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Abstract

CuKp radiation with a wavelength of A = 1.3923 A is recommended for crys-
tal structure determination from X-ray powder diffraction using the Rietfeld
method. A highly sensitive image plate detector is able to collect enough in-
tensity to record a brilliant X-ray powder pattern in a reasonable time, com-
pared to CuKa, radiation used today. Especially atomic displacement coeffi-
cients could be determined more precisely with the much greater number of
reflections recorded. A double-radius Guinier camera attached to a mi-
cro-focus rotating anode tube ensures increased brilliance besides high reso-
lution. A simple construction specification is presented to make smart cylin-
drically bent Ge(111) or Si(111) X-ray monochromators that deliver fo-
cused CuKp radiation. The highly linear response of image plate detectors
allows removing of fluorescence radiation simply as background of the pat-
tern. The proposed equipment is a cost-efficient alternative to a liquid gal-
lium-metal-jet X-ray source with maximum power load and a similar wave-
length of A(GaKa,) = 1.34013 A.
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1. Introduction

By application of the Rietfeld method for crystal structure determination on
powders using CuKa, radiation the limiting data set of reflections accessible
considerably influenced the reliability of the structure parameters. Therefore,
sometimes ago we constructed a double-radius Guinier diffractometer that op-
erates with MoKa, radiation diffracted from a self-constructed Ge(220) mo-

nochromator [1]. However, in case of yttrium-based superconductors, the fluo-
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rescence radiation from that element contributes much to the background. Even
if the results achieved were absolutely satisfactory and a substantial improve-
ment, an alternative approach is to be recommended and explained here: the ap-
plication of extended laboratory collected CuKkp data sets for Rietfeld structure
refinement. Some years ago, preliminary measurements were done by a cowork-
er and published in his dissertation [2]. The present author recommended a
more routine use of CuK/ radiation, in contrast to a more expensive gal-
lium-metal-jet X-ray source [3], on the basis of some improvements, which are
reported in this article. This improvements cover, besides a well constructed
monochromator, a different camera setting of subtractive chromatic dispersion,
and a stripe by stripe read out routine of the imaging plate to increase the inten-
sity and open the possibility for texture diagnosis and correction. The publica-
tion of this contribution is encouraged by several thousand reads of a

pre-published version in Researchgate.net.

2. Estimate of Reflection Numbers

One can roughly estimate the number of reflections as being inversely propor-
tional to the third power of the applied wavelength A. With the CuKq, to Cukp

wavelength ratio one yields the factor
[2(CuKa,)/2(Cuk )] =(1.5406/1.3922)' =1.355.

By applying CuKp radiation in contrast to CuKa, about 35% more reflections
can be recorded. This percentage may be somewhat higher in the case of triclinic
symmetry. A Rietfeld analysis performed with this considerably increased reflec-
tion number allows a markedly higher reliability. If the powder pattern is taken
up to 260 = 100°, the limiting reciprocal lattice plane is dj,, = 0.9087 A, compared
to d,, = 0.7093 A for single crystal data recorded up to 26 = 60° using MoKa

radiation.

3. Prerequisites

In order to work with CuKp radiation for crystal structure determination atomic
scattering factors as well as attenuation factors must be available. As early as
1967, Hazell [4] calculated anomalous scattering corrections Af and Af* for K3
radiation of different anode materials, covering the elements of Z= 10 (Ne) to Z
= 98 (Cf). All data relating to CuKp radiation, as well as to the GaKa, one that is
coming, should be collected or precisely calculated, and then reported in the In-
ternational Tables for X-ray Crystallography.

Now we consider the obviously disadvantageous Cukp to CuKa, intensity ra-
tio. However, the separation of solely the Ka, radiation leads due to the complex
structure of the CuK spectrum (Table 1) [5] to a considerable reduction of its
originally high intensity in comparison to the Kf line. In this way, the naturally
unfavorable intensity ratio of I(KB)/I(Ka;) = 1/5 can be markedly improved to
1/3 or even 1/2.
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Table 1. The Ka and Kp X-ray emission spectrum of copper after Deutsch et al. [5] Con-
version factor A(A) = 12.39842/F (keV). Intensities of the KP lines are given in arbitrary
units by [5] and were converted to {/CuKa)/ {CuKp) = 7.5:2 = 100:26.67.

Notation Wavelength (A) Relative Intensity (AA/A) x 10*
K absorption edge 1.380597
KB’ 1.391337 4.0 0.77 8.315
KB 1.391753 18.0 3.48 5.197
Kp, 1.392219 74.1 14.32 4.087 4.123
Kp; 1.392593 34.0 6.67 3.965
KB 1.393541 7.4 1.43 8.846
2 Intensity 26.67
Satellite 1.534753 1.60
Kay, 1.540596 57.07 2.855
2.930
Kay, 1.541058 7.64 3.813
Ka,, 1.544410 25.38 3.376
3.557
Kay, 1.544721 8.31 4.435
2 Intensity 100.00

With reference to the values of the relative dispersion AA/A given in Table 1
for CuKa, and CuKp, respectively, on can calculate the difference of the resolu-
tion, if the X-ray’s would radiate from a point source, scattered by an ideal mo-
nochromator and detected at a distance of B = 355 (mm) with an image plate
detector (Figure 1). This is the only relevant variable, if one compares applica-
tion of both wavelengths. Given the Bragg angle 6, of a Ge(111) monochroma-
tor, the full width at half maximum power As (mm) respectively Ae (°) on the
detector in subtractive transmittance setting can be calculated for different an-
gles y (Figure 1) according to
42 tan(0, ) (1)

As=B
A cos(y)

Calculations of the reflection widths according to Equation (1) were summa-
rized in Table 2.

The relative enhancement of the CuKk}p line width by only 0.0032 (°) in con-
trast to the CuKa, one is a further argument for its possible use for X-ray powd-

er diffraction.

4. Monochromator Construction

In case of CuKp primary radiation an cylindrically bent Ge(111) monochroma-
tor is best suited to focus the secondary radiation diffracted from the sample
onto the image plate detector. Table 3 summarizes the data needed to construct
the monochromator from a single crystal piece of Ge cut along (111) and taking

into account a certain offset angle 7. Alternatively, the data for a focusing Si(111)
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Table 2. Reflection width As (mm) as FWHM(26) calculated according to Equation (1).

X-ray line AA/A As(mm) Ae (%)
y=0° y=45" ¥=60° y=0° y=45" ¥=060"
CuKa, 0.0002930 0.0220 0.0312 0.0441 0.00550 0.00779 0.0110
Cukp 0.0004123 0.0310 0.0438 0.0619 0.00775 0.01096 0.0155

Difference 0.0001193 0.0090 0.0126 0.0178 0.00225 0.00317 0.0045

Table 3. Construction data for a focusing Ge(111) monochromator delivering Cukp rad-
iation. A = X-ray source to monochromator distance, B = Focal line to monochromator
distance, 6 = Bragg angle of the monochromator, 7 = Angle between (111) reciprocal
planes and cylindrical surface of the monochromator (see Figure 1).

Monochromator crystal Ge [6] Si [7]
d,, (A) 3.26659 3.13560

A=SM =2rsin(6y — 7) (mm) 120 120

B=FM =2rsin(6, + 7) (mm) 355 355

tan 7= [(B~- A)/(B+ A)]-tan(6)

CuKPBradiation A (&) 1.39225
Gy ) 12.304 12.827
(%) 6.159 8.295
r(mm) 560.48 492.57
2r(mm) 1120.96 985.14

Addition

Subtraction
As,

Figure 1. Effect of chromatic dispersion in the y = 45° subtractive transmittance setting
[8]. F = tube focus, M = monochromator, P = sample, R, = radius of the focusing circle, B
= distance between monochromator and focal line on the IP, As = reflection’s FWHM
(mm).

crystal monochromater were calculated.

Four steps are needed to produce a cylindrically bent single crystal monoch-
romator [1]:

1) Elastic bending of the asymmetrically cut Ge(111) single crystal plate (40 x
20 x 0.6 mm) to a cylinder radius of 2r=1120.96 mm. This is accomplished with

the aid of a curved specimen holder made of an air-permeable sintered special
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bronze that sucks the plate under vacuum.

2) Lapping of the mounted crystal to a plane surface with subsequent polish-
ing, using an aqueous slurry containing a-alumina with particle grain size of
about 0.05 um to remove the distorted surface layer.

3) Inserting the crystal plate in a brass jig, clamped by Teflon guide ways and
bent thoroughly with half the radius of curvature (r = 560.48 mm) in the oppo-
site direction.

4) Inserting this crystal holder in a safe housing with facilities for final crystal
adjustment and primary beam shutters (for instant commercially available Hu-
ber 611 housing).

This sophisticated construction procedure was first invented in 1995 by the
present author in cooperation with H. Lindner (University of Regensburg), and

advanced applied by W. Hofmann in his dissertation [2].

5. Resolution of a Ge(111) Monochromator

A comparative measurement of the FWHP(26) between CuKa, and CuKp radia-
tion suggest the application of the latter one, too. The intensity distribution of
the Ge(111) reflection can be recorded with removed sample in the symmetrical
setting position of the Guinier diffractometer behind an attenuation filter to
guarantee the linear response of the IP detector. The skillful setting of beam
shutters may help to eliminate mainly the Kf contribution (Table 1) at the low
energy shoulder of the CuKpfradiation to deliver an even smaller FWHM(26).

Preliminary results were done with the aid of our double-radius Guinier dif-
fractometer using a fine-focus copper tube [2] [9]. They are displayed in Figure
2. However, the used monochromator was not optimized for Cukp radiation,
but for the CuKa, one. The experimentally determined FWHM(26) = 0.059° for
CuKp can be reduced considerably by using a micro-focus tube, a monochro-
mator specialized according to Table 3, and an optimized Soller slit. An estimate
delivers FWHM(26) < 0.04° for CuKp. The beam intensity is reduced by a factor
of <3 compared to the CuKa, result. Because the recording of an excellent X-ray
powder pattern for Rietfeld structure determination is still not routine, the
measurement time should not be the limiting factor.

Normally, the powder pattern is taken in the y = 45° transmittance setting of
subtractive chromatic dispersion (Figure 1), where the contributions to the ref-
lection width of the monochromator and the sample successively compensate in
the foremost part of the record, but increases in the region of 26 > 26.. The dif-

ference As (mm) on the focal circle yields [10]

(2)

Calculations for the normally used y = 45" setting are displayed in Figure 3
by contrast to the 60° one. The y = 60° setting seems to be fortunate, because

one can cope with the broadening of a few reflections in the front area of the
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Figure 2. Experimental FWHM(26) of the Ge(111) reflection comparatively measured for

CuKa, and CuKp radiation according to [2]. However, only a fine-focus tube was availa-
ble, and the used monochromator was not optimal for CuKp radiation.
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Figure 3. Reflection width displayed for two different camera settings of subtractive
chromatic dispersion. 26, represents the angle at which monochromator and sample con-
tribution to the FWHM(26) compensates.

pattern and then have many reflections with a smaller width in the rear part of

the pattern.

6. The Double-Radius Guinier Diffractometer with Image
Plate Detector and 6-Fold Sample Changer

Our activities to construct X-ray diffraction equipment began at the University
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of Regensburg in 1980 with the first automated Guinier diffractometer with a
counter tube radiation detector, state of the art at that time [11]. This arrange-
ment was supplemented with a second counter to reduce the measurement time
[12]. Later at the TU Clausthal, the idea for the construction of a double-radius
Guinier camera with /P detector and 6-fold sample changer was realized before
others took similar action (Figure 4) [1] [2] [9]. The author of this article joked
in front of visitors to his laboratory that he would not be surprised when others
possible patent claims could circumvent, if they did not construct a sample
changer with six but four or even eight places, which was then done, what a
coincidence, quickly afterwards by a German company. However, the crystallo-
graphic community is more familiar with our double-radius Gandolfi camera
with imaging plate detector and sophisticated radiation detection with a stripe
by stripe read out technique, illustrated in Figure 5 [13]. Very recently, a smart
multipurpose X-ray camera on the basis of the Gandolfi technique was proposed
by the author for simultaneous measurement of powder-like diffraction and flu-
orescence radiation of a minute single crystal [14]. In the following chapter some
practical advices are given, and the scattering angle calibration is described in
detail.

7. Scattering Angle Calibration and Practical Advices

Typical results of a calibration of the scattering angle 26 were displayed exem-
plarily for CuKa, in Figure 6. For routine use we chose the combination of two
standards: Ag-behenate [15], covering the foremost part of the pattern, and cu-
bic LaBg [16]. The special curve that shows the deviations from the calculated

Figure 4. Highly precise double-radius Guinier camera with /P detector and 6-fold sam-
ple changer adapted to a focusing Ge(111) monochromator on a micro-focus Cu tube, as
constructed in our laboratory already in 1996 [1] [9].
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Figure 5. Proposal for an IPstripe by striperead-out routine.

0.3
A(29)= a+b*29+c/(tan(29+28.5)*sin(29+37.6))+d*(1+cot(29))!
0.2
a = -0.027(4)(°) offset angle
b = -0.00270(13) Rp correction
c = 0.1212(19) vertical divergence effect
0.1 Ag behenate d = 0.197(12)mm sample displacement
—~
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Figure 6. Typical calibration curve of A28 versus 26 (calculated) using four fit parame-
ters. Standards: Ag behenate dj,, = 58.380(3) A [15], LaB, a = 4.15695(6) A (SRM 660)
[16]. The found deviations were used to adjust the affected equipment to reach a shallow
calibration profile.

20 values is caused by different shift contributions, which can be corrected quite
well by applying analytic expressions. The vertical ray divergence leads to the
superposition of Debye rings generated at a different high of the irradiated sam-
ple resulting in a pronounced 28 shifts to smaller values even in the low angle
region. This shift can be reduced by an adjusted vertical primary beam entrance
slit. However, a strong correlation to the offset angle 26, still remains. Also the
horizontal primary beam divergence should be limited by 1 - 2 mm slits to re-
duce the width of the reflection. Soller slits before the plain sample should not be
constructed by vertical stacks of stainless steel sheets but by cleaved muscovite
sheets or fused silica cover glasses coated with evaporated gold and repeatedly
arranged at a distance of 0.2 mm as described before [1]. This action prevents
fluorescence radiation by iron.

The distance of the sample on the focusing circle (Figure 2) may be controlled
first by using specimen holders finished by lapping to a thickness that deviation
less than 1 um, and by controlling the specimen thickness to only few um of
thickness, always using the same mylar foil package. Nevertheless, it remains a
small scattering angle deviation, because the flat specimen has not the curvature

of the focal circle, further by angle dependent absorption in the sample and in
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the /P detector, respectively.

The asymmetrical reflection profiles in the foremost part of the pattern as well
as the shift of the scattering angles to lower values can be scaled down, if the
read-out of the pattern would be done stripe by stripe each of high Ae = 0.5 mm
(Figure 5). Then the intensities can be merged after their projection along the
Debye ring onto the equator. This procedure was successfully applied by the au-
thor using five such stripes to collect data from a Gandolfi pattern [13].

Given the radius of curvature r,(26) (mm) of the Debye cone on the Guinier

camera equator,
7, (20)=2R, -tan(26)-sin (20 +w) (3)
the angle 26, (*) measured at the high e above the equator yields
20,(°)=26, - As>»

where Ag(°)=As/4:[re(26)— (. (207 —62)j /4. @)

In addition, if one possibly finds intensity variations on the Debye Scherrer
rings caused by a texture of the sample, one would be able to analyze its origin
with the aid of such stripe by stripe read out and correct the intensities accor-

dingly.

8. Conclusion

Arguments for routine use of CuKp radiation for the crystal structure determi-
nation from powders by the Rietfeld method were summarized, using the
Guinier method in a special setting of subtractive chromatic dispersion. A
self-constructed cylindrically bent Ge(111) monochromator focuses CuKp3 radia-
tion onto a high-resolution /P detector. The shorter wavelength in comparison
to the CuKaq, radiation allows recording of about 35% more reflections in the
accessible reciprocal space in a reasonable measuring time without significantly
decreased resolution by using a micro-focus X-ray tube. Unwanted fluorescence
radiation can be simply discriminated as enhanced background due to the large
dynamical range of the /P detector used. However, this proposed in-house
equipment applying CuKk}3 radiation may be quite ambitious in competition to
the use of synchrotron radiation. The application of a liquid-gallium-metal-jet
X-ray source with maximum power load and a wavelength of A(GaKa,) =
1.34013 A may be a more expensive laboratory alternative in future. It is rec-
ommended to complete the needed atomic scattering factor tables for Cukf and
for GaKa, radiation, respectively, in the International Tables for X-ray Crystal-
lography.
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