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Abstract

A novel type of x-ray diffractor based on a pseudo—spherical stepped geometry is
proposed. Theoretical parameters of three possible devices based on this geometry,
a high-resolution 'post’ monochromator for spin—dependent x-ray absorption, a x—
ray microanalyser and a x-ray photoelectron spectrometer for chemical analysis
(ESCA), are discussed. The efficiency of this flexible optical scheme for each one
of these x-ray devices is calculated and found to improve substantially the existing
devices based on the spherical geometry.

PACS.: 07.85.+n; 29.30.Kv; 82.80.Ej



I. INTRODUCTION

In many x-ray spectral devices, x-ray characteristic radiation is generated by a small area
out of the entire sample surface. In such a case the source can be considered point—like, this is
‘the case, e.g., of a x-ray scanning microanalyser or a x—ray spectral apparatus employing
focused primary x-ray radiation. For instance, in the x-ray CAMEBAX microanalyser with
160 mm focal circle radius the size of the electron probe is approximately 2 mm of diameter.
The conventional focusing technique is made either by a cylindrically curved crystal (Johann
method [1]) or by doubly curved on spherical or toroidal surface crystal monochromators.
These diffractors focus the monochromatic radiation onto the entrance slit of the detector.
According to Bragg's equation, the spectral resolution AM/A of the systems, depends both on @
and AO:

AAMA=AB/tan O (1)

The intensity of the monochromatic radiation is proportional to the area of the diffractor surface
that reflects the x-rays under the given Bragg's angle 0 within the range +A0. However, by
increasing the area a widening of the aperture ratio of the diffractor occurs which is associated
to a simultaneous decrease of the spectral resolution.

In the last decade analytic investigations on shape and size of the reflecting area of a crystal—
monochromator surface employing different focusing methods, have been carried out [2-5].
Indeed, x—ray diffractors with a double curved crystal, provide significantly greater aperture
ratios compared to that obtained in Johann geometry. For a device with an incidence angle
0>20° and a crystal height L<0.1R, the reflecting surface projection on the XZ plane, is
rectangular and the projection on the focal circle plane (XY plane) is an arc of radius R=2r,
where r is the focal circle radius. The shape of the reflecting surface allows to estimate the
parameters for a pseudo-spherical diffractor with a stepped surface [4] and, in the case of
constant step height, the aperture of this diffractor is shown to exceed that of a spherical curved
crystal diffractor by several times. '

In the present work a stepped diffractor based on different step condition with a constant
angle width (¢—const) has been considered. We will demonstrate that the efficiency of this
diffractor is superior to that of a similar diffractor designed with the constant step height (h—
const condition). The dependence of the diffractor aperture on the Bragg's angle and the
magnitude of resolution will also be presented. Moreover, the diffractor parameters of three
different x—ray spectral diffractor devices will be discussed.

II. DIFFRACTOR LAYOUT AND PARAMETERS

Figure 1 shows the scheme of the stepped surface diffractor projected into the focal plane.
In the XZ plane each step is a strip of length L (crystal height) along the z—axis. The step lies on



a spherical surface of radius R; where R;=0A;, O' is the center of the focal circle and h;=8D;
is the height of the i—th step. In the plane of Fig. 1 the steps are shown as arcs of size

2‘P£=2(A£Bi)* where i = 0, 1,..., N.
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FIG. 1 - Scheme of the stepped
surface diffractor under the
@=const condition (¢ 1s the half
width—angle of the i—th step) in the
focusing circle plane. OAy=Ry=2r
wherer is the focusing circle
radius; Aj is the point of
intersection between i—th step

- surface and the focal circle; OA; is

the curvature radius of the i—th
step; B,D;=A; is the height of the i~
th step; S is the focusing point; O’
is the centre of the focal circle; and
E;B; is the portion of the i-th step
shadowed by the (i+17)-th step.

In the following we present the calculation scheme for this diffractor. The value of A
was calculated for given magnitudes of A, AA and 6. The initial value ¢y=Y, was determined by

using the following equation (Ref. 2)

2A0= X2 cot 0 + X3 cot2 8 — XZ2cot? 6 (2)

Equation 2 determines the coordinates of the boundaries of the reflection area on the
spherical crystal surface. Radius Ry=2r establishes the curvature of the central step. When the
focal circle radius r is fixed, the parameters of the other steps are evaluated by using the

following formulae:

R;=R;_ sin(y;_1) / sin(A;)

tan(al) = \/Roz -~ Riz / Ri

Yi= O+

(3a)

(3b)
(3c)



Qi = o — Ai (3d)
where a; =Ag0A;, A;=A(OD;, ¥;=A(0B; and ¢;=A;0B; (i>=1). The magnitude of A; is
function of the model. For a diffractor designed under the constraint with h=const, it 1S

tan A;= R;_;sin(y;_;)/ (Ry_jcos(y;_y)-h) (4)

while for our proposed diffractor A, is evaluated by using an iterative method according to each
different @=const condition. The source is located on the focal circle, so that the half-width

angle of the diffractor on the focal plane, excluding the areas where shadow effect occurs, is
calculated as:

Q=2(Q + ) Q) (5)

Qo=A(SEy and Q.=D, ,SE;. Taking into account the increase of the angle width of the
reflecting surface, the diffractor aperture ratio is given by the central step aperture times the
factor CY€2,.

II11. RESULTS AND DISCUSSIONS.

Table I reports the results obtained for both the A— and ¢—const conditions. In order to
compare the two models we performed calculations with the same set of parameters discussed
in Ref. 4, i.e., focal circle radius =50 mm, Bragg's angle 6=22.76°, h=0.15 mm and central
step width 3.87 mm. For the A—const condition the step number increases as its size decreases.
As a consequence, the diffractor aperture of the ¢—const diffraction is bigger because of the
large size of the device, i.e., for i=7, By increases from 15.05 mm to 38.60 mm, despite the
step being the same in both cases. Comparative studies for different kinds of diffractor devices
support the advantage of a device based on the ¢—const approximation.

One of the most important and interesting property of a stepped diffractor at ¢—const
condition is that increasing the aperture ratio does not determine reduction of the resolution. As
a matter of fact in some cases (Fig. 2) both a high aperture ratio and a high resolution arise.
This advantageous condition is fulfilled for different Bragg's angles and focal circle radii. Fig.
3 reports the dependence of the diffractor aperture on the Bragg's angle for resolution
parameters in the range 5 10~5<AMA<10~4. This interval corresponds to the range of modem
high resolution spectrometers [7,8] and coincide with the typical silicon rocking curve width
(5") [9] in the angular range 25°<0<45°. This curve shows a sharp maximum at 8=44°, and a
significant increase in aperture occurs at 8=42°, 43° and 45°. However, the average value of the
aperture in this range is always greater than 0.058 sr with variations in the range of 15%.
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TABLE I - Theoretical parameters for two stepped diffractors: h—const model [4]
and @—const model (see text).

h=0.15 mm (h-const) i ¢=1.6° (@-const)

Rimm) | o(deg) | Bymm) | Rijmm) | hignm) | By(mm)

qmm&uwmo.

l

i— step number (starting from the middle of the diffractor — Fig. 1);

R;j — radius of i-th step;

¢ — half width angle of the i—th step;

h; — height of the i—th step (h;=B.D; is the distance from the end of the i—th step
to the beginning of next step (i+1) along OY -Fig. 1);

By — x coordinate of the end of the i-th step.
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FIG. 2 - Angular aperture of a stepped diffractor built under the ¢=const condition as a
function of resolution. Curves 1 and 3 correspond to 8=45°; curves 2 and 4 to 6=30°.
Curves 1 and 2 are calculated for a focusing circle of =160 mm and a diffractor height of
L=16 mm, while curves 3 and 4 are calculated for a focusing circle of =100 mm and a
diffractor height of L=100 mm. |



- | T ; T T I I l ! I | | I r i ' r l -

— -1

0.10 — 1 —_—
0.08 — —

a ] | .
L 0.06 —
Eﬂ _ '//'/\//'VJ ~
g - :
@ 0.04— ]
i ]

0.0 — .

= -

000 i l 1 1 ! L l L | i i I | 1 ] i [ L i ! | I i

<0 - 30 40 50 60

Angle (8)

FIG. 3 — Acceptance of a stepped diffractor device as a function of the Bragg s angle in the
resolution range 5 10-3<ANA<104.

Table II reports the parameters of a diffractor for x-ray absorption near edge spectra
(XANES) at the Ce Ly—edge (4=2.012 A) having resolution of ~9 10-5 and a focal circle radius
r=400 mm. To provide the focusing conditions, thin crystals (0.2-0.5 mm) of Si (220),
primarily cut into strips according to the step size and curved and glued on a spherical surface
may be used as diffraction elements. The Bragg's angle corresponds to the value 2d=3.84 A [9]
and the aperture is equal to 0.065 sr for a vertical size of the device of L=100 mm. Such a
spectrometer exhibits an aperture ratio more than 50O times larger than a spherically curved
crystal. Calculation also shows that an angular scanning of the spectrum in +1° range from the
given value of 8=31.6° changes the resolution and the aperture ratio by only 2%. However,
this small angular range is enough to measure a typical XANES spectrum, since it corresponds
to an interval of ~300 eV. To obtain XANES spectra of other chemical elements i.e., at
different energy, it is necessary to substitute the above diffractor with another set of crystals, or
to change the Bragg's angle.

Other kind of x-ray devices widely used are x—ray microanalysers. These last need a high
aperture ratio but are not so demanding in resolution (AA/A >1073). For these instruments the
diffractor surface could use plates of muscovite (mica), which provides high plasticity. In
Tables IIT and IV diffractor parameters for a microanalyser CAMEBAX—micro type with 160
mm focal circle radius are reported. To analyze Cu (Z=29) and Ti (Z=22) elements the LiF



crystallographic planes (220) and (200) under the Bragg'sangles of 28.96° and of 38.38°
respectively should be used. For a diffractor height of L=16 mm a great aperture (0.024 sr)
associated to a moderate resolution of AA/A=3x10"* is obtained for the first case, while in the
second case an aperture of 0.023 sr and a resolution of AA/A=5x10"4 are calculated. The gain is
estimated about 15-30 times depending on the crystal size and the applied focusing technique of
the microanalyser channel.

TABLE II - Theoretical parameters for a stepped diffractor (¢—const model)
calculated at the Ce L, absorption edge (g =0.47°).
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(For parameters description see Table I).



TABLE III - Theoretical parameters for a stepped diffractor (¢—const model) for
a microanalyser at the K edge of Cu (@g =0.76°).
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(For parameters description see Table I).

TABLE IV - Theoretical parameters for a stepped diffractor (¢—const model) for
a microanalyser at the K edge of Ti (gg =1.45°).
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(For parameters description see Table I).



TABLE V - Theoretical parameters for a stepped diffractor (¢p—const model) for
an ESCA specuometer (tpo =]1.33%)

(For parameters descnpnon see Table I).

The above x-ray devices do not represent all the applications of a stepped diffractors. Other
experimental apparatus could implement these devices. The characteristic radiation of the x—ray
photons (Al Ka or Mg Ka) of an x—ray photoelectron spectrometer (ESCA), when absorbed
by the sample, are known to induce the appearance of free photoelectrons. The intensity and the
contrast of x—ray photoelectron spectra are remarkably magnified by intense incident quantum
flux. In addition, if the x-ray radiation is focused in a small probe the possibility of local x-ray
electron analysis appears. The properties of the stepped surface diffractor like that described
above permit to design also new XPS spectrometers allowing high contrast spectra of micro—
sample. In Table V the diffractor parameters for an x—ray monochromator at the Mg K« energy
(A4=9.89 A) are also reported. An acceptance of 0.17 sr is obtained with the followmg
parameters: focal circle radius of »=100 mm, diffractor height of L=20 mm and resolution
AM/A=8 10-4. The x-ray beams is diffracted by the muscovite planes (001) at 6=29.90°
(2d=19.84 A). This diffractor has only eight steps but the advantage in intensity over a
spherical curved crystal is estimated to be about 15 times.

IV. SUMMARY AND CONCLUSIONS

A new type of pseudo—spherical stepped x-ray diffractor device with step subtending a

constant angle width is proposed. The main advantage of this diffractor is that large output is
coupled with a good spectral resolution when required.
Detailed geometrical and physical parameters have been presented for three different
applications: high resolution 'post' monochromator for spin—dependent x-ray absorption
experiments, x-ray microanalyser, and x-ray photoelectron spectrometer for chemical analysis
(ESCA).
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