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Abstract—A design of an X-ray echelon—-monochromator based on semitransparent plates of pyrolytic graph-
ite is described. The results of comparative tests of 0.5- to 1-mm-thick standard pyrographite monochromators,
46- to 180-um-thick semitransparent plates, and an echelon-monochromator comprising three semitransparent
plates are presented. An increase in the peak and integral reflectivity by 55 and 13%, respectively, is achieved
in comparison to the best standard monochromator. The possibility of controlling the spectrum band is shown.

Pyrolytic graphite monochromators are widely used
in X-ray measurements with radiation energies exceed-
ing 5 keV. This is determined by the highest integral
reflectivity R, of pyrographite [1], the possibility of
depositing pyrographite on surfaces of specified pro-
files [2, 3], and a-simpler adjustment procedure due to
a lower required angular adjustment accuracy than for
Si, Ge, and quartz crystal-monochromators. However,
the pyrographite peak reflectivity R,,, which is defined
as the maximum ratio of the total intensity of diffracted
radiation to the intensity of the incident quasi-parallel
monochromatic beam, is smaller than the R, of perfect
Si crystals and multilayer X-ray mirrors [4, 5], for
which R, > 0.7. In addition, monolithic pyrographite
plates and other crystal-based monochromators have
fixed passbands that can be varied only by replacing the
monochromator.

Here, we propose to replace a thick monolithic
monochromator plate with a set of successive semi-
transparent plates, for which (u, + 1)L < 1, where Y, is
the linear attenuation coefficient, y, is the extinction
coefficient, and L is the radiation path length in the
material. As shown below, for mosaic pyrographite
samples with mosaic blocks spread within an angle less
than 0.6° in the diffraction position, the relation t, 2 1,
takes place. When the plates are separated along the
beam by spacings, ensuring the free exit of the dif-
fracted radiation, the effect of two negative factors—
the attenuation caused by scattering and photoabsorp-
tion and the diffraction shielding by previous mono-
chromator layers—simultaneously decreases. There-
fore, when using an echelon of semitransparent plates,
a significant increase in the reflectivity in comparison
with a monolithic structure can be expected.

Pyrolytic graphite plates 0.5 and 1 mm thick (pro-
duced by the NII Grafite), supplied as monochromators
for X-ray diffractometers, were taken as the initial
material and reference samples.

Samples with an area of 0.6-0.9 cm? and thickness
d = 46-180 um were cut from these plates. The values
of d presented in this paper were obtained by measure-

ments of X-ray beam attenuation at fixed angles of inci-
dence on the sample surface for the tabulated values of
the density 2.23 g/cm® and mass attenuation coefficient
4.67 cm?/g of pyrolytic graphite. Thickness measure-
ments with a mechanical indicator yielded results that -
were overestimated by 10-20 pm for all plates. The
most probable explanation for this effect is the rough-
ness of their surfaces.

Figure 1 shows a diagram of the measuring system
based on a JIPOH-3 diffractometer. The radiation from
X-ray tube I with a copper anode was monochromated
by Si(111) single crystal 2 rotatable about the axis O,.
The characteristic line CuK; was selected from the dif-
fracted beam by a 0.05-um-wide vertical slit 3. The
beam was additionally bounded and centered in the ver-
tical plane by a 3-mm-wide horizontal slit 4. The first §
and third /0 pyrographite plates (along the X-ray beam
propagation direction) were mounted on rotating
sleeves 5 and 7 attached to heads for orienting single
crystals. The heads provided translations of samples
along the beam, perpendicular to it, and their rotations
in the plane perpendicular to the beam. Plates § and /0
were independently adjusted for the angle of diffraction

Fig, 1. Schematic diagram of the measuring system: (/) X-ray
tube; (2) crystal-monochromator; (3, 1I) vertical slits;
(4) horizontal slit; (5, 7) rotating sleeves; (6) standard
holder; (8-10) pyrographite plates; (/2) detector; and
(13, 14) heads for single-crystal orientation.
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by rotating the sleeves about axes O, and O, aligned
with the X-ray beam plane during adjustment. The sec-
ond plate 9 (along the beam propagation direction) was
set in standard holder 6 for flat samples aligned with the
principal axis O; of a horizontal type GUR-8 goniome-
ter. The distance R between axis O; and the slit 1/ was
190 mm, and the distances s(0,—~0, and 0,-0,) were
35 mm.

Before the plates were set in a row according to the
diagram in Fig. 1, the following measurements of sep-
arate pyrographite samples were performed.

(1) Detector 12 was mounted on the incident-beam
axis, and the radiation intensity /, was measured. Then,
pyrographite plates were alternately placed into the
central holder 6. Plates were rotated and fixed at the
angles ©, = 15° and ©, = 30°, and the radiation inten-
sities I, and I, transmitted through the sample were
measured. The X-ray beam width near axis O; was
below 100 um. When our samples, with the width b =
6-8 mm, were set at an angle © > 10°, their dimensions
in the direction of the incident radiation were bsin® >
1 mm, i.e., the samples obviously overlapped the inci-
dent beam. The plate thickness d was determined from
the results of measuring the attenuation at the angles ©,
and O, (see table).

(2) In the detector position on the incident-beam
axis, the angular position, in which the minimum trans-
mitted beam intensity was observed (i.e., the diffrac-
tion-caused extinction was maximum), was found by
rocking samples in the vicinity of the Bragg angle Op.
Angular dependences of the transmission intensity
IT(®) were recorded at a fixed detector position within
an angular range of ©p ~2° to O + 2° (Fig. 2). Using
this data, the angular half-width of the transmission
curve Awy (see table) and (by normalization) the angu-
lar dependence of the transmittance 7(©) and Ty, were
found. The comparison of the relative intensity varia-
tion (Fig. 2) and T, values shows that, as a result of
extinction, the attenuation near the Bragg angle
increases by a factor of approximately 2.
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(3) Detector 12 was set to the maximum of the
(0002) diffraction refection. At a fixed position of the
detector with a 1-mm-wide receiving slit /1, the reflected
intensity I8(©) was recorded within an angular range of
Oz —2°to O + 2°. Then, the sample was removed, and
a reference measurement of the incident-beam intensity
I, was performed. The data allowed us to determine the
integral reflectivity R,, the peak reflectivity R,,, the half-
width Awg, and (after normalization) angular depen-
dences of the reflectivity R(©). These measurements
were performed for the semitransparent plates and for
the 0.5- and 1-mm-thick reference samples (see table).
The minimum transmission and maximum reflection of
the semitransparent plates were observed in the same
angular positions.

The plates with the maximum ratio R,,/(1 — T) were
selected for placement in the echelon—monochromator.
The echelon was adjusted with detector /2 set up on the
forward-beam axis. Plates 8—10 were placed in holders
5-7, respectively, and were adjusted sequentially. At
first, each pyrographite plate was set parallel to the
beam and was moved perpendicular to it until the max-
imum signal attenuation (caused by shutting the inci-
dent beam) was reached. Then, rotations about axes
0,~0, made it possible to find the angular position in
which the minimum transmittance, corresponding to
the maximum reflectivity, was provided (see above).
Subsequently, angular scanning within a 20 range of
—2° to +32° was performed with detector /2 (Fig. 3).
The angular shift 2A0 of diffraction peaks observed in
the diagram is caused by the linear shift s in opposite
directions of the axes of rotation of the first and third
echelon plates, with respect to the detector axis of rota-
tion. According to the measurement geometry in Fig. 1,
the angular shift of the Bragg maximum is described by
the following expression:

A20 = arctan(ssin20/ R’ — (ssin2@))). (1)

Our setup has s = 35 mm and R = 190 mm, and we
obtain A;(20) =-A,(20) = 4.7°, which is observed in

Sample d, um R, x 10° R, Triin Awp, degree | Awg, degree
Reference 1000 474 0.31 - 0.8 -
Reference 500 461 0.26 - 0.85 -
Reference 1000 527 0.28 - 1.05 -
Plate 1 76 290 0.29 0.46 0.56 0.56
Plate 2 46 204 0.22 0.60 0.50 0.50
Plate 3 71 300 0.28 047 0.57 0.56
Plate 4 180 370 0.25 0.26 0.82 0.92
Echelon (P) 193 541 0.47 0.13 0.61 -
Echelon (N) 193 595 0.35 0.23 0.92 -
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Fig. 2. Angular dependences of the transmission intensity under ©-rocking (20 = 0 = const) for separate plates of the echelon-mono-
chromator: (1) plates 8 (see Fig. 1); (2) plates 9; and (3) plates 10.

the angular diagram. The linear shift results in the same
change in the angle of radiation incidence on the detec-
tor. However, since the angular variation is small, an
increase in the attenuation in the beryllium window of
the detector can be neglected.

When scanning was completed, a reference mea-
surement of the incident-beam intensity [, was per-
formed. The peak reflectivity R, of the echelon was
defined as ({,,, + 1,5 + I,3)/1y, where I, 1,5, and [ 3
are the intensity maxima in the angular diagram result-
ing from scanning. Because shafts O, and O, were not
interconnected by an electromechanical drive, it was
impossible to measure the integrated echelon reflection
intensity for the synchronously rotating plates. Accord-
ing to measurements of angular profiles of incident and
transmitted beams for samples with d < 100 pm, the
angular profile broadening even in the diffraction posi-
tion was about rocking 0.003°, i.e.. negligibly small in
comparison to the half-widths Awg and Aw; of the
curves for 20 = const (see table). This means that R,
and the angular dependences of the echelon reflectivity
R¢(®) can be calculated from experimental reflection
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and transmission curves for each separate plate. In gen-
eral, for an echelon consisting of n plates, we may write

¢
R, = [R©)dO = [[R(0+49)

L4

P2

Py (2)
+ 2 R,(© + A(Pi)H T,_((©+A¢,)]dO,

i=2 i=2

where T(© + Ag;) and R(O + A) are the transmittance
and reflectivity of the ith plate, respectively, Ag; is the
angle of deflection of the ith plate from the current
angle ©, and [@,, ¢,] is the range of synchronized angu-
lar sweeping of the echelon plates (¢; < Oz < ¢,). The
angle of rotation of the first (entrance) echelon plate is
convenient to be taken as the current angle. Then ¢, =0,
and the other @, can be considered as angles of rotation
of the echelon plates with respect to the entrance plate.
As an example, Fig. 4 shows the measured dependence
R(©) for the central echelon plate (curve /) and calcu-
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Fig. 3. Angular dependence of the raflection and transmission intensities of the echelon-monochromator for 2@-scanning with a

detector (© = 13.2° = const).
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Fig. 4. Angular dependence of the reflectivity for @-rocking: (/) central plate of the echelon-monochromator; (2) echelon-mono-
chromator with mutually parallel pyrographite plates; (3) echelon-monochromator with the second and third plates turned by 0.35°
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and —0.35°, respectively, relative to the first plate.
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lated dependences for an echelon of three plates with
zero angles of rotation (parallel orientation) and with
the second and third plates turned by 0.35° and -0.35°
with respect to the first plate (curves 2 and 3). The eche-
lon parameters corresponding to these orientations are
labelled by the letters P and N in the table. As seen from
the above data, nonzero angles of mutual plate rotation
lead to a larger half-width of the function R(®) and,
thus, to broadening of the passband of reflected and
transmitted radiation. Note that. despite a decrease in
R,,, R, rises significantly, because the radiation attenua-
tion due to extinction drops sharply. The same factor
causes an almost twofold increase in the echelon trans-
mittance in the nonparallel orientation.

The table shows that the optimally adjusted eche-
lon—monochromator exceeds standard industrial speci-
mens of massive pyrographite in the peak and integral
reflectivities. However, in this case, monochromatic
radiation is split into several beams. Note that the min-
imum acceptable distance O,-0: and O;-0O, between
the rotating echelon shafts equals the plate width (with
the possibility of rotating past 360°). For the most
widely used CuK,, radiation and b = 6 mm, the shift of
the outer beams with respect to the central beam is
2.7 mm. The entrance window diameter of most of
detectors exceeds 10 mm (e.g.. 16 mm for BIC-7).
Therefore, despite the beam splitting, the echelon-
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monochromated beam can be guided through a multi-
ple-slit diaphragm to a single detector.

The proposed echelon—-monochromator is espe-
cially efficient in X-ray reflectometers and small-angle
cameras. It can also be utilized in X-ray diffractometers
for phase analysis in the position of a crystal-analyzer.
The potential of utilizing other properties of the eche-
lon (selection of spectral lines and control of the oper-
ating spectrum band) will be considered in detail in the
next paper.
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