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Abstract

Small angle neutron scattering (SANS) is one of the most popular neutron scattering
technique both for the basic research and as a tool in the hands of applied scientist.
SANS is used for studying the structure of a material on a length scale of 10 - 1000 A.
SANS is a diffraction experiment that involves scattering of a monocromatic beam of
neutrons in order to obtain structural information about macromolecules and
heterogeneities.
This paper will discuss the design of SANS spectrometers with a special emphasis on
the instruments which are better suited for medium flux reactors. The design of several
different types of SANS spectrometers will be given. The optimization procedures and
appropriate modifications to suit the budget and the space will be discussed. As an
example, the design of a SANS spectrometer at CIRUS reactor Trombay will be
given.

1. Introduction

Small angle neutron scattering (SANS) is used for studying the structure of a
material on a length scale of 10-1000 A [1,2]. This is an excellent tool for obtaining
structural information about macromolecules (biological molecules, polymers chains,
colloid particles, micelles etc.) and heterogeneities like precipitates, microvoids and
magnetic inhomogeneities in the material. In particular, SANS is used to study the sizes and
shapes of 'particles' dispersed in a homogenous medium. In suitable cases, it also provides
information about inter-particle interactions.

SANS is complementary to small angle X ray scattering (SAXS) and electron
microscopy in certain problems of biology and metal physics. However, there is a wide field
of applications which can only be studied using SANS, in particular problems of magnetism
and certain experiments in colloid and polymeric science. SANS is being increasingly used
by solid state physicists, chemists, metallurgists and biologists. The information obtained by
this technique is often of direct interest to the industry.

SANS is a diffraction experiment that involves scattering of a monochromatic beam
of neutrons (wave length A.), from the sample and measuring the scattered neutron intensity
as a function of scattering angle 0 at small scattering angles. The typical wave vector
transfer Q (= 4 71 Sin 1/2 0/A.) in these experiments is ~ 0.01 A"1.

A variety of SANS spectrometers have been designed and built. Broadly speaking,
they can be divided into three categories, namely, (i) conventional SANS spectrometers
which use long flight paths and position sensitive detectors [3], (ii) Bonse-Hart type double
crystal diffractometers [4] and (iii) the spectrometers based on photographic techniques
where flight paths are kept small by using high resolution detectors (Gadolinium foil
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followed by a X ray film) [5]. This report discusses the design aspects of above
spectrometers with a special emphasis on the instruments which are suited for medium flux
reactors.

2. Requirements of a SANS Spectrometer

The density distribution of the scattering object in real space is related the intensity
distribution in Q space through a Fourier transform. The characteristic size Ro in real space
gives rise to an intensity distribution whose width is ~ 2n/ R̂ ,. Thus to examine a typical
particle size of R ,̂ one needs to do a scattering experiment that spans a Q range an order of
magnitude on each side of the value Qo = 2TT /R .̂ This puts a demand on the SANS
spectrometer to provide a minimum of Q (= Qmin) and the step size 8Q. In a detailed study
of the particle surface area or the number density of particles, one has to often examine the
Porod region (Q R,, ~ 20) of the scattered profile also [2]. This puts a demand on the
maximum accessible Q(=Qmax) range on the spectrometer.

In short, to study a particle size R^ one would like to have Qmin ~ 1/R ,̂ 6Q ~ 1/5 R^,
and Qmax ~ 20/RQ. At times, it may not be possible to cover the full range of (Qmax-Qmin) in a
step size of 5Q. The spectrometer, having a provision to vary Qmax or Qmin depending on
5Q is, therefore, highly desirable.

In addition to Qmjn,Qmax
 an<^ SQ, the other important parameter in designing a SANS

spectrometer is the resolution AQ of the spectrometer. As we shall see later, AQ and Qmin

are intimately related. To improve AQ, one has to necessarily lower Qmin and vice versa. The
SANS spectrometers on medium flux reactors have typical values of Qmin = .005 A "', 5Q ~
.001 A"1, Qmax = 0.2 A"land AQ/Q -.10 (say at Q ~ .01 A"1). This kind of instrument can be
comfortably used to study a particle size of- 200 A. In suitable cases, its capabilities can be
extended up to RQ = 500 A

3. SANS Spectrometer Design

In principle, the requirements for SANS spectrometer are simple in comparison with
other neutron instruments. A well-collimated, moderately monochromatic neutron beam is
extracted from the neutron source by means of a monochromator and collimated using
suitable apertures. The sample elastically scatters neutrons through small angles and the
intensity as a function of scattering angle is detected and recorded by neutron detectors and
data acquisition instrumentation downstream. Fig. 1 gives a schematic representation of the
essential features' of a SANS system [3]. Neutrons escape the source volume with nearly a
Maxwellian spectrum whose characteristic temperature depends on the moderator
temperature Tm. A slice of this distribution is transmitted by the monochromatic system and
enters an evacuated flight path L1 with angular limits defined by the radii Rns and R ,̂ which
are source and sample apertures respectively. The direct and scattered beams pass through a
second evacuated flight tube L2 and impinge on the two dimensional detector plane. The
flight tubes are evacuated to eliminate air scattering which would produce an effective
degradation of 5-10% per meter, depending on the neutron wavelength. A carefully
dimensioned beam stop masks the detector from the total direct beam.
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F/G. 7. Schematic representation of a SANS spectrometer.

At small scattering angles, Q corresponding to a scattering angle 0 is given by

0)

Small angle scattering occurs close to the incident beam. The presence of fast
neutrons and y-rays in the direct beam makes these experiments difficult. The use of curved
guides is recommended as it takes the neutron beam away from the direct sight and thereby
reduces the background.

Further, it follows from Eq. (1) that the scattering angle is proportional to the
wavelength for a given Q (say = Qmjn). Thus the longer the wavelength the better defined is
the angle, and possibly the closer one can get to the main beam. SANS machines use 4-10 A
neutrons. The Maxwellian spectrum of neutrons in a reactor (Tm ~ 350 K) usually have very
low intensities in the above wavelength range. Thus use of a cold neutron source (Tm ~ 50K)
is desirable as it shifts the Maxwellian spectrum to larger wavelength region, thereby
increasing the useful flux several folds.

Though, in principle, it is not necessary to have a two dimensional position sensitive
detector for azimuthally isotropic scatterers, the use of such a detector substantially
improves the data collection efficiency by recording the data over the full annular ring
corresponding to the scattering angle 0 . The x-y detector, however, becomes necessary for
investigating the anisotropy in scattering in the azimuthal plane.
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The cold neutron source, neutron guides and x-y detectors, though expensive, are
now extensively used. These are especially useful for medium flux reactors, where incident
neutron intensities are small. The Q range on the above spectrometer can be varied by any of
the following three methods: (i) varying the wavelength of incident neutrons, (ii) varying
the distance L2 between the sample and the detector or (iii) rotating the detector arm about
the sample position. To cover the Guiner and Porod regions of the scattered profile, it is
desirable that the spectrometer has a possibility of varying Q range.

4. Optimisation of a Conventional SANS Spectrometer

We assume that slits Rns and Rj are so designed that sample sees the full neutron
source. In that case, L, in Fig.l is taken as a distance between the source and the sample.
The detector has a pixel size of Al x Al. Neutrons counted in nlh cell thus correspond to a
scattering angle of 0 = nAl/L2. The expressions for various parameters of a SANS machine
can thus be written as

Q =
In nM

(2)

5Q =
In A/

X /.,
(3)

_2n(R,,s
L

Rx+Al

L2 ,
(4)

It is assumed that useful data are obtained from those pixels which are at least one
pixel away from the extreme radius of the direct beam profile at the detector plane. It is seen
that Qmin depends on the sample size R̂ . To obtain low values of Qmin, one has to
necessarily use small samples,
accessible Q is given by

If n0 is the outermost pixel on the detector, maximum

A
(5)

th
The neutrons reaching nul pixel (mean scattering angle 0) could have a range of

scattering angles depending on the apertures R^ and R^ It is believed that the scattering
angles will have Gaussian distributions with a mean angle 0. The spread A0 in 0 is given
by [6]

A0 = (6)

46



The resolution of the instrument is given by

AX\2 fA0V 1/2

where AX is the spread in the incident neutron wavelength.

Now coming to the intensities, the total number of incident neutrons per sec at the
sample is given by

1 / x2 nR]
(8)

Where O0 n/cm /sec is the reactor flux at the beam-entrance. If dS/dQ is the scattering
cross-section per unit volume of the sample, then the scattered neutron intensity detected in
a pixel of area A1 x A1 at detector is given by

dL AlxAlc ° T (9

Where t is sample thickness, Ts sample transmission and r| is the detector efficiency. That is,

where Co is a constant. We note that the characteristic parameters Qmjn, 8Q, Qmax, AQ and
CD depend on five geometrical parameters namely Rns, R ,̂ Al, L, and L2. The optimization
involves finding the relations between above parameters so that one gets maximum count
rate CD for a given angular spread A0.

It can be shown that the required condition is

L, = L2 and ^ = 2Rs = Al (11)

Most of the spectrometers choose L] = L2. Ideally, this optimization should be
followed when the detector is moved forward to increase the range of Qmax. Under condition
(11), we note that

4 (12)

That is,

CD - (A0;)4 (13)
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where A0j is the incident beam divergence and decides Qmin. Resolution AQ also depends
on AOj. We note that if one tries to improve Qmin or AQ, one ends up paying an heavy
price in the intensity because of fourth power variation in Eq.(13). This is because of the fact
that Qmin is dependent on the sample size. However, if one can decouple the incident beam
divergence (as is the case with double crystal diffractometers), it is possible to use bigger
samples.

Typically, a SANS spectrometer has L |=L 2 = 5 m , l = 6 A, Rris = 2 cm, R̂  = 1 cm
and a 64 cm x 64 cm detector with Al = 1cm. This will have :

5Q
Vmin

NJmax

A0

= .002 A'1

= .01 A"1

= 0.067 for
= 0.167 for
= 5.77x10

L2

b-3
= 5m
= 2m
radians (15)

That is, typically A0/0 will vary from about 0.58 to 0.10 as one moves from the
edge of the direct beam profile at the detector to the outer edge of the detector. It is because
of this that one does not need very good wave length resolution in a SANS spectrometer;
Eq.(7) suggests that AQ/Q will be mainly decided by A0/0 especially at low Q.

5. Most Commonly Used SANS Spectrometer

SANS spectrometer at high flux reactor at ILL is a prototype of a conventional
SANS spectrometer [3]. It uses a beam from the cold neutron source and is installed on a
curved guide. It uses L,=L2 and the entrance aperture is double the size of the sample
aperture. Li can have a value up to 40m. The monochromator is the mechanical velocity
selector. As already mentioned, SANS machines use moderately monochromatic beam.
The typical wavelength resolution is -0.10. The mean wavelength is in range of 4 A - 10 A.
The incident neutron wavelength can be varied by varying the rotational speed of the

velocity selector. The detector is a two dimensional position sensitive gas detector (64 cm X
64 cm). Qmax of the instrument can be varied by moving the detector along the beam. A
number of spectrometers using somewhat similar design are now operating in different
laboratories in the world.

6. Possible Modifications to Conventional SANS Spectrometers

The SANS spectrometer of the type described above is very expensive and requires
large space. At times, one has to make compromise with the performance of the instrument
to cut down the cost and the convenience of fabrication and maintenance. The following are
some of the modifications which could be considered depending on the budget or other
constraints:

6.1 Monochromator

The following is a list of monochromators which could be used in place of a velocity
selector on a SANS machine :
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(a) Pairs of double crystal monochromators

In a double crystal monochromator, neutron beam is reflected by two crystals, which
are kept parallel to each other and are separated by a distance. The wavelength
spread obtained by a single pair of crystals is usually quite small. This can be
spoiled by using several pairs of crystals which are misaligned (~ 0.5°) with respect
to each other. Such systems have been used [7] and have the advantage that the
monochromatic beam is displaced from the incident beam and is therefore free from
fast neutrons and y ray backgrounds.

(b) Several misaligned crystals in a dog-leg configuration

The effective mosaic spread of a single crystal monochromator can also be spoiled
by choosing the monochromator that consists of a number of crystals which are
misaligned with respect to each other. The composite crystal system is designed to
have an anisotropic effective mosaic spread. It is desirable that the system provides
poor mosaic spread in the scattering plane without spoiling the mosaic in the
direction perpendicular to the scattering plane. SANS spectrometer at Missouri
Research Reactor uses such a monochromator [8].

(c) Filters such as BeO

BeO has a Bragg cut off wave length of 4.7 A Thus when a reactor beam passes
through block of BeO (~ 20 cm long), BeO scatters off all those neutrons which have
a wavelength spread of about 25% with a mean wave length at 5.2 A. As such, such
an arrangement can be used for a SANS experiment [9]. The main drawback of this
system is that the wave length distribution of the incident beam is not symmetric; in
particular it has a long tail extending up to 10 A. It is, however, possible to reflect
off large wave length neutrons (say > 7 A) by using silicon wafers which are kept at
required angle (~ 0.5°) to the incident beam.

6.2. Focusing Devices

It is possible to use an arrangement of slits such that several beams are incident on
the sample; all these beams are focused on the detector centre and allow use of a bigger
sample. This type of focusing collimators have been used on the SANS spectrometer at
NIST[10].

The toroidal mirrors can also be used to focus the source on the centre of the detector
[4]. This way' instrument length can be considerably reduced without spoiling the
instrument resolution.

The development of neutron lenses [11] could also be exploited to make low
resolution SANS machines if one uses image plate detectors [12].
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7. SANS Spectrometer at CIRUS Reactor Trombay

As an example of a simple SANS spectrometer on a medium flux reactor, in the
following, we give a brief description of the spectrometer on Cirus reactor at Trombay.
Cirus reactor provides a flux of 6xlO13 n/cm2/sec at its full power of 40 MW. It does not
have a cold source. SANS spectrometer has been operating on beam hole El 3 of the above
reactor for the last ten years. Fig. 2 gives the schematic drawing of the spectrometer. 10 cm
dia beam from reactor is reduced to 1.0 x 1.5 cm2 beam at sample position by using inpile
collimator and slits S, and S2 outside the biological shield. The collimator design and the
apertures are chosen to obtain an angular divergence of ± 0.5°. The beam from the reactor
passes through a single crystal of bismuth (10 cm long) and a polycrystalline block of
beryllium oxide (20 cm long) before reaching the sample. Bi is used to remove y rays.
BeO, having a Bragg cut off wave length >̂ c = 4.7 A serves the purpose of a monochromator.
The wave length distribution I (k) vs X of the filtered beam as measured using mica crystal
is somewhat asymmetric in shape. It has a centre of gravity at 5.2 A with a full width at half
maximum of ± 0.5 A. The incident neutron flux at sample position is 2x104 n/cm2/sec. The
angular distribution of the scattered neutrons is measured using one dimensional position
sensitive detector. The distance between the sample and the detector is 180 cm. The
accessible Q range on above instrument is from 0.02 A" to32 A" .

It is noted that a spectrometer of the type described above is easy to build. Further
we find that inspite of the low flux, the Cirus machine has been successfully used for SANS
studies. The scattering cross-section of up to 0.5 cm"1 can be easily measured. The above
spectrometer is regularly used by BARC scientists and the university researchers. In
particular, structural aspects and inter-micellar interactions in several micellar solutions have
been studied [13-15]. Structures of some ferrofluids have also been investigated [16,17].

, BeO 10 cm x 5 cm x 5 cm

S n = 2 . 5 4 c m x 3 . 8 1 c m > \ 1 s u 2 c m x 2 . 8 cm

BEAM

CATCHER

FIG. 2. Layout of the SANS spectrometer at the Cirus reactor, Bombay.
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8. Different Types of SANS Spectrometers

The most commonly used SANS spectrometer has been described above. In the
following, we give some other designs, which have also been used for SANS experiments.

8.1 Photographic Method for SANS

The experimental arrangement used in the photographic method [5] is similar to a
conventional [3] position-sensitive detector based SANS spectrometer. The only
difference is that the gas filled PSD in conventional machine is replaced by a gadolinium
foil/ film converter. The high resolution (~ 100 urn) of the foil-film combination for
neutron detection allows a considerable reduction in the sample to detector distance. This
arrangement allows the imaging of the scattered neutron distribution on a radiograph,
which is then scanned using a microdensitometer.

The photographic method of SANS experiments has been tried at Dido reactor
Harwell. The merit of this instrument lies in its small size and thus a lower cost. The main
disadvantage is that to get a discernible density on the developed film, it is necessary to
achieve a neutron exposure > 10 neutrons/ cm . This makes it a very inefficient machine
and that is perhaps the reason that this method did not become popular. The use of image
plate detectors or charge coupled devices might improve the situation.

8.2 Double crystal diffractometers

The double crystal diffractometer makes use of Bonse - Hart's method for SANS
experiments and is ideally suited for ultra low Q values (10" to 10" A") [4]. The set up
consists of two nearly perfect silicon crystals, which are aligned in the parallel
configuration. The neutron beam from the reactor reaches the detector after undergoing
two Bragg reflections from the two crystals. The sample is kept between the two crystals.
SANS experiment involves recording the rocking curve of the 2nd crystal with and
without sample. The changes in the rocking curve can be used to extract the SANS
distribution of the sample. This type of SANS machine can be fruitfully used even on the
modest flux rectors.

The wings of the rocking curve in the above experiment usually have significant
contribution from diffuse background and this puts a restriction on the maximum Q range
of the instrument. Use of channel cut Si crystals in place of ordinary ones is recommended
since it reduces the diffuse background [18]. The other possibility is to use the bent
crystals. The bent crystal, because of increased effective mosaic, provides higher intensity
without much increase in the background [19].

9. Summary

SANS is one of the most popular neutron scattering technique both for the basic
research and as a tool in the hands of applied scientist. It is often seen that SANS
instruments are installed on cold source beam lines and use two dimensional position
sensitive detectors. This is certainly highly desirable but also expensive. There are a large
class of experiments however, which can be done on somewhat simpler machines.
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This paper discusses the design aspects of SANS spectrometers with a special
emphasis on the instruments which are better suited for medium flux reactors. The designs
of several different types of SANS spectrometers have been given. The optimization
procedures and appropriate modifications to suit the budget and the space have been
discussed. As an example, the design of a SANS spectrometer at CIRUS reactor Trombay
is given.
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