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The application of focusing optics to increase the primary beam intensity at the sample position of total reflection x-ray fluorescence (TXRF) spectrometers is always associated with the increase in the angular divergence, which is tolerable for TXRF to a limited extent only. The possibility to improve the divergence by means of an additional curved mirror was reported in the past. One may hope that this additional mirror corrects some of the adverse characteristics of the conventional x-ray sources, such as the angular divergence and the intensity at the sample position. In this work, a new type of the x-ray optical device with two curved mirrors was tested experimentally.

INTRODUCTION

The idea and first demonstration of TXRF were presented in 1971,1 and since then many publications have appeared describing both methodological developments and applications. The present state of TXRF was given by authors of some reviews.2(4 In the TXRF spectrometers a very small part only of the x-ray tube radiation is actually used for producing the necessary narrow beam with low angular divergence. Intensity is inherently lost when the exciting radiation beam is collimated down to a few minutes of degree. Different excitation options were compared for similar experimental conditions.5 The cut-off reflector shows lower detection limit comparing with the full spectrum excitation, because of the background reduction. The further suppression of the background is given by the multilayer monochromator but at the expense of the loss of the intensity. However, in the case of samples containing scattering materials, the multilayer may lead to better detection limit owing to the background. extremely low To reach sufficient intensity of the beam one must use powerful x-ray sources. The use of the standing and rotating anode x-ray tubes were compared for the monochromatic and full spectrum excitation.6 The increasing demand for a low detection limit requires more and more intense excitation sources to be used. The available x-ray tubes only provide the necessary minimal intensity for this technique. The only really powerful x-ray sources which exist, synchrotron facilities, appear to be unsuitable for the majority of analytical application owing to their high cost and lack of availability. 

Another approach for increasing the intensity at the sample position is to use focusing x-ray optics for concentration and preconditioning of the excitation beam.7 Application of the curved mirrors leads to an increase in the angular divergence. For eliminating this divergence the more complex x-ray optical devices are necessary. Such devices with two bent mirrors were studied theoretically for a linear source and for an ideal shape of bent mirror.8 In this work, x-ray optical device for preconditioning a parallel beam9 was tested experimentally for the extended x-ray source and the usually available precision of the bent mirror fabrication. The question was whether some complication of the optical device was compensated by a sufficient increase of the primary beam intensity at the sample position.

SHAPE OF THE BENT MIRRORS

When the curved mirror is used as the cut-off filter the most suitable shape of a bend is the logarithmic spiral (LS) due to its inherent property that the angle of incidence for the x-rays diverging from a source in the LS origin is constant relative to the curve. The reflecting x-rays converge to form a caustic as shown in Fig. 1. The intensity of the beam increases near the caustic, but the angular divergence also increases up to a value of the LS entrance angle (a. The equation of the first curve ab in Fig. 1 in the polar coordinates r and ( is given by
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where r0 and ( are linear and angular parameters of LS, the polar angle ( is counted clockwise from r0. If the initial angle between r0 and X-axis of the rectangular coordinates is 2(, the coordinates of the curve (1) are given by
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The equation of the caustic cd is given by
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and the normal coordinates of the caustic can be calculated as


[image: image5.wmf](

)

q

j

j

-

q

q

=

tg

/

0

c

e

cos

cos

r

2

x

, 
[image: image6.wmf](

)

q

j

j

-

q

q

=

tg

/

0

c

e

sin

cos

r

2

y

.   (3)

The inclination of this curve can be written as dyc/dxc=-tg( because all the x-rays reflecting from the LS are tangent to the caustic. The energy spectrum of the outgoing beam is modified by the mirror ab because the x-rays are reflected, provided that the critical angle for the total reflection is more than the LS parameter (, or are scattered if not. For conditioning the parallel beam another mirror is necessary. Its shape can be obtained by turning the curve cd in Fig. 1 around point c so that all the tangent points move along their x-rays at some distant (((). The coordinates of the mirror eliminated the angular divergence can be written in the general form as
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where xc and yc are the coordinates of the caustic (3). For compensating the angular divergence it is required that the inclination of the curve (4) is given by
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where ( is some arbitrary angle in the interval [0, (]. The expression (5) provides all the x-rays to be reflected at the angle ( to X-axis. Putting the expressions (3) and (4) into (5) one can obtain an equation solution of which gives the explicit expression for ((()
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The scheme of the x-ray optical device for preconditioning a parallel beam is shown in figure 2. It consists of two bent mirrors. The mirror A modifies the excitation spectrum and the shape of this mirror is the LS (2) with the aperture (a=(. The shape of the second mirror B is described by expressions (4), (6) with (=(/2 and this mirror eliminates the angular divergence of the excitation beam. In the case of a linear source the beam is parallel. The vertical height of the outgoing beam is given by 
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where (a is the entrance angle of the LS. The intensity distribution in the beam is irregular and can be written as
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when the x-ray radiation from the source is isotropic within the limits of the entrance angle. This expression describes the intensity distribution in the excitation beam within the approximation of the geometric optics.

EXPERIMENTAL

The geometry of the experimental set-up is clear from Fig. 3. In order to estimate the efficiency of the additional curved mirror all the experimental conditions were chosen the same as in the previous set-up1 with one curved mirror. These conditions are the distance between x-ray source and sample, vertical height of the entrance slit, and the entrance angle of the cut-off filter. The excitation source is a fine-focus x-ray tube with the Mo anode. The focus is 10.4 mm long and 0.6 mm wide. The take-off angle is about 90, giving the focus of an apparent width of 0.08 mm. The entrance slit with vertical height of 0.02 mm is placed in the origin of the LS describing the shape of the first mirror that behaves as cut-off filter. This mirror is the optical glass plate coated with the Nb layer of 100 nm thick. The reflecting surface of the mirror is described by the expression (1) with the parameters: r0=50 mm, ( = 3 mrad, (a = 2 mrad. The second mirror has the behaviour of an optical collimator. It is the optical glass plate without any coating, because the largest grazing angle for the radiation on this mirror ((a/2 = 1 mrad) is less than the critical angle of total reflection of the glass for Mo Kα radiation. Owing to the shape of this mirror described by expressions (4), (6) with (=0, x-rays impinging on it at different angles are reflected in one and the same direction forming a parallel beam with the height of 0.034 mm.

MEASUREMENTS

The multielemental standard sample containing some elements was used to compare the intensities of the beam at the sample position. The new x-ray optical device was compared with previous one consisting of one mirror bent into logarithmic spiral.7 In each measurement, the TXRF set-up was optimally adjusted for producing the maximal intensity of the K( lines of the elements while the background remained small enough. These measurements have 
Table 1. Counts in the K( lines of the elements containing in the multielemental standard sample for the previous (N1) and new set-ups (N2), T=1000 s, 30 kV(10 mA.
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shown (Table 1) that the intensity of the secondary radiation from the standard sample was increased 4 times or so with the new x-ray optical device, whereas the intensity of the background peak of Ar was unchanged. The spectra of the standard sample measured with the different configurations of the TXRF set-up have shown in Fig. 4. For the visual demonstration the measurement with new optical device was performed at the x-ray tube power 2 times less than with the previous one. Nevertheless, the intensity of the secondary radiation from the elements contained in the sample is 2 times more with the new optical device while the peak of Ar is 2 times less. This measurement shows that the intensity of the beam at the sample position was increased with the new optical device due to the concentration of the primary radiation in the thinner beam with small angular divergence. The full intensity of the x-ray radiation was unchanged.

DISCUSSION

Most of available x-ray optical devices use the flat total reflection mirrors or multilayer monochromators for modifying spectrum of the excitation radiation beam. In all these cases the intensity of the outgoing beam is less comparing with common collimating.5 The use of the focusing cylindrically curved multilayer mirrors10 as well as concentration of the primary x-rays on the analysed area11 gives the better detection limit comparing with reference devices. The x-ray optical device described above shows the significant increase of the excitation beam intensity at the sample position. Further improvements are possible with the more compact set-up (Fig. 5), where the x-ray optical device is adjusted relative to x-ray tube so that the origin of the LS is placed on the apparent focus spot of the x-ray tube. In this set-up the intensity of the excitation beam is increased comparing with the prototype instrument, because the distance between x-ray source and a sample is reduced and the intensity at the focus spot is much more comparing with that in the entrance slit (Fig. 3). A focus spot of the available x-ray tubes is relatively broad (approximate optical focus width is 40 μm or more), therefore a collimator is placed at the end of the optical device for separating the outgoing parallel beam from the diverging x-ray radiation. Estimations show that in this case the excitation beam intensity is 7(10 times larger compared to that achieved with common collimating. The monochromatic excitation beam is obtainable with replacing the first mirror by the multilayer. In this case the second total reflection mirror has to have the suitable coating. 

The gain of the excitation beam intensity in comparison with the common collimating depends on the LS parameters (a and (. The values of these parameters are determined by the x-ray energy and the optical properties of the applied reflectors. One can see in Figure 6 that the larger entrance angle can be used for a given vertical height of the beam with large values of the angular parameter (. The calculations have been carried out for the Mo K( energy (17.5 keV) and for the following mirrors: Nb or Mo coating ((=10 min of arc), a multilayer structure ((=50 min of arc). The curve (=23 min of arc has been calculated for the Cu K( energy (8.02 keV) and the mirror with the Ni coating. One can see that a very thin parallel beam can be obtained with the multilayers, and a lower transmission ratio of such a mirror can be compensated to a certain extent by the larger entrance angle.

CONCLUSION

The measurements performed with the prototype instrument show that some improvements of the focusing x-ray optics lead to the significant increase of the excitation beam intensity at the sample position. Though the intensity distribution and the angular divergence of the beam has to be measured more carefully, it is clear that the focusing optics with the parallel outgoing beam can substantially increase the sensitivity of TXRF instruments with the available x-ray tubes. This study has shown that the x-ray radiation of the available x-ray sources can be used more effectively. Therefore, the TXRF instruments for routine laboratory analysis will be not so expensive.
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Figure 1. Properties of the logarithmic spiral. O is the x-ray source, ab is the reflector in the form of LS, cd is the caustic.
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Figure 2. The optical scheme providing the parallel beam. O is the x-ray source, A is the cut-off filter, B is the convex reflector eliminated the x-ray divergence.
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Figure 3. Experimental set-up.
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Figure 4. Spectra of a multielemental standard sample measured with different TXRF set-up. a) Bent cut-off filter, 7 V=30 kV, I=10 mA. b) Set-up with parallel beam, V=30 kV, I=5 mA.
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Figure 5. Scheme of TXRF spectrometer with parallel excitation beam.
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Figure 6. Vertical height of the parallel beam as a function of the entrance

angle of LS for the different values of the angular parameter (.
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