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Abstract. In a conventional diffractometer having single monochromator, only one position, parallel position, is used for the diffraction experiment (i.e. detection) because the
resolution property of the other one, anti-parallel position, is very poor. However, a bent
perfect crystal (BPC) monochromator at monochromatic focusing condition can provide
a quite flat and equal resolution property at both parallel and anti-parallel positions and
thus one can have a chance to use both sides for the diffraction experiment. From the data
of the FWHM and the ∆d/d measured on three diffraction geometries (symmetric, asymmetric compression and asymmetric expansion), we can conclude that the simultaneous
diffraction measurement in both parallel and anti-parallel positions can be achieved.
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1. Introduction
Neutron diffraction has two measurement positions, the parallel and the antiparallel positions, according to the relative direction of neutron beam between the
source and the monochromator line and the sample and the detector line. Conventional neutron diffractometers employing a monochromator of single reflection are
using only one measurement position, the parallel position, because the resolution
property of the anti-parallel position is worse than the other one [1].
There are many efforts to increase measurement efficiency, the higher intensity
within a shorter time, such as modernization of the neutron source, collimators of
high transmission, monochromator crystals of high reflectivity, detectors of high
efficiency and new electronics. If we can add the possibility of the simultaneous
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Figure 1. (a) RSR (real space representation) and (b) MSR (momentum
space representation) of the diffraction by BPC.

measurement in the anti-parallel as well as the parallel positions, the measurement
efficiency would be twice that of the traditional measurement mode.
A mosaic crystal monochromator has determinent characteristics of the neutron
reflectivity and the beam divergence. The resolution or FWHM of the diffraction
peaks from a sample depends on the take-off angle (θM ), the diffraction angle (θS )
and collimation angles (αi ). The following is an expression of the Caglioti’s formula
for the simple case, α1 = α2 = α3 = β (mosaicity) ≡ α [1].
FWHM = α[(11 − 12a + 12a2 )/6]1/2 ,

(1)

where a = (dλ/dθ)monochr /(dλ/dθ)sample = tan θS / tan θM and the sign of a, plus
and minus, means the parallel and the anti-parallel positions, respectively. As
shown in eq. (1), the square of the FWHM is a parabola in variable a and whence
it diverges monotonically with a or the scattering angle θS in the anti-parallel
position.
Bent perfect crystal (BPC) monochromator has tunable properties based on the
Bragg diffraction optics [2–6]. Characteristics of diffracted beams by BPC strongly
depend on the geometric parameters such as bending radius, diffraction geometry
(symmetric or asymmetric), crystal thickness etc. One of the prominent characteristics of a BPC monochromator compared to a conventional mosaic crystal
monochromator is that BPC can produce focusing beams in the momentum space
as well as in the real space. Another one is that the beam diffracted by BPC has
strong correlation between wavelength and angular dispersion.
Diffraction by the BPC monochromator can be represented in momentum space
as well as real space as shown in figure 1 [7]. Parameters shown in figure 1 are
strongly correlated with each other [8]. The resolution property or the FWHM of
the powder diffraction by a BPC monochromator depends on the bending radius,
R, for a given configuration. The optimum R for the smallest ∆θS in one position
can be reduced to eq. (3) by minimizing ∆θS in eq. (2) [8].
∆(2θS ) = ∆β[2(tan θS / tan θM )(1 − LMS /R sin β) − 1]

(2)

Ropt = (LMS / sin β)(1 − 2 tan θS / tan θM )−1 .

(3)

When there are some grains satisfying the following condition (eq. (4)) in one
position, it is not the case in the other position as shown in figure 2. The reason why the resolution property is opposite in two diffraction positions is that
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Figure 2. Schematic representation of the resolution property in parallel and
anti-parallel diffraction positions.

(∆λ)anti-parallel = λ2 − λ1 = −(λ1 − λ2 ) = −(∆λ)parallel and thus simultaneous
satisfaction of the condition in eq. (4) in both parallel and anti-parallel positions
is impossible.
∆λ(Ropt ) = − cot θS (∆θS )parallel/anti-parallel .

(4)

The angle χb shown in the MSR (figure 1b) is an important parameter which
represents characteristics of the diffracted beam.
tan χb = ∆kb0 /∆kb00 = [R sin β/(R sin β − b)] tan θB .

(5)

In the case of χb = 90◦ , the lengths of kb in figure 1b are nearly same through
the whole region of ∆k element. It means that all neutrons diffracted by BPC have
the same wavelength, i.e., ∆λ = 0. This situation is called monochromatic focusing
(MF) condition and it can be written as eq. (6), obtained from eq. (5) by setting
the denominator to zero.
RMF = b/ sin β.

(6)

By changing R, ∆θP /∆θAP could be varied from the value less than unit to the
one larger than unit. The condition for ∆θP /∆θAP = 1 is another description of
the MF condition.
2. Experimental result and discussion
The aim of this experiment was to demonstrate the versatility of the monochromatic
focusing for the powder diffraction measurement. All experiments have been carried
Pramana – J. Phys., Vol. 63, No. 1, July 2004
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Figure 3. (a)
three diffraction
ADG/expansion
mechanism used

Experimental set-up at ST1 beam port of HANARO, (b)
geometries, SDG (ϕ = 0), ADG/compression (ϕ > 0) and
(ϕ < 0), of the BPC monochromator and (c) the bending
for the experiment.

out at the test station beam port (ST1) of HANARO (the designed power is 30 MW
and the operated power was 24 MW) in Korea Atomic Energy Research Institute.
Experimental set-up and three diffraction geometries of the BPC monochromator are shown in figure 3. SDG, ADG/compression and ADG/expansion mean the
symmetric diffraction geometry, the asymmetric compression diffraction geometry
and the asymmetric expansion diffraction geometry, respectively. The take-off angle 2θM (or 2θB ) = 45◦ and distances between the monochromator, sample and
detector are LMS = 3.0 m and LSD = 0.6 m which were given constraints. Since
the distance LSD was too short, the resolution property obtained from the measurement was not so good compared with a conventional high resolution powder
diffractometer. However, it would be enough to show the resolution characteristic
of the monochromatic focusing and could be improved by placing the detector far
away. Diffraction peaks from the polycrystalline copper rod (diameter 4.5 mm)
were measured by a two-dimensional position sensitive detector (2-D PSD, 200 mm
(W) × 200 mm (H), spatial resolution = 2 mm).
As shown in figure 3b, three typical diffraction geometries were chosen to investigate the bending radius dependence of the FWHM and the resolution (∆d/d) of
powder diffraction. The resolution (∆d/d) data were calculated from the FWHM
data. Monochromator crystal in SDG experiment was Si(2 2 0) slab (thickness =
3.0 mm) and that in ADG/compression and ADG/expansion was a special cut
of silicon slab, Si(1 1 1)–9.5◦ (thickness = 3.8 mm). Considering the quite short
distance between the sample and detector, LSD = 0.6 m, the resolution would be
better than results in figure 4 if LSD increases.
MF radii of three experiments RMF are 7.84 m, 13.9 m and 4.46 m, respectively
in the order of figures 4a–c and the last one (4.46 m) is beyond the breaking limit
of the BPC slab. As R approaches RMF , the resolution property becomes similar
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Figure 4. Experiment data of FWHM and ∆d/d from three diffraction
geometrics, (a) symmetric, (b) asymmetric/compression and (c) asymmetric/expansion diffraction. When the bending radius approach RMF , the
FWHM and ∆d/d become nearly same (symmetric) in both parallel and
anti-parallel diffraction positions.
Pramana – J. Phys., Vol. 63, No. 1, July 2004
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in both positions and the angular dependence of ∆d/d also becomes more flat in
two positions (figure 4).
To obtain equal resolution characteristics in the parallel and the anti-parallel
positions, the θ–λ correlation should be small or symmetric along the beam axis.
One simple case of the small θ–λ correlation is the FAD (fully asymmetric diffraction) geometry [9,10]. But in the FAD geometry, the intensity is smaller and the
resolution is worse than other geometries due to the narrow width of the beam
incident on the crystal slab and the large effective mosaicity. Previous study [11]
shows that a dispersive setting of the double crystal (mosaic and BPC) monochromator which has also a small θ–λ correlation can be used for high resolution neutron strain/stress diffractometer using two diffraction positions (parallel and antiparallel) near 2θS = ±90◦ at the appropriate bending radius.
In the present study, it is the case having symmetric θ–λ correlation, we are
demonstrating the possibility of the simultaneous use of both diffraction positions
in a wide angular region using BPC mochromator at the MF condition by showing
experimental results shown in figure 4. Since RMF is inversely proportional to sin β,
the smaller the β the larger the RMF (i.e. the easier bending) and it is necessary
to use thick crystal which is easy to be broken with a small bending to increase
the signal intensity. Therefore the ADG/compression geometry (β > θB ) is the
best candidate for the BPC monochromator at the MF condition (MF-BPC) in a
practical sense.
3. Conclusion
We have demonstrated the equal and quite flat resolution property of powder
diffraction in both the parallel and the anti-parallel positions by using BPC
monochromator at the MF condition. By adapting the MF-BPC, one can make
simultaneous measurements in both sides of the diffraction positions, parallel and
anti-parallel and thus one can increase the measurement efficiency or extend the
measurement capacity if the physical spaces of both positions are enough. One
application is the simultaneous measurements using the same detector system on
both sides, and which can increase measurement efficiency twice. Another application is the combination of a wide scan detector system (e.g., multi-tube detectors)
for the whole pattern measurement and a position sensitive detector (PSD) for the
measurement of detailed information during the whole scan and it can extend the
measurement capacity.
Another possibility of the application of the MF-BPC monochromator could be
as a monochromator of triple-axis spectrometer because the monochromatic beam
is the very ‘monochromatic’, ∆λ ≈ 0, without the decrease of the intensity.
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