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Abstract

Objectives. This study described the 4-circle goniometer Syntex P1N and its possible applications
in X-ray and neutron structure analysis of single crystals.

Methods. The 4-circle goniometer Syntex P1N, due to its high-precision mechanical characteristics
and individual components from domestic equipment (sets of DRON type X-ray diffractometers),
formed the basis for developing an instrument complex for X-ray and neutron-structure studies.

Results. The neutron diffractometer was upgraded based on the Syntex PIN goniometer.
Therefore, the '°BF -based end neutron counter, included in the diffractometer kit, was
replaced by the °He-based domestic side counter, SNM-16. Such a significant reduction in the
linear dimensions of the detector allowed us to expand the range of measured angles of 20
from 90° to 140° and increase the accuracy of the measured interplanar distances accordingly.
The goniometer was adjusted relative to the primary neutron beam by placing it on a specially
designed plate. Highly accurate measured parameters of the unit cell and the intensity of
the reflexes were achieved by optimizing the installation geometry and the protection of the
goniometer and detector. Based on the Syntex PIN goniometer, an instrument complex for
X-ray diffraction studies has also been developed. Both the developed X-ray and the upgraded
neutronography facilities were used to perform experiments to measure the unit cell parameters,
the coordinates of atoms, and the parameters of their thermal vibrations on several crystals of
domestic synthetic samples: diamond C, silicon Si, halite, or rock salt NaCl, and corundum a-AlL,O,.
An excellent correlation was achieved by comparing the data obtained with the corresponding
chemical crystals’ parameters and reference samples recommended by the International Union
of Crystallographers.
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Conclusions. This paper described a neutron installation and a Syntex P1N neutron diffractometer
for the study of single crystals. Based on the latter, an instrument complex for X-ray diffraction
studies has also been developed. Experiments on standard samples have shown a high level of
accuracy in measuring the lattice parameters, the coordinates of atoms, and the parameters of
their thermal vibrations on both the X-ray and neutron diffractometers.

Keywords: install neutron diffraction, neutron diffraction, crystal lattice parameters, a goniometer,
standard samples, the coordinates of atoms, thermal vibrations
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AHHOMAQuus

IMenu. ModepHu3uposams HellmpoHHbLI dugdpakmomemp ¢ NOMOUbLIO 4-X KPYMHO20 20HUOME-
mpa «Cunmexc PIN» u oyeHums ocobeHHOCMU €20 NpuMmeHeHus NpPu NnpoeedeHuUU peHmzeHo-
CMPYKMYpPHO20 U HEUMpPOHOCMPYKMYPHO20 AHANAUSA MOHOKPUCMAIIIO8 C B03MOIHOCMBIO UC-
Nnob308aHUSL OJIsL 9MUX Yesell AHAI02UUHBIX 20HUOMEMPOS.

Memoowul. 4-x KpyskHblil 20Huomemp «Curmerc P1N» u omdenbHble Y3abl poccuiickozo 060pyodo-
8AHUSL U3 KOMNJIEKMOo8 peHmeeHo8cKkux ougparxmomempoe muna /IPOH neznu e ocHo8y paspa-
6omrxu npubOPHO20 KOMNIEKCA O/t PEHM2eHOCMPYKMYPHBLIX U HEUUMPOHOCMPYKMYPHbBLX UCCe-
0osaHUTIL.

Pesynomameot. Ha ocroge zoHuomempa «Cunmerxc P1N» 6bina gbtnosHeHa mMooepHU3ayust Heli-
mMpoHHO20 Jugppaxmomempa. Bxoouswiuii 8 komnaiexm ougppaxmomempa mopyesoil HetimpoH-
HbLil cuemuuk Ha ocHoee '°BF, 6bln sameHeH poccutickum 6okxogbim cuemuuxom CHM-16 Ha ocHo-
ge ’He. CywecmeeHHoe YmeHbUleHUEe AUHEUHbLX pasmepos 0emeKmopa NO380AUN0 PACULUPUMb
ouana3oH usmepsiemolx yenoe no 20 ¢ 90° 0o 140° u, coomeemcmeeHHO, NO8blCUMb MOUHOCMb
Usmepsiemblx MeIKNI0CKOCMHbLX paccmosiHuil. baazodapsi onmumusayuu 2eomempuu ycmaHos-
KU U 3au4umaul 20HUOMEMPA U Oemerkmopa, Oblia 00CmMuUHYMA 8bLCOKASL MOUHOCMb UBMEPSIeMbLX
napamempos sfiemeHmapHoll suetiku U uHmeHcusHocmell pegexcos. Ha ocHoge 2oHUomempa
«Cunmexc P1N» 6bir maxoke paspabomar npubopHbuLil KOMNIEKC 05l peHM2eHOCMPYKmMypHbIX
uccnedosaruli. Kak Ha paspabomaHHOU peHmeeH08CKOol, makK U HA MOO0epHU3UPOBAHHOU Heli-
mpoHozpagpuueckoil ycmaHosrKax bbiiu ocyusecmesieHbl IKCnepumMeHmsl No U3MepeHuro napa-
Mempoe emeHmapHoll suetiki, KOOPOUHAM AmMoMO8 U Napamempos Ux meniossblx KoiedbaHuil
Ha pside kpucmannos: aamas C, kpemruil Si, 2anum NaCl, kopyro a-Al,O,. CpagHerue nony-
UEHHBIX OAHHBLX C COOMBEMCMBYUUMU NAPAMEMPAMU KPUCMALI08 XUMUUECKUX 8euiecms U
cmaHoapmHulx 06pasyos, pekomeHoyemolx MeiwxoyHapoOHbIM COHO30M KpUCcmaniiozpagos, noka-
3a/10 oueHb xopouiee cognadeHue.
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Buleoost. B Hacmosiwell pabome daemest OnUCAHUE HellmpoHozpaguueckoli YycmaHoeKku U Hetl-
mporHo20 Jugppaxmomempa «Curmerc PIN» ons uccnedosaruss moHokpucmannos. Ha ocHoge
nocnedHezo paspabomar NpPUbOpPHLLI KOMNIeKCe 0/l PEHM2eHOCMPYKMYPHbLX UCCAe008AHUTL.
OKchepumeHmsbl HA CMAHOAPMHBLX 06PA3UAX NOKA3ANU 8bICOKULU YPOBEHb MOUHOCMU USMeEpe-
HUTl napamempog peulemici,, KOOPOUHAM AMOMO8 U NAPAMempos8 Ux mensiogolx KoAebaHUll KaK
HO peHM2eHO08CIKOM, MAK U HA HeUMmpOHHOM JugpaKmomempax.

Knroueevle cnoea: HelimpoHozpaguueckass ycmaHoeka, HelimpoHHbLU dugparxmomemp,
Kpucmasl, napamempsbl peulemicu, 20Huomemp, cmaHoapmusle obpasysbl, KOOPOUHAMbL AMO-

MO8, meruviosevle KonebaHus

Jna yumuposanua: Capun B.A. Mcnonb3oBaHue 4-X Kpy»KHOI0 TOHUOMETpa AJsl HEHTPOHHOTO ¥ pEHTI€HOBCKOIO 1U(PaKTO-
METpa 1P UCCIIEN0BAHUU MOHOKPUCTAILIOB. TonKue xumuueckue mexnonoeuu.2021;16(4):363-371. https://doi.org/10.32362/2410-

6593-2021-16-4-363-371

INTRODUCTION

In experimental neutron studies at pre-reactor
research facilities, it is sometimes necessary to use
the same equipment on different devices, including
those not necessarily located in the reactor hall.
Such a situation, for example, occurs during annual
maintenance or prolonged reactor shutdown. The
need for complex equipment usage is usually due to
the uniqueness of the neutronographic installation.

EXPERIMENTAL

The neutron diffractometer Syntex PIN (Syntex,
USA) used for carrying out neutron-structure
experiments was included in the neutronography
unit for the study of single crystals located on the
horizontal channel of the VVR-c nuclear reactor
(the water-water reactor, target, was manufactured in
N.A. Dollezhal Order of Lenin Research and Design
Institute of Power Engineering, Moscow, USSR)
in the Branch of L.A. Karpov Research Institute of
Physics and Chemistry. By design and function, the
neutron diffractometer is analogous to the X-ray
diffractometer.

For the diffractometer location in the reactor
hall, a geometric scheme of the neutronographic
installation (from the primary neutron beam to the
crystal monochromator to the secondary neutron beam
and finally to the sample) was implemented (Fig. 1),
where the secondary neutron beam is oriented relative
to the primary beam at an angle of 90° [1].

Based on the function of the diffractometer and
the fact that no X-ray source was available, the X-ray

detector was replaced with a neutron detector. The
diffractometer’s goniometer was placed in a special
housing protected from the background reactor
radiation. The housing walls were double-welded
steel sheets, with the cavities between the walls
filled with water-diluted boric acid. The selected
installation geometry and the diffractometer’s
goniometer placement increased the area of
diffraction reflections, and consequently, the
experiment time, making it possible to use standard
X-ray programs to clarify the diffraction reflection
position in the reciprocal space.

Fig. 1. Layout of the neutron diffractometric installation
(cross-section at the level of the horizontal channel
of the reactor) [1].

1 —reactor channel; 2, 4, 7 — collimators;

3, 6 —monochromator crystals; 5 — goniometer of the
Syntex P1IN diffractometer.
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The reactor hall neutrons background in the
“house”  decreased sharply, resulting in several
pulses per minute, making it possible to replace
the heavy protection of the neutron detector with
a thin layer of cadmium that protects the detector
from gamma radiation. Later, the '"BF -based end
neutron counter, included in the diffractometer kit,
was replaced by a Russian *He-based side counter.
The measured 260 angles range expanded from 90° to
140° with a corrsponding increase in the accuracy of
the measured interplanar distances due to significant
reductions in the linear dimensions of the detector.
In addition, the goniometer was aligned relative to
the primary neutron beam by was placing it on a
specially designed plate. In real-world applications,
it is common practice to use the unit cell parameters
of a crystal previously studied by X-ray diffraction
in neutron diffractometers installed directly in
the reactor hall with heavy detector protection
from background neutrons, having a small range
of measured 20 angles, due to the low accuracy of
determining interplanar distances and angles between
the crystallographic axes of the crystal. However, by
optimizing the installation geometry and goniometer
and detector protections, accurately measured
unit cell parameters and intensity of reflexes were
achieved in the designed neutron diffractometer.
In particular, an elementary cell’s parameters were
successfully determined only from neutron data by
selecting a spatial group (sp. gr.), deciphering it using
the “direct method,” and refining the crystal structure
of unknown crystals.

At the same time, to ensure the diffractometer’s
accuracy, it was required to understand its fundamental
characteristics by benchmarking it against crystals
recommended by the commission of the International

Union of Crystallographers and used in international
practice [2]. Such experiments on measuring the
parameters of the unit cell were carried out on several
crystals of Russian synthetic samples: diamond C,
silicon Si, halite, or rock salt NaCl, and corundum
a-ALO,. A comparison between the obtained
results and the unit cell parameters of crystals of
chemicals and standard samples recommended by the
International Union of Crystallographers showed an
excellent correlation (Table 1).

In the experiments under consideration, the
axes parameters and the angles between the axes
were refined while studying highly symmetric
crystals. In this case, the crystals were considered
triclinic. Therefore, the symmetry relations were not
superimposed, and the values of the parameters of
the equivalent axes were not averaged. The results
obtained in Table 1 and a comparison of the parameter
values for each of the axes and the angles between the
axes further confirmed the accuracy of determining
these parameters using the goniometer of the Syntex
PIN diffractometer. Furthermore, in the measurements
taken from the same batch of quartz samples on the
developed Syntex PIN neutron diffractometer and
the same type of X-ray diffractometer, a very good
agreement between the results of determining the
structural parameters of single quartz crystals was
achieved [4].

These results further justified with a
crystallogfafic viewpoint the need to design a new
X-ray instrument complex based on the Syntex PIN
neutron diffractometer and consist of a goniometer, a
counting rack, a control computer, and a Russian X-ray
equipment taken from a DRON type diffractometer
configuration and including a high-voltage power
source, an X-ray tube with a molybdenum anode, and

Table 1. Comparison of the unit cell parameters of crystals measured on a neutron diffractometer

Syntex P1N on synthetic samples with their standard values

Substance a, A b, A ¢, A a, ° B,° v, °
Diamond, C 3.566(2) 3.568(2) 3.565(2) 89.98(4) 89.98(4) 89.98(4)
Adopted in [3] 3.568 =a =a 90.00 90.00 90.00
Silicon, Si 5.431(2) 5.430(2) 5.431(2) 90.02(2) 89.99(2) 90.01(2)
Standard SRM* 640c¢ 5.4312(1) =a =a 90.00 90.00 90.00
Halite, NaCl 5.639(2) 5.638(2) 5.638(2) 89.98(3) 90.03(3) 90.02(3)
Adopted in [3] 5.640 =a =a 90.00 90.00 90.00
Corundum, a-ALO, 4.759(1) 4.760(1) 12.991(4) 90.02(2) 89.99(2) 119.99(2)
Standard SRM 674 4.7589(1) =a 12.9917(7) 90.00 90.00 120.00

* SRM - standard reference material.
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a desktop for a goniometer. Based on the experiment
results performed using the Syntex PIN neutron
diffractometer of this neutronographic installation and
the X-ray instrument complex, an installation with a
HUBER 511/424 goniometer was manufactured and
put into operation (Fig. 2).

Fig. 2. HUBER 511/424 goniometer with vertical “side”
detector in the “house.”

To check the operability and stability of such an
X-ray instrument complex, control X-ray diffraction
experiments were also carried out on single
crystals of Si, NaCl, SiO,, etc. For comparison, the
coordinates of atoms and the individual parameters
of the thermal vibrations of the atoms, refining by
least squares method, were taken. This was done as
not only the value of R-factors obtained as a result
of the refinement of the coordinates of atoms, but the
individual factors of the thermal vibrations of atoms
B, characterize the accuracy of measurements of the
intensities of the reflexes in the whole range of values
of sinB/A. The results of refining the values of the
isotropic thermal factors of the NaCl crystal atoms

obtained in this study and their comparison with the
data of [5] are shown in Table 2.

A somewhat more complex comparison was
performed for single crystals of silicon and the a-SiO,
piezoelectric. The quality of single silicon crystals
considered in this study depended on the method of
preparing the crystal for the experiment. Initially, the
samples were taken from a batch of large crystals
grown without dislocation. Cubes with rib sizes of
10 and 2 mm were then cut out of large ingots for
neutron and X-ray experiments and then rolled on an
air gurney to prepare spherical samples with diameters
of 6 and 0.3 mm. After running in, the crystals were
polished to remove the disturbed top layer. Finally,
several crystals were subjected to deformation by
mechanical pressure treatment under a press. In
neutronographic and X-ray experiments on a Syntex
PIN neutron diffractometer and the X-ray complex,
the Si atom’s thermal vibration parameter values
depend on the method of processing the single crystal
before the experiment. The corresponding data are
given in Table 3. This allows us to conclude that the
absolute values of thermal corrections in diffraction
experiments depend on the method of crystal growth,
its quality, and the types of pre-processing. Therefore,
it was pretty difficult to compare the thermal vibration
parameters obtained by different authors on samples
with different histories.

In [4], the coordinates of quartz atoms obtained
in different laboratories were compared on the
different but same types of goniometers in X-ray
and neutronographic experiments. However, the
parameters of thermal vibrations of atoms were not
considered in [4]. In this paper, an attempt was made
to evaluate these parameters, given by different
authors, from the point of view of the experiment’s
reliability on the X-ray instrument complex under
consideration.

Table 2. Comparison of the parameters of individual isotropic thermal vibrations B, for NaCl crystals obtained

at T=1296 K in this study and [5]

Reference Ton x/a yib Ze B, A? R, N,
This study Na* 0 0 0 1.77(1) 0.0088 50
This study cr 12 0 0 1.48(1) 0.0088 50
[5] Na* 0 0 0 1.689(24) 0.022 55
[5] ClIr 12 0 0 1.357(17) 0.022 55

Note: R is a weighted confidence factor of the specified structure; N, is the number of independent reflexes averaged over the

intensities.
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Table 3. Values of the thermal parameter B, of the Si atom depending on the type of processing of the single crystal

Si single crystfl I type of Diffraction method B, A2 Type of extinction R_-factor
processing i 7
Running-in Neutronographic 0.17 Becker-Coppens 0.0165
(primary)
S . . Becker—Coppens
Polishing after running-in Neutronographic 0.10 . 0.0185
(primary)
Deformation X-ray 0.52 Becker-Coppens 0.0153
(secondary)
Deformation Neutronographic 0.61 Becker-Coppens 0.0079
(secondary)

The a-SiO, crystals belong to the space group
P3 21 (right quartz). Samples for X-ray diffraction
experiments on 0-SiO, crystals were prepared as
follows. First, small cubes with an edge of 1.5-2 mm
were cut from large quartz plates. Then the cubes
were ground in an air gurney into spheres with a
radius of ~0.15 mm to prepare samples for the X-ray
experiment. The coordinates of the atoms in the
a-Si0, crystal structure refined after the experiment
were compared with the data of [6], where the average
values of the coordinates are given after analyzing
the results of 18 precision works on the structure of
a-Si0, crystals.

Data on the comparison of coordinates are
shown in Table 4. Plates of natural and synthetic
single crystals of a-SiO, for further processing and
preparation for the experiment were provided by
B.N. Kodess, Doctor of Sciences in Physics and
Mathematics.

To analyze the values and compare thermal
vibrations parameters of the atoms (Table 5), data
from [7, 8] were used, in which the most reliable
values of thermal vibrations parameters of atoms in
the a-SiO, crystal structure are given. The * means
that the isotropic parameters, B, were calculated in
this study from the root-mean-square displacements
of U, atoms provided in the publication [9]. The **
means that the values of the isotropic root-mean-
square displacements of U, atoms, provided in the
publication [10], have been recalculated in this study
and incorporated into the parameters of isotropic
thermal vibrations B, (Table 6).

Discrepancies in the parameters of thermal
vibrations of atoms (Table 5), obtained by different
authors, exceeded 3o. Nevertheless, similar
anisotropic thermal parameters of the ion oscillations
were obtained for silicon as a heavier ion. The values
for oxygen ions also correctly reflected the relations

Table 4. Comparing the refined coordinates of atoms in the a-SiO, crystal structure in this study
and those recommended in [6]. Sp. gr. No. 152, P3 21, right quartz

Reference a, A ¢ A Ion xla yib Zle
6] 4.9130(1) 5.4047(1) Si+ 0.5301(2) 0 13
6] 4.9130(1) 5.4047(1) 0 0.4139(5) 0.1466(4) 0.1188(3)
This study” 4.913(1) 5.404(1) Si#* 0.5302(2) 0 13
This study” 4.913(1) 5.404(1) 0 0.4131(4) 0.1458(4) 0.1192(3)
This study® 4.913(1) 5.404(1) Si#* 0.5304(1) 0 13
This study® 4.913(1) 5.404(1) o 0.4131(3) 0.1463(3) 0.1189(2)

Note: The upper index

“s” means the results obtained from synthetic crystals, and the upper index “n”—on natural crystals.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(4):363-371

368



Viktor A. Sarin

Table S. Comparing the parameters of isotropic thermal vibrations of atoms

in a-SiO, crystal structure

Reference Si*', B, A? B, 0%, A? R, N, IN,
[7] 0.50* 1.03* 0.020 383/369
[8]° 0.36** 0.80%** 0.023 1324/279
This study” 0.45(1) 0.85(4) 0.0205 1411/318
This study® 0.47(1) 0.88(2) 0.0180 1903/439
Note: see Note to Table 4.
Table 6. Comparing the parameters of anisotropic thermal vibrations of atoms
in the structure of a-SiO, crystal
Reference Ion B11 B22 B33 B12 B13 B23
[7]¢ Si* 0.549 0.428 0.485 1/2B22 0.006 2B13
[7]° o* 1.219 0.873 0.892 0.693 0.238 0.362
This study” Si* 0.536(9) 0.40(1) 0.439(9) 1/2B22 0.009(6) 2B13
This study® o> 1.15(3) 0.66(3) 0.88(2) 0.49(2) 0.24(2) 0.12(2)

Note: see Note to Table 4.

of the thermal parameters for both ions. The crystal
structure of a-Si0, is shown in Fig. 3. It is not trivial
to compare the parameters of thermal vibrations
for structures obtained by different authors; since
the quality of the studied single crystals may be
different, the results of studies that are sensitive to the
refinement of structural parameters will be different.
Such work requires high experimental accuracy and
appropriate data processing programs [9]. However,
the thermal parameters obtained in this work for
natural and synthetic quartz were similar, which may
be due to experiments performed with sufficiently
high accuracy, good quality of the initial, well
prepared single-crystal samples for diffraction study,
as well as the same tactics of parameter refinement in
the crystallographic calculations.

The close agreements between the specified
structural parameters obtained in the control
experiments in this work compared to the generally
accepted data published in the literature have validated
the developed instrument complex for conducting
X-ray experiments in the future within the framework
of actual problems.

Fig. 3. The crystal structure of a-SiO,.
Viewed along the “c” axis. The image is constructed
according to the data of this study® (Tables 3—6)

using the Diamond graphic program.
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CONCLUSIONS

Based on the Syntex PIN goniometer, the
neutron diffractometer was upgraded, and an
instrument complex for X-ray diffraction studies
was developed. Experiments on standard samples
have shown a high level of accuracy in measuring
the lattice parameters, coordinates of atoms, and
parameters of their thermal vibrations on both X-ray
and neutron diffractometers.
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