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A medium resolution double crystal based
small-angle neutron scattering instrument at
Trombay

S. Mazumder*, D. Sen, T. Saravanan and P. R. Vijayaraghavan

A double crystal-based moderate resolution small-angle neutron scattering instrument has been
built and commissioned at the guide laboratory of Dhruva reactor, Bhabha Atomic Research Centre,
Trombay, India. The instrument consists of a non-dispersive (1, —1) setting of 111 reflections of
silicon single crystals with the sample between the two crystals. The neutron wavelength used is
0.312 nm. At 65 MW of reactor power, the peak count rate of the blank rocking curve is about 55
counts per second at the detector position and the ratio of integrated signal to integrated noise is
~ 450 for a typical experiment with sintered alumina. The accessible range of wave vector transfer
q is found to be 0.003—0.173 nm™", which corresponds to a range of resolvable real-space dimension
of 2000-40 nm, for these specimens. The instrument is calibrated with respect to the high
resolution ultra small-angle neutron scattering instrument SI18 at the Institute Laue—Langevin in

Grenoble, France.

THE importance and usefulness of the small-angle neutron
scattering (SANS) technique is increasingly being real-
ized as its applications in different materials science prob-
lems are growing by leaps and bounds. Conventional slit
collimation instruments equipped with two-dimensional
position-sensitive detectors are widely used for investiga-
ting problems in materials science and biology. The typi-
cal maximum accessible length scale for a slit collimation
instrument is ~ 10’ nm. But large inhomogeneities as
commonly encountered in cements, ceramics, macromole-
cules and magnetic domains are beyond the resolution
limit of the conventional slit collimation instrument,
where collimation is performed in real space by slits. For
investigations involving higher length scales, slit colli-
mation instruments, with a few exceptions, such as D11
(ILL, Grenoble), become inefficient and impracticable
owing to the necessity of employing long flight paths and
small beam cross-sections.

To access larger length scales, a non-dispersive (1, -1)
double crystal (DC)-based instrument is used. The instru-
ment uses two parallel single crystals of high perfection.
The very sharp Bragg condition of these crystals defines
the g-resolution. The sample is placed between the two
crystals and the scattering profiles of the specimens are
recorded by rotating one crystal against the other. This
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type of instrument is known as Bonse—Hart camera' in
X-ray diffraction. In a DC-based instrument, unlike the
slit collimation instrument, the collimation is performed
in the reciprocal space only by crystals and the resolution
in wave vector transfer, ¢, is independent of the beam
cross-section. Because of the non-dispersive setting of
both the crystals, the width of the rocking curve is inde-
pendent of the divergence of the incoming beam. The high
g-resolution exists in one dimension only and the
recorded data are to be subjected to resolution correc-
tions. The instruments can be compact and do not require
long flight paths and two-dimensional position-sensitive
detectors as the data are recorded through a step-by-step
rotation of the analyser crystal. DC-based SANS instru-
ments are relatively much cheaper vis-a-vis slit colli-
mation instruments.

However, due to the necessity of recording of scattering
intensity through a step-by-step rotation of the analyser
crystal, measurement time is rather long. Further, the sen-
sitivity of the instrument is poor at high g vis-a-vis slit
collimation instrument, due to a background caused by
diffuse scattering from the crystal surfaces. Use of mosaic
crystal as analyser or monochromator enhances luminosity
for higher values of g, but it is applicable to strongly-
scattering systems because of the rather high background
level caused by the long tails of the mosaic-spread distri-
bution curves and diffuse scattering.

There are a large number of DC-based SANS diffrac-
tometers around the world. In recent times, this type of
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facility has found fruitful applications in ceramics and
cements”.

In this article, the performance of a newly developed
moderate resolution DC-based SANS instrument (MSANS)
at Trombay is reported.

An algorithm to extract scattering mean free
path from two recorded scattering profiles

To diagonise multiple scattering, it is advised to record
two scattering profiles from the same material, either by
changing the sample thickness and/or the wavelength by a
significant extent. In conventional small-angle scattering,
variation of thickness or wavelength, A, changes the pro-
file with respect to a scale factor only. If the profiles are
different, not only in scale but also in shape, then the pro-
files are said to have different functionality —a thumb
impression of multiple scattering. Under these circum-
stances, it is necessary to extract the true single scattering
profile from the recorded profiles having different func-
tionality. An algorithm used for this purpose assumes the
scattering medium to be an ‘effective one’3, where the
linear dimension of the inhomogeneities is very small
in comparison to the scattering mean free path, L, of the
radiation inside the sample. The algorithm for the inver-
sion of multiple scattering profile is based on the princi-
ple that although different multiple scattering profiles are
functionally distinct with N = (sample thickness/L), the
computed single scattering profiles from each of them are
functionally same or least deviated, provided the correct
N value is used for the inversion. The algorithm provides
an estimation of L from two profiles, after background
and transmission corrections, recorded with variation of
sample thickness or wavelength, for extraction of single
scattering profile. Details of the algorithm are given in
refs. 4 and 5.

Instrumental parameters of MSANS

Figure 1 shows the schematic layout of the DC-based
SANS diffractometer. The instrument has been installed
on guide G1 in the guide laboratory of the Dhruva reactor
at Trombay. G1, looks at the thermal moderator of the
reactor and has cut-off wavelength A* = 0.22 nm (ref. 6).
The size of the neutron beam coming from the guide is
2.54 cm (horizontal) x 10.4 cm (vertical). Two perfect
silicon crystals (diameter 8.25 cm and thickness 0.6 cm)
cut parallel to (111)-planes are used as monochromator
and analyser. The monochromator crystal reflects neu-
trons with wavelength A = 0.312 nm and AAA = 1%. The
horizontal angular divergence of neutron beam from the
guide is wavelength-dependent and the numerical value
of the angular divergence in degrees approximates the
numerical value of A expressed in nm. The horizontal
angular divergence of the neutron beam from the guide of

258

wavelength A =0.312 nm is 0.312°. The monochromator
crystal is set on a goniometer.

The monochromatic neutron beam from the monochro-
mator then passes through a one-metre long cadmium col-
limator, 2cm x5 cm, placed 20 cm away from the
monochromator centre. In most of the measurements, a
circular beam of 1.5 cm diameter is used. However,
depending upon the sample size, provision has been made
to vary the beam cross-section. The distance between the
monochromator centre and the sample mount centre is
128 cm. The analyser crystal, placed 100.5 cm away from
the sample, is set on a precise goniometer with smallest
control step size of 0.0012°. The (111) symmetric reflec-
tions are used for both the crystals. Neutrons are detected
by a BF; counter of 3.81 cm diameter, placed 55 cm away
from the centre of the analyser crystal.

For measurements of intensity of the primary mono-
chromatized beam and specimen transmission, another
BF; counter located behind the analyser crystal along the
monochromatic beam direction is used. The minimum
count-rate at this detector corresponds to the maximum
count-rate of the main detector when the analyser is in the
Bragg position. This correspondence is used for an inde-
pendent determination of the exact Bragg angle. The
diameter of the aperture before the second detector,
placed 160 cm away from the centre of the analyser crys-
tal, 1s 1 cm.

Performance and calibration of the instrument

For the calibration of MSANS, three sintered alumina
specimens have been chosen as secondary standards. The
specimens are chemically stable, easy to handle and can
be used as standard for any future calibration. To carry
out the calibration of the instrument, SANS measurements
have been carried out on two instruments, namely at
the MSANS, Trombay and also at the ultra small-angle
neutron scattering facility (USANS)’ S18 of Institute
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Figure 1. Schematic layout of MSANS, Trombay.
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Lave-Langevin (ILL), on the three sintered alumina
specimens. The wavelength A used for the measurements
at S18 was 0.187 nm.

The difference in two wavelengths poses a problem as
far as the calibration is concerned, and will be dealt with
in the present section. This is because the inhomogenei-
ties accessed by high- and moderate-resolution instru-
ments are quite large and scattering data are more often
affected by multiple scattering®. This is particularly so
because sample thickness cannot be brought down indefi-
nitely due to some practical reasons. It is important to
note that in conventional small-angle scattering, where
single scattering approximation holds, variation of sample
thickness or wavelength does not change the profile, i.e.
the profiles are different by a scaling factor only.

Description of calibration specimens

Sintered alumina specimens of right cylindrical geometry
of nearly 1.44 cm diameter and different thicknesses of
0.650, 0.306 and 0.272 cm are prepared by cutting a
sintered billet with a diamond saw. Bulk density of the
sintered billet, determined by the liquid displacement
method using xylene as the suspending liquid, is found to
be 3.63 gm/em’ (91% of theoretical density).

Transmission measurements

For a sample undergoing only small-angle scattering and
absorption, transmission T(A) is given by the relation;

T(A) = exp{-NA) — u(A)1}, 6]

where ¢ is the thickness of the specimen with linear
absorption coefficient W and N (= #/L) is the ratio of sam-
ple thickness ¢ to scattering mean free path L. As N and U
are wavelength-dependent, transmission is also wave-
length-dependent. When A is expressed in nm, for alumina
specimens with 91% theoretical density, linear absorption
coefficient |t can be expressed in the following form,

w(em™) = 0.055%A (nm). 2)

Table 1.

In the diffraction limit,
NocA? or N=al> (say), 3)

where ‘a’ is the material constant. For a monodisperse
population of spherical scatterers, with number density p
of radius R, having same scattering length density contrast
D, ‘@’ is given by3,

a=2mpD’R". 4

It is possible to get an estimate of ‘a’ from transmission
measurement at A, as | is defined for a particular A. From
transmission 7'} measured at a wavelength A, the expected
transmission value T, for a wavelength A, is given by the
following relation,

Ty =Ty expfa(A; - AD) + (12 — W)} (%)

The measured transmission values of the specimens at the
two instruments, denoted by Tg 157 and Tg 312, are listed in
Table 1. The calculated transmission values of the speci-
mens for neutrons with A =0.312 nm, from measured
To.157 values, are denoted by Tgsr, .

It is observed from the Table 1 that 753, values are
more, by ~ 4-8%, than those of T3, values. Thicker the
specimen more is the difference between the estimated
and experimental values. Transmission as measured in the
experiment is always somewhat more because of the con-
tamination of scattering signal with true transmitted com-
ponent of radiation passing through the sample, due to
various factors. But the estimation of true transmission
from measured values is quite involved and beyond the
scope of the present work. However, it does not affect the
measurement of scattering profiles to any significant level
because scattering profiles are recorded in the domain of
q, where the direct beam contribution is negligibly small.

Scattering measurements

Figure 2 shows scattering profiles, recorded at S18, of
ILL of the three specimens. The intensities were corrected
for sample absorption and smearing effects. The intensi-
ties of the individual scattering profiles are normalized at
the lowest g-value accessed in these measurements. It is

Measured transmission and the estimated Porod exponents. Measured transmissions, 7o.137 and

To.312, are for the three specimens at the two facilities, namely S18, ILL. and MSANS, Trombay respec-
tively. Calculated transmission values of the specilmens for neutron beam with A = 0.312 nm,
from measured To.137 values, are denoted by To?gfz . M denotes the exponent estimated from
the profiles, after background and resolution corrections, recorded at S18, ILL. 1" denotes
the exponent estimated from the profiles recorded at MSANS, after background and
resolution corrections

cale

Sample To-187 Ty5 Tos12

thickness (cm) (%) (%) (%) n n
0.272 £ 0.001 94.98 £ 0.19 86.84 +0.73 91.1+1.3 3.99 £0.28 4.05 £ 0.35
0.306 + 0.001 92.89 £ 0.19 81.64 +0.46 87.0+1.2 4.01 +0.28 4.01 £ 0.31
0.650 = 0.001 78.99 £ 0.16 52.28 £0.29 60.3+1.3 3.98 £0.32 3.99 £ 0.31
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observed that the scattering profiles are sample thickness-
dependent, indicating the presence of multiple scattering.
Further, with increasing sample thickness the scattering
profiles become smoother as scattering increases with
sample thickness for weakly-absorbing systems.

Porod exponents M estimated from In(intensity) vs
In(g), in the ¢ range beyond g =0.018 nm™' for various
specimens are listed in Table 1. The scattering profiles
in the ¢ range ¢ >0.018 nm™', follow a power law ~ ¢ *
independent of multiple scattering.

To begin with the treatment of the scattering data
affected by multiple scattering, we assume the scattering
medium to be an effective one. Since profiles from the
thinner samples are less affected by multiple scattering,
two profiles from specimens of thicknesses 0.272 and
0.306 cm respectively, are chosen for the estimation of
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Figure 2. Scattering profiles of the three specimens recorded at S18,

ILL. (Inset) Profiles in the log—log scale. A normalized scale has been
used. At large g, the profiles follow a power law ~ ¢ *. Error bars are

less than the size of the symbols. The solid line is only a guide to
the eye.
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Figure 3. Estimated single scattering profile and recorded profile
from specimen of thickness 0.272 cm. (Inset) Profiles in log—log scale.
Error bars are less than the size of the symbols.
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the scattering mean free path L, using an algorithm in refs
4 and 5. The mean free path L for the specimens has been
estimated to be 0.064 £ 0.007 cm.

With L = 0.064 £ 0.007 cm, the single scattering profile
estimated from the profile of 0.272 cm thick specimen
under effective medium approximation is shown in Figure 3.
It is expected that the estimated single scattering profile
will be sharper compared to the recorded profiles affected
by multiple scattering. The unsmooth nature of the data in
Figure 3 at some places is due to the unsmooth nature of
the recorded profile of the 0.272 cm thick specimen. The
inversion of multiple scattering profile to single scattering
profile results in increasing unsmoothness and statistical
error bars. The single scattering profiles estimated from
the profiles of 0.306 and 0.650 cm thick specimens are
shown in Figure 4 a and b respectively.
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Figure 4. Estimated single scattering profile and recorded profile
from specimen of thickness (@), 0.306 cm; and (b), 0.650 cm. (Inset)
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With the estimated L and the single scattering profile,
the expected scattering profile including contributions
from multiple scattering from specimens of thicknesses
0.272, 0.306 and 0.650 cm respectively, have been calcu-
lated under effective medium approximation (EMA) for
probing radiation with wavelength A =0.312 nm. The
calculated profiles are shown in Figure 5.

For calibration of the instrument, the calculated scatter-
ing profiles, as shown in Figure 5, are resolution-smeared
for different parametric values of a model resolution func-
tion, which is often approximated to be Gaussian®. The
resolution-smeared scattering profiles are then compared
in the least square sense with the transmission corrected
but resolution uncorrected scattering profiles measured at
MSANS, Trombay, to get the best possible value of the
parameter of the resolution function. For a detailed cali-
bration procedure followed for this instrument, refer to
Mazumder er al.’.

The MSANS data corrected for background and resolu-
tion are shown in Figure 6. The estimated Porod expo-
nents M’ in the ¢ range beyond g = 0.03 nm™, listed in
Table 1, are nearly equal to 4 — a result consistent with
the expectations.

For measurement in a DC-based SANS instrument, the
absolute scattering cross-section %(q) is given by the
following relation,

1(q)

—_— (6)
I15(0)A8, A8 ¢

dx
E(Q) =

where I(g) is the transmission and resolution-corrected
recorded scattering profile from a specimen of thickness
t, Iz(0) is the scattering intensity for the blank measure-
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Figure 5. Computed scattering profiles with effective medium app-

roximation for specimens under the consideration that the wavelength
of the probing neutrons is 0.312 nm. (Inset) Calculated profiles in
log-log scale. Error bars are less than the size of the symbols.
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ment at ¢ =0 under the same condition, A6, is the full
width at the half maximum (FWHM) of the blank rocking
curve in radians and A®, is the ratio of detector aperture
in vertical direction to sample-detector distance.

Figure 7 depicts the resolution-corrected scattering pro-

files of the three specimens, recorded in absolute scale at
MSANS, Trombay.

Conclusions

A medium resolution DC-based small-angle neutron scat-
tering instrument at Trombay has been installed and
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Figure 6. Scattering profiles recorded at MSANS, Trombay, of the

three specimens after background and resolution corrections. (Inset)
Profiles in the log—log scale. At large ¢, the profiles follow a power law
~ q’4. Error bars are less than the size of the symbols. The solid line is
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calibrated. Data have been recorded for three sintered
alumina samples. For a typical experiment with sintered
alumina, it has been observed that the ratio of integrated
signal to integrated noise is 450 and the accessible range
of wave vector transfer g is 0.003-0.173 nm™' — a range
which is often of interest in materials science. The instru-
ment will be useful to probe inhomogeneities of linear
dimension 2000-40 nm. As far as resolution is concerned,
the present instrument is superior to the conventional slit
collimation instrument.

Strongly scattering systems like pores in cements and
ceramics can be investigated in the newly developed
MSANS at Trombay, with reasonably good sensitivity.
The instrument has flexibility to access smaller length
scale when mosaic crystals are used as analyser. However,
due to increased background from crystal imperfections,
such configuration will be useful only for strongly scatter-
ing systems. Some experimental investigations with
hydrating cement paste are underway.

The present facility employs single-bounce flat crystals
as monochromator as well as analyser. Use of multi-
bounce channel-cut crystals as monochromator and
analyser will enhance both the g-resolution and the signal-
to-noise-ratio of the experimental data. Work in that
direction has already been started.
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