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AllxxopH <1>. H np. E14 · 10215 

nH¢paKUH~ HMnynbCHOrO nyqKa rennOBb!X HeliTpOHOB 

Ha ynpyro-ne¢opMHpOB8HHOll nnaCTHHe MOHOKpHCTanna KBapua 

B pa6ore npencraeneHbi naHHbie ynpyroro pacceSIHHSI HellrpoHoB, 
nonyqeHHbie Me ron oM epeMeHH nponera Ha HaorHyroll nnacTHHe ':oHo

KpHcranna KBapua. nony'leHHbie HHTerpanbHbie HHTeHCifBHOCTif 6parrOBCKQ

ro orpa*eHifSI or onpeneneHHOll nnocKOCTif KpHcrannHqecKoll peweTKH, 
KBK ,PyHKUif~ ynpyroro lf3rH6a KpHCTannHqeCKOl! nnaCTifHbi, ll0K83b!B810T 

nlfHeliHyJO 38BifCHMOCTb B COOTBeTCTBHH C TeoperHqeCKHM npencraeneH!feM. 

Pa6ora BbmonHeHa e Jla6oparopHH HellrpoHHoll ~,'H3HKH 011Hl1. 

OpenpHHT 06be~HHeHHOrO HHCTHTyTa H~epH~X HCCAe~OBaHH~ 

~y6Ha 1976 

Eichhorn F. et al. E14 · 10215 
Diffraction of a Pulsed Thermal Neutron Beam 
on an Elastically Bent Quartz Crystal Plate 

The results of elastic neutron scattering with the 
time-of-flight method on a bent quartz single crystal 
plate are presented. Integrated Bragg intensities measured 
for a fixed lattice plane as a function of elastic 
bending of the crystal plate show a linear dependence ~n 
correspondence with the theoretical expectations. 

The investigation has been performed at the 
Neutron Phfsics Laboratory, JINR. 
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l. INTRODUCTION 

For a number of neutron scattering inves
tigations a problem arises - the opposite 
behaviour of the resolution function and 
luminosity of a monochromator or analyser 
unit. Therefore, in order to avoid the loss 
of intensity the resolution should not be 
better than necessary for a given problem. 

It is possible to obtain a very high 
energy, wavelength or lattice constant re
solution usi~g the perfect crystals as 
a monochromator and analyser, due to the 
fact that a perfect crystal has a very nar
row interference function, which means a 
precise relationship between the wavelength 
(energy) of incident or scattered neutrons 
and incidence or scattering angle. There
fore, the intensity of the scattered radia
tion or the luminosity of a perfect crystal 
is only relatively small. If one chooses 
a cr~stal with an increasing degree of 
lattice defects (up to the so-called mosaic 
crystal), then simultaneously the intensity 
increases, but the resolution decreases. 
The aim of our work was to test a crystal 
unit with an adjustable resolution and thus 
a luminosity which might be optimized for 
a given experimental problem. For this 
purpose we bent a nearly perfect quartz 
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crystal plate elastically and homogeneously 
and measured the diffracted intensity. 

It is known that the reflecting power 
of nearly perfect crystals for X -rays and 
neutrons increases, if they are distorted 
elastically/ 1( So, a bent quartz crystal 
demonstrates an increase of the X -ray inten
sity nearly up to that of a mosaic crys
tal/!/. Bent crystals were also used for the 
intense monochromatization of thermal neut
rons based on the geometrical effect of 
focusin7/ 2 ,3 / or on the decrease of extinc
tion / 4 •5 . The diffraction of thermal neutrons 
on elastically bent silicon crystals was 
investigated both theoretically and experi
mentally 16 •71. 

2. MATERIAL AND ITS BENDING 

The quartz crystal was grown hydrother
mally by VEB Carl Zeiss Jena, GDR. From it 
a plate of about 150xl80x3.1 mm 3 had been 
cut perpendicularly to the crystallographic 
z -axis ( z -cut). It contains lattice de
fects in a small degree caused only by 
inhomogeneous growth. The surface was po
lished by the conventional method used in 
optics production. The plate was placed 
into a mechanical unit for bending 181 (Fig.l). 
The two symmetrically arranged pairs of 
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long steel cylinders (2.3 in Fig. 1) were 
pressed against each other with the aid 
of a screw and a nut (6 in Fig. l).The 
frames 4 and 5 distributed the force to the 
cylinders. Then the quartz crystal plate 
(1 in Fig. 1) was freely curved cylindri
cally. The axis of bending is parallel to 
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Fig. 1. Device for~ending the quartz crys
tal plate. Denotation of the used symbols: 
1 - quartz crystal plate, 2,3 - steel cy
linders 15 mm in diameter, 4,5 - steel 
frames, 6 -a screw, 7 -a steel cylinder. 

the crystallographic x -direction. The cur
vature was measured by a dial indicator 
following the deviation of the middle of 
crystal's surface from the plane of the 
unbent crystal plate. 

3. THEORETICAL CONSIDERATIONS 

Kl d R 
. . /6/ . ar an ust1chell1 gave a detalled 

theoretical treatment of the dynamical 
neutron diffraction by ideally curved crys
tals. They demonstrated that the solution 
of fundamental equations of the dynamical 
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theory for homogeneously bent crystals 
gives nearly the same result as a simpler 
calculation founded on the model which appro
ximates the bent crystals to a suitable 
arrangement of perfect crystallites. We 
can use their results with the supposition 
that our bent quartz crystal plate is an 
arrangement of perfect crystals, which are 
tilted against one another at an angle 
smaller than the width of the interference 
function of a perfect crystal. This width 
is of the order of seconds of arc. Roughly 
speaking the integrat~d diffracted intensity 
depends both on the width and on the height 
of the interference function. Perfect and 
nearly perfect crystals have a maximum 
reflecting power of 1 in the Bragg case of 
nonabsorbing crystals. Only the width of 
this function increases if the crystal is 
bent. The full width at half maximum con
sists of the two parts: the first one is 
equal to the intrinsic width of perfect 
crystal's interference function and the se
cond one increases nearly proportional 
to a factor c.A 1 where c describes the ef
fect of crystal bending on the dynamic in
terference. The parameter A depends on the 
properties of the neutrons and on the per
fectness of the crystal. Exactly/6/ 

C=dy/dA. 

The symbols used are the same as in Zacha
riansen 's book 191 It means 

y = .!!...: V • sin 2 Os_ ( O _ O ) 
IF I A 2 B I 

HN ' 
V is the volume of the unit cell; 0 8 l.S 

the Bragg angle; FHN is the structure fac-

(I 

tor; A is the wavelength; 0 

glancing angle; A= I FHNI·A·t; 
v -cos e s 

ness of the crystal plate. 

l.S the actual 

is the thick-

Therefore the integrated diffracted inten
sity increases proportionally to the para
meter c (the parameter A is constant for 
a given reflection on one and the same 
crystal). The parameter c linearly depends 
on the curvature (for instance, the devia
tion of the crystal surface in the middle 
of the bending device). A detailed numerical 
solution of the fundamental equations of the 
dynamical theory for distorted crystals 161 

shows, that a nearly linear depe~dence of the 
integrated diffracted intensity on the pa
pameter c exists, if the crystal is not too 
thin (1<A< 10). This result corresponds to 
that obtained using a simpler model described 
above. If the curvature of the crystal in
creases, then no overlapping of the inter
ference functions of neighbouring crystal
line parts exists. This is valid for c > 1. 
It means that the integrated intensity 
reaches a saturation value for higher bending. 
Table 1 contains values of the parameter c 
for our experimental conditions. From it 
follows that one can expect an increase 
of the integrated intensity for reflections 
with low index and nearly no change in the 
integrated intensity for reflections with 
high index. 

4. EXPERIMENT 

To test the perfection of the crystal 
plate we measured the rocking curve on 
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Table 1 

Values of the bending parameter c. 
reflection 

radius of 
0003 0006 0009 00012 00015 00018 :urvature ~ 

1n m 

68.9 0.11 0.22 0.15 1.67 2.32 2.27 

34.5 0.22 0.44 0.29 3.34 4.63 4.54 
23.0 0.33 0.66 0.44 5.01 6. 96 6.82 
17.2 0.45 0.88 0.59 6.70 9.30 9.10 

a neutron diffractometer at the steady 
Rossendorf research reactor. This curve for 
the (llOO) reflection in the symmetrical 
Laue case is given in Fig. 2. The divergence 
of the neutron beam was limited by Soller 
collimators within the reactor channel and 
immediately in front of the BF3 counter. 
In this experimental arrangement for comple
tely perfect crystals the full width at 
half maximum was 6 minutes of arc, as de
termined by a silicon single crystal with 
a reflection width of 3 seconds of arc. 
Therefore, the crystal under investigation 
may be considered as atnearly perfect one. 
The intensity dependence on the glancing 
angle is given by the divergence and in
tensity distribution of the primary beam 
only and no influence of any crystal lat
tice distribution or lattice constant's 
variation is detectable. Certainly the 
width of a possible mosaic di~tribution 
is smaller than one minute. 

The experiments with the bent crystal 
were performed at the pulsed reactor IBR-30 
of JINR, Dubna. In Fig. 3 the experimental 
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Fig. 2. The rocking 
curve of the used 
quartz crystal plate 
for the (lloo) ref
lection in the sym
metrical Laue case. 
I - intensity in pul
ses per minute, 0 -
deviation from the 
fixed Bragg angle Os 
in degrees. 

I 
H 

3000 

2000 

1000 ~ 

~ I. 
i\ 
I i 
r I 

' ' ~ I I 
I \ 
I \ 
J . 
I \ 

I \ 
0 t·-............,........... ~.... . .....__ ................. ~ .................. -. 

'.42' & 'o'2'oi. · 

0-08 ---

setup is shown. The whole reactor-crystal 
flight path is about 33 m. The neutron beam 
strikes the quartz plate at a Bragg angle 
of 67. 5°. Since the primary neutron beam 
is polychromatic the (0003) reflection and 
its higher orders are excited in the sym
metrical Bragg case. The time-of-flight 
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9=67,5. 

1 

Fig. ·3, The scheme of the experimental arran
gement. 1 - incoming white neutron beam, 
2 - from the crystal Bragg reflected beam. 
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Fig. 4. A typical TOF spectrum for the bent 
crystal plate obtained after about 2 hour~ 
of measuring time. I - intensity in pul~es 
per channel, N- channel number. The channel 
width was 32 ~sec. 
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spectrum of diffracted neutrons was obtained 
with a 4K- memory time analyzer with the 
channel width of 8 and 32 ~sec. A typical 
time-of-flight spectrum is shown in Fig. 4. 
We have carried out the measurements with 
the bent crystal plate with a radius of 
curvature ranging from oo to 17 m. The axis 
of bending is perpendicular to the plane of 
incident and diffracted neutron beams. 

Table 2 shows the wavelength A, the val u.e 
of the structure factor IFHN 1. the parameter 
A for the given thickness, and the FWHM 
of the interference function. 

Table 2 

Values of A .\FHNI, A, and FWHM for the experi
mental conditions taken 

reflection A in A IFHNI in 10-14 m A P'WHM in sec of 
arc 

0003 3.32 0. 96 230 1.75 

0006 1.66 0.61 73 2. 78 

0009 1.11 4.32 346 0,88 

00012 0.83 1, 98 119 0.23 

00015 0.66 2.34 113 0.17 

00018 0.55 3.12 125 0.16 

- ----

5. RESULTS 

In the time-of-flight spectrum (Fig. 4) 
the (0003) reflection and its higher orders 
(0006), (0009), (00012), (00015), and (00018) 
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can be noticed, moreover, the reflections 
(0008), (00011) appear. The a-quartz 
used possesses a rhombohedral structure with . 0 

lattice constantsa=4.91A andc=5.39A. 
According to the crystallographic conditions 
the reflections from the basal plane must 
have t h e M i 11 e r i n d i c e s ( 0 0 0 f ) , f = 3n ; s o 
the reflections ( 0008) and ( 00011) must 
vanish (Fig. 4).The reflection (0009) 
coincides with a satellite of the pulsed 
reactor, therefore, we do not take it into 
consideration. 

Table 1 shows the integrated diffracted 
intensity in relative units for the reflec
tions observed in dependence on the curvature 
of the crystal plate. The measured inten
sities for different tests are standardized 
comparing the background intensities over 
the whole spectrum of neutrons. The width 
of the interference function is expected 
to increase with increasing curvature of 
the crystal as a greater wavelength interval 
can be reflected within a given divergence 
angle. For our experimental conditions this 
additional width is expected to be about 
0.3 per cent of the reflection width in the 
time-of-flight spectrum for the minimum 
radius of bending. This value lies more 
than one order under the experimental error, 
so that the change of the width of the in
ter fer enc e peaks c auld not be. observed. 

6. DISCUSSION 

Table 3 demonstrates clearly the increased 
integrated diffracted intensity with increa
sing elastic deformation of the quartz crys-
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Table l 
Relative integrated diffraction 

intensities 

reflection 
........ 

radius 
of curvature 0003 ooo6 0008 00012. 00015 00018 
in m 

00 20920 30o60 5037 7865 7323 4693 

68.9 37920 70000 7555 9120 8370 5495 

34.5 41660 75450 8302 9127 8401 4619 

23.0 47400 76380 10080 8137 6979 3778 

17.2 57000 84540 9840 8425 9727 3537 

tal plate. In Fig. 5 the dependence of the 
intensity of the (0006) reflection on tne 
curvature of the crystal plate is shown. 
In correspondence with the theoretical expec
tations a linear dependence exists between 
intensity and bending. Table 4 gives the 
slope of straight lines in Fig. 5. They are 
defined by the dependence of the integrated 
diffracted intensity on the curvature. The 
intensity of reflections with lower Miller 
indices (0003, 0006) increases remarkably 
if the crystal is bent. This dependence tends 
to zero (within the experimental error) for 
higher reflection orders (00012, 00015, 00018) 
as expected. 

From the above considerations we can con
clude that the increase of intensity is_ 
caused by the fact that with the bent crystal 
one can better use the divergence of the 
primary beam in the reflections of low 
order. 
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Fig. 5. Integrated intensity of the (0006) 
reflection as a function of the curvature 
of the crystal plate. I - intensity in arbit
rary units, d - deviation of the middle of 
the crystal's surface from the unbent 
position in units of 10-2 mm. 

Table 4 
Slope of the straight line, defined by the 
dependence of the integrated diffraction 
intensity on the curvature/lif pulses mm-1 

reflection 0003 0006 0008 00012 00015 00018 

32.2 23.2 4.7 0.1 1.3 -2.5 

14 

Between the intensity of the unbent 
crystal and the extrapolated value of the 
linear dependence of the intensity on the 
crystal bending a jump exists, especially 
for the reflections of low order. We know 
that the quartz crystal plate has not 
a completely perfect crystal lattice, i.e., 
contains some defects, so we can think 
about the influence of a secondary extinction 
effect on the intensity variation. Our actu
al crystal should consist of large "mosaic" 
blocks, which have a dynamic reflection 
power R~yn and which are tilted only by 
a very ~mall angle (less than 1' ) against 
one another. Then no influence of this ex
tinction exists if the crystal is bent. 
Using this assumption, then the quotient 
of the linearly (to curvature radius oo ) ex
trapolated intensity of the bent crystal 

bent ( • • f th R. r .... oo ) and the 1.ntens1.ty o e 
u~bent crystal R ~nbent is /10/ 

R ~ent( r -> oo ) 
1 

- R ." ii1i"eiit-- = 
1 

1 
----~ 

y 1 +2 gR .yn . 
1 

The parameter g is inversely proportional 
to the half-width of the assumed "mosaic 
distribution". It is possible to fit the 
measured jumps with g ::::2xl04

, which cor
responds to a half-width of nearly 3.5 
seconds of arc. The fact that the width of 
a possible mosaic distribution is much 
smaller than one minute of arc is consistent 
with our measurements. 
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