with triangular end pieces, is easily resolved with a Bonse-Hart camera. 
Hence, both spin states can be used for structure analysis in one measurement providing a 
new technique for the study of magnetic properties of matter. A similar setup has also been 
used for interferometry with polarized neutrons [30]. 
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Fig. 5. Electron microscopy image (left) of a cellulose fibre and neutron scattering data obtained 
by ultra-small-angle neutron scattering at the set-up in Vienna with a sample of a few hundred fi-
bres (right). 

 
 
 

   
 

Fig. 6. Electron microscopy image (left) of a periodic grating at the surface of a silicon wafer and 
corresponding neutron diffraction pattern obtained at the set-up in Vienna (right). 

 
 
 

  
 

Fig. 7. Layout of a Bonse-Hart camera with neutron polarization option (PUSANS) provided by 
magnetic prisms (left). Separation of the two neutron spin states is caused by their different neu-
tron-optical index of refraction within the magnetic field. Instrument curves, which exhibit a dou-
ble-peak structure where each peak consists of polarized neutrons, are shown on the right for one 
and two magnetic prisms inserted and compared to the single-peak instrument curve without po-
larization option. 
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4. Depolarization and Polarimetry 
 
Neutron depolarization, in particular its 3-dimensional extension, has developed into a power-
ful technique for investigation of domain structures of ferromagnetic materials. In magnetic 
textures the polarization vector P

v
 undergoes an evolution ( BPdtPd

vvv
γ×=/ ) called Larmor 

precession, caused by the interaction of the neutron spin state with the domain structure of the 
ferromagnetic solid. To measure successively all 9 components of the (3x3) depolarization 
matrix D~ , which describes the variation of the polarization upon passage through the sample 
( if PDP

vv ~
= ), a spin turning device is used in front and behind the sample. The information can 

be used for a three-dimensional tomographic reconstruction of the domain structure [31]. 
 
 

 
 

Fig. 8. Neutron polarimeter set-up at the tangential beam tube of the TRIGA Mark II reactor. 
 
The EXPON group Wien (EXperiments with POlarized Neutrons) [32] has focused on po-
larimetric transmission measurements, including neutron depolarization, aiming to investigate 
magnetic domain structures under various physical conditions, as well as on selected quantum 
mechanical fundamental experiments [33]. The instrument is sited at the tangential beam tube 
of the TRIGA Mark II reactor. Our latest installations allow the exploration of magnetic or-
dering structures in condensed matter down to temperatures of about 1 K and the observation 
of relaxation processes induced by transient strong magnetic fields up to 11 T. 
The neutron beam coming out of the reactor is monochromatized by two mosaic crystals 
made of pyrolitic graphite, selecting two wavelengths 1.65 and 1.99 Å (corresponding to the 
Bragg angles 28.5° and 34.7°). The crystals yield high integrated reflectivity at low gamma 
radiation. The beams are lead out of the biological shielding via supermirror polarizers, which 
have a multilayer structure of vapour deposited metal films on a substrate. Polarization is 
achieved by alternating deposition of non-magnetic and ferromagnetic layers. 
Beam #1 (λ = 1.65 Å) permanently hosts the 3D depolarization unit (Fig. 9). A neutron beam 
of distinct polarization enters the sample, which is magnetically shielded by a soft iron box to 
prevent magnetic influence from the spin turners in front and behind the sample. To prevent 
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Fig. 9. 3D depolarization unit installed at beam #1 (left) and the set-up for Pancharatnam and 
geometric phase measurements at beam #2 (right). 

 
depolarization the neutron beam passes through a guide field before entering the spin-turner 
in front the sample, and between the second spin turner and the detector. 
A spin polarimetric experiment can be used to describe the non-commutation properties of the 
Pauli spin operators [34]: [σi,σj] ≠ 0 for i ≠ j. In this experiment, instead of a sample, two 
separately tuneable spin rotators are mounted to realize independent spin rotations. 
In recent years much attention has been paid to the concept of geometric phases. Therefore, 
beam #2 (Fig. 9) hosts a set-up for so-called Pancharatnam and geometric phase measure-
ments. Quite recently, such measurements were reconsidered due to their importance in quan-
tum computation [35,36]. In 1956 S. Pancharatnam described the phase acquired during an 
entirely arbitrary evolution of a wave-function [37]. In the spin-1/2 case the two orthogonal 
components of a superposition state acquire opposite Pancharatnam phases undergoing a uni-
tary transformation. 
The experiment is performed with an incident neutron beam polarized in the +z – direction. 
The neutrons pass a π/2-spin turner DC-coil rotating its polarization to the x-y–plain, thereby 
forming a superposition of the two orthogonal states with respect to the z–axis. Then, the spi-
nor undergoes an arbitrary SU(2)-transformation realized by the magnetic fields of two DC-
coils. Finally, the spin is rotated back again through -π/2 about the x-axis to the +z-direction. 
To yield the Pancharatnam phase an extra phase-shift is applied to the superposed states. It is 
implemented by a magnetic guide field in the z-direction in which the π/2-spin turners are 
 
 

 
Fig. 10. Typical results for measurements of Pancharatnam and geometric phases. 
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translated at a constant distance L0 as shown in Fig. 9. After rotating and analyzing the beam 
in the z-direction, the intensity shows an oscillating behaviour, depending on the parameters 
of the SU(2) transformation, from which the acquired Pancharatnam phase is calculated. The 
results of typical measurements are shown in Fig. 10. 
The set-up is also used for new developments in polarized neutron optics. Recent examples 
are spin flipper developments used for demonstrating the violation of a Bell-like inequality at 
the ILL interferometer [10] and for cold neutron storage by perfect crystals at the ISIS pulsed 
neutron spallation source, UK [38,39]. 
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