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Small-angle neutron scattering diffractometer
at Dhruva reactor

V. K. Aswal and P. S. Goyal*

A small-angle neutron scattering (SANS) diffractometer has been recently installed at the guide hall
of the Dhruva reactor at Trombay. The diffractometer uses a BeO filter as the monochromator. The
mean wavelength of the incident neutron beam is 5.2 A, with a wavelength resolution of approxi-
mately 15%. The angular divergence of the incident beam is + 0.5° and the beam size at the sample
position is 1.5 cm x 1.0 cm. The scattered neutrons are detected in an angular range of 1-15°
using a linear He' position-sensitive gas detector. The Q range of the diffractometer is 0.018—
0.32 A, The diffractometer is well suited for the study of a wide variety of systems having charac-
teristic dimensions between 10 and 150 A. This paper gives the design features and the resolution

function of SANS diffractometer.

THERMAL neutrons (energy ~ 25 meV) from nuclear reac-
tors or accelerator-based neutron sources are now rou-
tinely used for studying the microscopic structure and
dynamics of the condensed matter. Neutron scattering, in
fact, consists of a family of techniques and different tech-
niques explore the different aspects of structure and dyna-
mics of the materials. The technique of small-angle
neutron scattering (SANS) is used for studying the struc-
ture of a material on length scale of 10 to 1000 A (refs
1, 2). In particular, SANS is used to study the shapes and
sizes of the particles dispersed in homogeneous medium.
The particle could be a macromolecule (biological mole-
cule, polymer, micelle, etc.) in a solvent, a precipitate of
material 4 in a matrix of another material B, a microvoid
in a metal or a magnetic inhomogeneity in a nonmagnetic
matrix. In suitable cases, SANS also provides information
about interparticle interactions.

SANS is a diffraction experiment. It involves scattering
of a monochromatic beam of neutrons from the sample
and measuring the scattered neutron intensity as a func-
tion of the scattering angle. It is different from conven-
tional diffraction experiments, where the structure of the
material is examined at atomic resolution (~ 1 A). The
wave vector transfer Q (= 47 sin 0/A, where 20 is the scat-
tering angle and A is the neutron wavelength) in SANS
experiments is small, typically in the range 0.001 to 1.0 A
' To obtain low Q values, SANS instrument uses large
wavelength (~ 5 A) neutrons and small scattering angles
(~ 0.5-10°).
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An indigenously developed SANS diffractometer has
been operating at CIRUS reactor, Trombay for the last ten
years or so”*. This diffractometer has been used by scien-
tists at the Bhabha Atomic Research Centre, Mumbai and
university researchers’'’. With the availability of guides
at the Dhruva reactor, the above SANS diffractometer has
been suitably modified and installed in the guide labora-
tory of the reactor. The neutron flux at the Dhruva reactor
(~ 1.8 x 10" n/cm*/s) is more than that at the CIRUS
reactor (~ 6 x 10" n/em*/s). Moreover, the guide labora-
tory provides an environment where the general neutron
background is quite low. In view of these two facts and
the modifications in the instrument, the SANS diffracto-
meter at Dhruva provides data which are of much better
quality than those obtained earlier at CIRUS. This paper
gives the details of the SANS diffractometer, which is
now operating at the Dhruva reactor. The effect of instru-
mental resolution function as obtained using Monte Carlo
simulations has also been discussed. The plan of the paper
is as follows. First, we give a general discussion on the
design of a SANS diffractometer in the next section. The
design features of the SANS diffractometer at Dhruva are
then given, followed by details of the instrumental resolu-
tion function. Next, the calibration procedures and the
results of the typical measurements are discussed. In the
end, a summary is given.

Design of a SANS diffractometer

As already mentioned, SANS experiment involves scatter-
ing of a monochromatic beam of neutrons from a sample
and measuring the scattered neutron intensity as a func-
tion of scattering angle. Figure 1 gives a schematic repre-
sentation of the essential features of a SANS instrument'®.
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Neutrons emerge from the beam tube of a reactor with
nearly Maxwellian spectrum whose characteristic tem-
perature depends on the moderator temperature 7, A
slice of this distribution is transmitted by the monochro-
mator system—and enters the flight path L, with angular
limits defined by the radii R, and R, of the source and
sample apertures, respectively. The direct and scattered
beams pass through a second flight tube L, and impinge
on the detector plane. A carefully positioned beam stop
masks the detector from the direct beam. Usually SANS
instruments use one-dimensional or two-dimensional posi-
tion sensitive detectors. A/ is the pixel size of the detec-
tor. The scattering angle corresponding to the nth pixel is
20 =tan '(nAl/L,). The main considerations in designing
the SANS diffractometer are'®:

(i) To get reasonable intensities, the sample size and the
detector pixel size are kept large (~ 1 cm). Further, it is
recommended that the sizes of the sample slit and the
detector pixel should be comparable (R, ~ Al).

(ii) As the scattering angles involved are small (26 ~ 1°),
it is important that beam divergences are kept as small as
possible. This is achieved by using large values (~ 5 m)
for flight paths L, and L,. The optimization of intensity
and resolution suggests that one should have R, = A/,
Ry=2R;and L, =L

(iii) To obtain low Q values at manageable scattering angles,
SANS instruments use large wavelength (A >4 A) neutrons.
(iv) The Q resolution of a SANS diffractometer depends
on uncertainties in the scattering angle and the incident
wavelength. It is given by

slapel

The uncertainty A6 in angle depends on the sizes of the
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slits and the detector pixel and the distances L, and L,.
SANS instruments have typically A6/6 ~ 0.1. Thus these
instruments require only moderately monochromated beams
(AAMA ~0.1). The single crystal monochromators used in
conventional diffractometers provide AA/A ~ 0.02 and are
thus not suitable for SANS instruments. SANS instru-
ments use (a) velocity selector’®, (b) polycrystalline BeO
filter*, (c) double crystal monochromator®® or (d) several
misaligned crystals®' in a dog-leg configuration for a mono-
chromator. The relative merits of these monochromators
have been discussed in our earlier paper’.

SANS diffractometer at Dhruva

The schematic of the SANS diffractometer at the Dhruva
reactor is shown in Figure 2. The diffractometer has been
installed on guide Gl in the guide laboratory of the
Dhruva reactor at Trombay. This guide has cut-off wave-
length A'=22A and presently it looks at the thermal
moderator of the reactor”. The details of the various
components of the diffractometer are given now.

Monochromator

The monochromator consists of a polycrystalline BeO
filter, which has a Bragg cut-off at 4.7 A. The neutron
beam from the guide is allowed to pass through a 15 cm
long block of the BeO filter. Neutrons having wavelengths
larger than 4.7 A pass through the BeO filter and those
having wavelengths smaller than 4.7 A are Bragg scat-
tered. In this way one obtains a nearly-monochromatic
beam. The wavelength distribution [/(X) vs A] of the fil-
tered beam as measured using a mica crystal mounted at
the sample position is shown in Figure 3. The mean wave-
length of the distribution is 5.2 A and has a spread (AA/A)
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Figure 1.
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Schematic representation of a SANS instrument.
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of about 15%. The BeO filter is kept at liquid-nitrogen
temperature. Because of a decrease in thermal diffuse
scattering, the intensity of the transmitted beam increases
by a factor of 1.5 when the filter is cooled from room
temperature to the liquid-nitrogen temperature.

It may be mentioned that in the near future, a double
crystal monochromator will be installed to improve the
wavelength resolution of the instrument. The double crys-
tal monochromator has been fabricated and tested for this
purpose”. This monochromator has a better wavelength
resolution of about 5% at A = 4.75 A and the wavelength
distribution is symmetric about the mean wavelength. The
use of this monochromator will, however, reduce the neu-
tron intensity by a factor of about 4.

Collimation

The collimator system between the monochromator
and the sample consists of two rectangular slits S
(3.0cm x 2.0 cm) and S, (1.5 cm x 1.0 cm) separated by
a distance of 2 m. The beam size at the sample position
is 1.5cm x 1.0 cm. This collimator gives an angular
divergence of +0.5° of the incident beam. The mea-
sured incident neutron flux at the sample position is
2.2 x 10° n/em’/s.

Sample table

A squarish 10 cm % 10 cm sample table has been pro-
vided to mount the sample. It can take a load of a small
cryostat or a heater. The height of the sample can be
adjusted depending on the requirement. Solid pellet-like
samples or quartz sample holders of different thicknesses
for liquid samples can be mounted on the sample table. A
low efficiency monitor detector resides at the outer edge
of incident beam just before the slit .5;. SANS distribu-
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Figure 2. Schematic of the SANS diffractometer at Dhruva reactor.
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tions are usually recorded for a fixed monitor count. As
the reactor power could fluctuate during an experiment, it
is not adequate to record the SANS measurements from
different samples for identical times for the purpose of
normalizing these data. However, when measurements for
different samples are made for identical monitor counts,
one ensures that different sets of measurements corres-
pond to the same number of incident neutrons.

Position sensitive detector

The scattered neutrons from the sample are detected using
a 100 cm long, 3.8 cm dia He’ linear position sensitive
detector. The detector is housed in a massive shielding to
reduce the background. The distance between the sample
and the detector is 1.85 m. The detector is made up of a
stainless steel tube filled with He’ gas at 30 PSI and Kr at
15 PSI pressure. Kr is added to reduce the charged parti-
cle range and hence to improve the position resolution.
The coordinates of the position where neutron detection
takes place are obtained using charge division method™*.
The position resolution of the detector is 12 mm. The
detector and the beam stop are so positioned that they
allow an angular range of 1 to 15° and a Q range of 0.018
to 0.32 A7

Resolution function of the instrument

The SANS instrument is used to measure the coherent
differential scattering cross-section per unit volume
(dO/dU)(Q) for the sample. In the actual experiment, in
addition to coherent scattering, there is a small O-
independent background arising from the incoherent scat-
tering by the sample. This background can be subtracted
and is not relevant for the present discussion. The meas-
ured SANS distribution is a convolution of the theoretical
(dO/dU)(Q) and the resolution function of the instrument.
Thus one has to take account of these resolution effects
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Figure 3. Measured wavelength distribution of the BeO filtered neu-
tron beam.
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while comparing the calculated and the measured distri-
butions.

There are three components to the resolution function
for the diffractometer. These contributions arise from the
finite collimation, the wavelength distribution and the
spatial resolution of the detector. When the diffractometer
is set to detect neutrons with wave vector transfer O, neu-
trons with wave vector transfers " in the neighbourhood
of O also contribute to the scattering due to the finite ins-
trument resolution. If we describe the resolution function
of the diffractometer by R(Q, Q') at the wave vector trans-
fer O, the measured intensity /(Q) is related to the scatter-
ing cross-section (dO/dU)(Q) by the integral™:

10)= [R(Q, Q’):—z(Q') dQ’. )

We have determined the resolution function by the Monte
Carlo simulations. For this, we assume the neutron source
to be a uniform neutron beam emerging from the guide.
The neutrons are generated randomly in space from this
source. We assign these neutrons the wavelength distribu-
tion as given by the measured wavelength distribution.
After that, only those neutrons passing through the slits
and reaching at the sample are considered. To get the
resolution function at different O values, the neutrons are
scattered from the sample following a scattering law of
the type 8(Q — Q). The scattered neutrons reach the
detector but their position is uncertain to the extent of the
detector resolution. The detector resolution has a Gaus-
sian distribution (FWHM = 12 mm) and the neutrons are
recorded with this distribution at the detector.

Figure 4 shows the comparison of the measured and the
calculated direct beam profiles at the detector. The direct
beam was measured by the detector after removing the
beam stop. It is seen that the measured and the calculated
profiles agree well with each other.

Figure 5 shows resolution function at 9 = 0.05 A™. The
resolution AQ/Q is about 40%. Similar calculations were
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Figure 4. Comparison of measured direct beam profile with calcu-
lated profile from Monte Carlo simulations.
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done for several O values. The variation of FWHM of the
resolution function with Q is shown in Figure 6. The solid
curve in the figure is the fitted quadratic function to the
results of the Monte Carlo simulations at different O val-
ues. It is found that FWHM of the resolution function
varies as AQ = 0.0151 + 0.06920 + 0.16030>. The con-
tributions to the resolution function from wavelength dis-
tribution (AQ,), collimation (AQy) and the spatial
resolution of the detector (AQp) are also shown in Figure
6. AQ, depends linearly on Q. It is negligible at small Q
values but dominates at large O values. It is
because of this and the asymmetric wavelength distribu-
tion of the monochromated beam that the calculated resolu-
tion function becomes more asymmetric with increase in
Q. It may be mentioned that the use of double crystal
monochromator system, where wavelength distribution is
symmetric in A, would provide a resolution function
which is symmetric over the entire Q range. The contribu-
tion of AQq to the resolution function is independent of O
and has the major contribution at small Q values. AQp, is
also independent of Q.

Instrument calibration and performance

Data from the position sensitive detector are stored in a
multichannel analyser as intensity vs channel number.
There is a one to one correspondence between the channel
number and the distance R between the point of neutron
detection and the centre of the incident beam at the detec-
tor. The scattering angle is given by 26 = tan '(R/L,),
where L, is the distance between the sample and the
detector. Thus each channel of the multichannel analyser
is related to the corresponding O value. In a SANS exp-
eriment, in addition to recording the intensity distribution
I(Q) with the sample, one has to measure two types of
backgrounds 7,(Q) and 7.(Q). The room background /,(Q)
is measured by putting cadmium at the sample position.
I.(0) is the residual part of the direct beam and is meas-
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Figure 5. Calculated resolution function of the SANS diffractometer
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ured without any sample in the beam or by having an
empty sample holder at the sample position in case such a
holder is used in the experiment. The measured intensity
from the sample I,(Q) is corrected for these contributions.
The corrected scattered intensity /(Q) of interest from the
sample is given by”

LQ)-1,0Q) 1.(Q)-1,(Q) T 3)
T. T s

8 €

Q)=

Here 7 is the sample transmission and 7, is the trans-
mission of the empty sample holder. I,(Q), 1,(Q) and I.(Q)
in eq. (3) correspond to identical monitor counts. Figure 7
shows typical measured raw distribution /(Q) for 0.1 M
cetyltrimethylammonium bromide (CTAB) micellar solu-
tion in D,O as obtained using SANS diffractometer at the
Dhruva reactor. The empty sample holder and beam-
blocked background are also shown. We had carried out
SANS experiments on the CTAB sample earlier using the
CIRUS instrument™®. Figure 7 shows that the SANS dis-
tribution from CTAB micellar solution obtained at Dhruva
is in good agreement with the data taken at the CIRUS
instrument. However, the counting time at the CIRUS
instrument was about 15 times greater compared to that at
Dhruva. This shows that the SANS diffractometer at
Dhruva is 15 times more efficient compared to that at the
CIRUS instrument. Further, it was seen that the beam-
blocked background at the Dhruva instrument is half of
that at the CIRUS instrument and thus the signal to noise
ratio has improved by a factor of 30.

It may be noted that though the flux at the Dhruva reac-
tor is only 3 times that of the CIRUS reactor, we obtain a
gain of about 15 in throughput at Dhruva compared to that
at CIRUS reactor. We have not been able to quantitatively
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Figure 6. Variation of the FWHM of the resolution function with Q.
The open circles are results from the Monte Carlo simulations and the
solid curve is the fitted quadratic function. Three contributions to the
instrumental resolution arising from (a) wavelength distribution (AQ5),
(b) collimation (AQe) and {c) spatial resolution of the detector (AQp)
are also shown.
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understand the reasons for higher intensity at the Dhruva
instrument. However, this could arise because of several
reasons. Firstly, one had to use Bi plug in the CIRUS ins-
trument to cut down the y-ray background. At Dhruva, the
use of curved guide ensures that the sample does not see
the direct beam, and thus there is no need to use a Bi plug.
The BeO filter at CIRUS was inside the beam hole and it
was not convenient to cool it. However, now BeO is out-
side and is cooled to liquid-nitrogen temperature. More-
over, as the fast neutron flux in the beam from the guide
is quite small, one is able to reduce the length of the BeO
filter from 25 to 15 cm, which results in higher transmis-
sion of the neutrons. The above factors and perhaps
better alignment, etc. have resulted in a 15 times higher
intensity at the Dhruva instrument compared to that at the
CIRUS instrument.

In a SANS experiment, the sample is usually taken in
the form of a plate (circular or rectangular), so that it has
uniform thickness over the beam area. If (dO/dU)(Q) is
the differential scattering cross-section per unit volume of
the sample, the measured scattered neutron intensity is
given by’’:

-
1(Q)= KT T Q) “4)

where ¢ is the sample thickness and K a constant which
depends on instrumental parameters such as incident neu-
tron flux, detector efficiency, solid angle subtended by
detector element at sample position, etc.

By combining eqs (3) and (4), we get the following
expression for the scattering cross-section of the sample:

dx _ 1 LD-1L,©@Q) 1.(D-1,Q)
do Kt T T '

8 €

)

The instrumental constant K is determined by recording
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Figure 7. Typical SANS distributions measured using SANS diffrac-
tometer at Dhruva reactor. Data from 0.1 M CTAB micellar solution

taken at CIRUS reactor are also shown for comparison after normali-
zing with Dhruva data.
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Figure 8. Debye—Bueche plot of the porous silica sample (Porasil-A11).

the data from a standard sample (e.g. H,O, vanadium,
Porasil-All, etc.)”’. The measurement thus provides
(dO/dU)(Q) in absolute units, namely cm ™.

We have calibrated the present SANS diffractometer
using a porous silica sample for which, to a good app-
roximation, the scattering is given by the Debye—Bueche
formula®’:

dx dx 1

@)= —(O)W, (6)

aQ dQ

where a is the correlation length and is the measure of the
extension of the porosity’®. SANS distributions from the
Porasil-Al1 sample using the above diffractometer and
the SANS diffractometer at Oak Ridge National Labora-
tory, USA were obtained. Comparison of the two data
gave the value of the instrumental constant XK. Figure §
shows a Debye—Bueche plot of the scattering from
Porasil-Al11 sample measured using SANS diffracto-
meter at the Dhruva reactor. The fit using eq. (6) gives
(dO/dUY0) = 39.0 cm™ and correlation length a = 20.6 A.
The data taken at Oak Ridge National Laboratory gave
(dO/dUY(0) =43.8 cm™ and @ =21.8 A. We find that the
parameters (dO/dU)(0) and « are slightly lower at the
Dhruva instrument and the differences are related to reso-
lution effects. It is seen that if we take account of resolu-
tion effects, the two sets of data give similar values of
(dO/dU)(0) and a.

Figure 9 shows the corrected SANS data from 0.1 M
CTAB micellar solution using eq. (5) and their compari-
son with the data taken from the same system using SANS
diffractometer at Intensed Pulsed Source, Argonne Natio-
nal Laboratory (ANL), USA*. We find that the two
distributions agree well with each other. It may be
mentioned that the raw ANL data were convoluted with
resolution function of our diffractometer before compa-
ring with the present data in Figure 9. SANS diffracto-
meter at ANL has a very good Q resolution and its effect
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Figure 9. SANS distribution from 0.1 M CTAB micellar solution.

ANL data is shown after convoluting with the resolution function of the
Dhruva instrument.

to the data smearing is negligible. The above results thus
show that calibration and performance of the SANS dif-
fractometer at the Dhruva reactor are satisfactory.

Summary

SANS is a well-established technique for examining the
structure of materials on a length scale of 10 to 1000 A.
We have installed a small-angle neutron scattering diff-
ractometer at the guide hall of the Dhruva reactor at
Trombay. The diffractometer has been calibrated by
recording data on standard samples. The resolution func-
tion of the diffractometer has been calculated using Monte
Carlo simulations. It is seen that resolution-corrected data
on CTAB micellar solutions as obtained on the above
diffractometer agree very well with those taken on a
SANS diffractometer at ANL, USA. The accessible O
range of the diffractometer is 0.018 to 0.32 A and thus it
is ideally suited for studying particle sizes in the range of
10 to 150 A.
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