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Total reflection X-ray fluorescence analysis 

R. Klockenkamper. Wiley: New York. 1997 



The wavelength of X-ray radiation is equal or smaller as the distance between 

atoms. So, the Fresnel approach to description of X-ray beam interaction with 

matter is not right, principally. The refractive index is form nm=em
1/2=1-dm-ibm 

is not characteristics of medium, it is the local parameter in every points of 

material. Vacuum and material must be described by potential. Vacuum 

potential is constant and the potential in material volume is the function of 

coordinates. The motion of photon with energy E=ẃ (wx-ray~1019 sec-1) in field 

with potential V(x,y,z) can be presented by Schrodinger equation for the vector 

potential 

X-ray beam interaction with material 
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The behavior of electromagnetic s-wave at two 

angles for incidence on the vacuum ï material 

interface. Vacuum potential is equal 0, the potential 

of material ï V(x,y,z). Dashed line presents the 

average potential position. z0 is the interface 

geometrical boundary, Dz is the area of potential 

changing. l1 and l2 are the wavelengths in vacuum 

and material medium, accordingly. dV are the values 

of potential modulation by the electron density 

irregularity. 

For the total reflection the equation has the solution 

in form qc=arcsin (w/(hw-DV)) 



Sources of the waveguide-resonance idea appearing for propagation 

of the quasimonochromatic X-ray flux  
1. The phenomenon of X-ray beam total reflection on the material interface. 

A.H. Compton, The total reflection of X-ray // Philos. Mag. V45. 1923. pp. 1121-1123. 

2. The effect of X-ray beam transportation by quartz capillary in response to the multiple total reflection 

mechanism and development of the polycapillary optics. 

P.B. Hirsch, J. Kellar , An X-ray microbeam technique: I-collimation // Proc. Phys. Soc. Lond. Scr. B64, 

1951. pp. 369-374. 

M. Kumakhov, F. Komarov, Multiple reflection from surface X-ray optics // Phys. Rep. V191. 1990. pp. 

289-352. 

3. The building of X-ray planar waveguide. 

E. Spiller, A. Segmuller, Propagation of X-ray in waveguide // Apply Phys. Let. V24. 1974. pp. 60-61. 

4. The elaboration of X-ray ñslitlessò collimator. 

T. Mingazin, V. Zelenov, V. Lejkin , Slitles collimator for X-ray beams // Instrum. Exp. Tech. V24 (1, part 2). 

1981. pp. 244-247. 

5. The Borrman effect or the anomalous transmission of X-ray flux through thick material monocrystal and 

theoretical explanation of the effect. 

G. Borrman , Uber extinktion der rontgenstrahlen von quartz // Z. Physik. V42. 1941. pp. 157-162. 

Von M. Laue, Die absorption der rontgenstrahlen in kristallen in interferenzfall // Acta Cryst. V2. 1949. pp. 

106-113. 

6. The experimental observation of X-ray standing waves at the Bragg reflection. 

B. Batterman, Effect of dinamical diffraction in X-ray fluorescence scattering // Phys. Rev. V133. 1964. pp. 

A759-A764. 

7. The experimental determination of X-ray standing waves at the X-ray flux total reflection on the material 

interface. 

M. Bedzyk, G. Bommarito, J. Schildkraut , X-ray standing waves at a reflecting mirror surface // Phys. 

Rev. Lett. V69. 1989. pp. 1376-1379. 



Scheme of the pioneers experiments showed the X-ray 

flux propagation through quartz slitless collimator 

1. The slitless collimator formed by quartz polished reflectors assembled together lets pass 

some part (~1%) of X-ray flux irradiated by X-ray tube but it blockades the propagation of 

the visible light. 

2. The liquid captured by the slitless area blockades the X-ray radiation propagation through 

the slitless channel. 

3. The pressure of the slitless collimator leads to decreasing of the passing flux intensity. 

4. Authors of first experiments with slitless collimator decided that the passing flux is the 

result of reflectorôs surface nonaccuracy preparation (T. Mingazin, V. Zelenov, V. Lejkin. 

Slitless collimator for X-ray beam // Instrum. Exp. Tech. V24 (1 part 2), 1981, pp. 244-247). 



The idea of the planar extended narrow air slit 

clearance preparation for all size interval from slitless 

collimator to macro slits 

1. For the slit clearance preparation for size interval 0-6000 nanometers we used the 

electron beam deposition technology. This method allows to deposit thin film coatings 

on edges of one reflector. 

2. Slit size interval 6-150 micrometers was studied by application of Cu film gaskets 

between SiO2 reflectors. 

3. X-ray radiation guide was prepared by assembling of reflector with edge strips and 

pure reflector, or by assembling of two pure reflectors and two gaskets between them. 



Simple scheme of Ti thin film deposition on edges 

of PXWR quartz reflectors 

1. Electron gun.  

2. Focussing system.  

3. Ti boule target.  

4. Quartz reflector.  

5. Vacuum volume of the chamber.  

A and B are positions of the critical 

sample-witnesses on Al  shield protected 

the reflector surface formed the 

waveguide-resonance channel. 

h - distance between Ti target and SiO2 

reflector.  

l - reflector length. 

Dl - size of the irradiating surface. 

 



Strips deposition on quartz reflectors and indentity 

providing of its thickness 

The principle scheme of Ti strips deposition on the reflector edges. 10 control SiO2/Si substrates 

(10x10x0.3 mm3) are situated along Al  sheet are used for identification of the strip thickness 

along the reflector length (l=100 mm). The distance target - reflector h was equal 1000 mm. The 

Ti deposition rate was 0.1 nm/sec. The deposition was carried out on the L-560 Leybold AG 

apparatus by electron beam evaporation method. 

Experimental and theoretical RBS spectra He+ (E0=0.9 

MeV) for the control targets Ti (105 nm)/SiO2 (570 nm)/Si 

prepared in the strip deposition procedure. Channel price 

1.9 keV/channel. Strip thickness variation for our 

procedure was near 1% along reflector. 



Geometry scheme for the waveguide slit width 

measurement by means of the attenuated total 

reflection method* for the light radiation  

Procedure was created for the 

measurement of a clearance in 

the X-ray slitless collimator. 

Graduation curve was calibrated 

by using waveguides with slits 

S1=43 nm, S2=88 nm, S3=115 

nm, S4=192 nm, S5=700 nm. 

These sizes was determinated by 

using RBS method. Clearance 

size of slitless collimator was 

varied in interval 0-60 nm. 

*Total information about the method: N.J. Harrik, Internal reflection spectroscopy. New York: Wiley. 1967. 



Schematic design of waveguides with air core used for the 

study of X-ray beam propagation through a narrow air 

extended slit 

Slitless X-ray collimator is the simplest planar X-ray waveguide-resonator (PXWR), which realizes of 

the radiation superstream. PXWR contains two planar polished dielectric reflectors (6) disposed on some 

distance between them. This distance is strictly fixed on all PXWR length. Itôs magnitude is defined by 

the thickness of metallic coatings (7) deposited on edges of one PXWR reflector. Second reflector is 

located on free surfaces of coatings, and the slit space appears in the center place of the waveguide 

assemble. The coating deposition technology must guarantee the coating thickness permanency on all 

stretch of PXWR. The absolute value of the thickness is determinated by RBS of He+ ions. Quartz glass 

is used as the reflector material. 

X-ray waveguide assemble is accommodated into the duralumine holder (5) supplied by four 

microscrews (4) with fixing springs (3). The installation plate (2) sets up on the standard X-ray 

diffractometer instead of the conventional slit-cut former. The holder mobility is characterized by one 

translational and two angular degrees of freedom. (1 - Thumbwheels.) 

a b 



Measurement setup for intensity spatial distribution 

study of X-ray quasimonochromatic radiation in 

beams formed by planar X-ray waveguides 

Minimum angular step of the detector unit is 0.001 ̄(2q). 

Waveguide 

holder Detectors slit 

Scintillation 

detector 



Scheme of facility for X-ray intensity spatial distribution 

study in beams formed by PXWR and conventional slit-cut 

systems and energy distribution in the beams 

The deposition of white radiation in the count after a pulse discriminator unit is not 

higher 5% for tube BSW-24 (Co) regime U=20 keV, I=10 mA. 



Scheme of experimental layout for investigation of an X-ray characteristic radiation (CuKab) 

intensity spatial distribution in the beams formed by waveguides and results of these 

measurements. l1=75 mm, lPXW=100 mm, l2=60 mm, l3=400 mm, S2=0.1 mm, A-attenuator (factor 

for CuKab K=200). X-ray characteristic intensity spatial distributions collected at the tube (Cu) 

regime U=20 keV, I=10 mA (b) in beams formed by PXWs with different slit widths. 

Systematical measurements of slit width influence on the intensity 

spatial distribution of X -ray characteristic fraction in beam formed 

by planar extended waveguide 



Integral intensity of CuKab flux formed by quartz planar extended 

slit clearance in condition of its width variation 

Scheme of 

experimental layout 

for investigation of an 

X-ray characteristic 

radiation (CuKab) 

intensity spatial 

distribution in the 

beams behind 

waveguides and 

results of its 

measurements. We can 

see three areas, which 

are characterized by 

different mechanisms 

of the radiation 

propagation. 

s=43 nm s=800 nm s=35 mm 



Direct comparison of the radiation density in 

beams formed by a planar waveguide and a 

conventional single slit-cut former 

Characteristic radiation density 

magnitudes (CuKa) is adjusted 

to the position of the waveguide 

outlet. X-ray tube (Cu) regimes 

were identical in all courses of 

measurements U=20 keV, I=10 

mA. The radiation filter were 

identical too (Cu foil with 

thickness 0.1 mm). Waveguide-

resonance regime is 

characterized by enhanced 

radiation density in the beam in 

comparison with case of X-ray 

free propagation. 



Borrman effect for the perfect crystal lattice 

The first direct experimental proof of two type of X-ray standing waves 

in structure of perfect crystal lattice of the Bragg reflection of the 

quasimonochromatic X-ray flux was obtained in the work: B. Batterman. 

Effect of Dynamical Diffraction in X-ray Fluorescence Scattering // 

Phys. Rev. v133. 1964. P. A759-A764. 



Principle additions to the model of X-ray flux total 

external reflection on the vacuum/material interface 
The model of X-ray standing wave field forming 

(after M.J. Bedzyk and others // Phys. Rev. Lett. 

V62 (12), 1989. Pp. 1376-1379). 

 

The initial model of X-ray standing wave arising 

at the radiation beam total external reflection on 

the material interface is not enough. 

1. The model must consider X-ray radiation as the 

quazimonochromatical one with the average 

wavelength l0 and the monochromatization degree 

Dl. 

2.  The flux dimension of X-ray radiation is 

limited. 

3. The model must not ignore the fundamental 

principle: the continuous principle for standing 

wave area, which points on expansion of the 

standing wave interference field on all volume of 

reflector material. 

4. The model must take into account of the 

fundamental radiation parameter - the coherence 

length L=l0
2/Dl, which defines the longitudinal 

size of coherence area. 

a 

b 

c 

5. The transverse coherence size demands on the 

source projection dimension (d) and distance 

between source and reflection position (L). 

6. The model must take into account the 

possibility of the radiation spatial coherence. 

Dz ï penetration depth 



Pseudo-specular model for X-ray beam total reflection 

on the dielectric surface 
Total reflection phenomenon is characterized by R-̂reflection and T̂ 

transmission factors: 

 

with phase shift:                                         where are: 

In dielectric volume is the direct (    ) and return (     ) waves: 
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in conditions of visible absorption we have: 
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The reflection factor in conditions of the 

interference field appearing in the reflector volume 
The real reflection factor is the next: 

                         R*=R+(T-T*) 

The correction DR=R*-R is not great but it 

leads to visible result at the multiple total 

reflection. 

The reflected intensity can be presented by 

expression: 

 

 

where the term is the result of the 

interference of incident and reflecting fluxes. 

The phase shift y depends on incidence 

angle and varies from 0 to p. 

Coherence length l=l0
2/Dl, but taking into 

account the phase shift variation we evaluate 

the size of the interference area in vacuum as 

l/2= l0
2/(2Dl). 

X-ray reflection factors on itôs incidence angle for 

multiple total reflections with (R̂ *) and without 

(R̂ ) taking into account the interference effects 

in the reflector volume. Curves are calculated for 

CuKa flux reflection on SiO2 plates with the 

absorption inventory (b 0̧). Indexes of outlines 

(1,2,3,4) correspond to 1, 10, 100, 1000 

consecutive reflections, accordingly. 
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The waveguide-resonance 

propagation mechanism is 

characterized by the phasing at any 

incidence angles q (q¢qc - critical 

angle of the total reflection) that is 

the continuous mode structure. The 

uniform interference field appears 

in all space of the planar extended 

slit. At application of ideal 

reflectorôs surfaces the slit 

transports the radiation flux almost 

without attenuation 

The mechanism of multiple total 

reflection is characterized by 

discrete mode structure with 

selection of magic angles set, 

which are characterized by the 

phasing of consecutive 

reflections. 

X-ray standing wave field arising in planar extended 

slit formed by reflectors with ideal quality surfaces 

S>l0
2/2Dl 

S<l0
2/2Dl 

ʘ Multiple total reflection propagation 

b Waveguide-resonance propagation 

(X-ray beam superstream) 

P=l0
3/8Dl - the interference field protrusion 

parameter for the waveguide-resonator. 



Function of the intensity distribution for the 

X-ray standing wave in the quartz 

waveguide-resonator 

Intensity distribution function for an 

XSW in a waveguide-resonator slit 

and top layers of quartz reflectors for 

an X-ray beam impinging on the slit 

under a certain angle of a total 

reflection q for quartz reflectors. The 

function without taking account 

attenuation in reflectors volumes is 

shown by a dashed line. The function 

reflects the picture for l0=0.1541 nm 

(CuKa); q=0.92qc; s=97 nm. 

() ( )xWxW am-= exp0



Mechanical interpretation of multiple total reflection (a) 

and waveguide-resonance propagation (b) of X-ray flux  

ñaò case can be characterized by the chaotic and the regulated 

trajectories of balls with significant losses of energy. 

ñbò case is characterized by the energy transporting without 

losses. 

a 

Before interaction 

b 

After interaction 
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Goos-Hanchen shift for any radiation flux in 

condition of itôs total reflection phenomenon 

References: 

F. Goos, H. Hanchen, Novel and fundamental investigation of total external reflection // 

Ann. der Phys., #6 (78) part 1, 1947, pp. 333-346. 

A.W. Snyder, J.D. Love, Goos-Hanchen shift // Applied Optics, v15(1), 1976, pp. 236-238. 

L.M. Brekhowskikh, Waves in layered media. New York: Academic press. 1980. 345 p. 

1. Light radiation, internal total reflection 

2. X-ray radiation, external total reflection 
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The interference field of X-ray standing wave area 

arising at the radiation flux external total 

reflection. Evaluation of the area size 
M.J. Bedzyk and others suggested the principle idealizing model for the 

interference field of X-ray standing wave. The idealizing model assumes that 

incident flux is: 1. The uniform planar wave. 2. The absolute monochromatical 

wave. In frame of these assumptions the interference field area size must be 

nonlimited. 

But the real radiation flux in experiment has the limited width (H.K.V. Lotsch // 

JOSA. V58(4). 1968. pp. 551-561), and the radiation is always characterized by 

the monochromatization degree defined by relation between l0 and Dl. The 

emission process is characterized by the relaxation time, which defines the 

photon length or the coherence length parameter (M. Born, E. Wolf. Principles 

of Optics): 

    lc=l0
2/Dl    (1) 

This parameter reflects the possible longitudinal size of the interference field 

area. For the evaluation of the area transverse size Lt it is needed to attract the 

conception of the radiation spatial coherence including the geometry parameters 

of the experiment. 



The space coherence conception demands to take into account the real distance 

between X-ray source and reflection point ñRò, width of the source focal spot 

ñDwò and the divergence angle Dj. The interference can arise if  the expression 

valid (L. Mandel, E. Wolf, Optical coherence and quantum optics. Cambridge 

Univ. Press: Cambridge. 1995. 1896 p.): 

 

    (2) 

For the total reflection point ñ0ò this condition will  gain the form: 

         (3) 

Because the radiation flux has two dimension, it is possible to introduce the 

parameter ­ the coherence square s: 

 

         (4) 

The product of the coherence length and the coherence square is the space 

coherence volume: 

 

         (5) 

It is very productively to compare the space coherence conception with the 

quantum-mechanical definition for the elemental cell of the photon phase 

space. 
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Lets a quazi-monochromatic X-ray flux propagates along x-direction been normal to the source spot 

plane. Photons with different momentum and polarization will  be independent in the flux and can be 

described in terms of ñone photonò phase space. So, the phase space elementary cell volume will  be 

described by: 

         (6) 

Dpi are photons momentums, Dqi are itôs positions and his the plunck constant. Accordingly to De 

Droglic corelation the photon monentum Dp is connected with the radiation wavelength l0 by formula:  

         (7) 

Where a is the unit vector in the momentum direction.  

The geometrical consideration shows: 

         (8) 

The uncertainty of Dpx is defined by itôs energy uncertainty: 

         (9) 

Where n0 is the frequency monochromatism degree of the radiation.  

On substituting from (7) and (8) into (6) we obtain: 

 

         (10) 

Everybody can see the equivalence of (5) and (9). So, the area of X-ray standing wave interference 

field is the photon elementary cell of the phase space. And it is very important to notice that the photon 

space uncertainty is not characterized by the certain direction. Because of this, the coherence length 

can be served as the transverse measure for the interference field area as similar as itôs 

londitudinal  one. 
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Independent demonstration of the waveguide-resonance in 

result of X-ray quasimonochromatic flux propagation 

through the Si small angular structure  

I peak is connected with the total reflection phenomenon for X-ray flux; II peak 

characterizes the waveguide-resonance (or radiation superstream) propagation through 

the small angle structure 
 

From work L. Tsuji, F. Delalieux. Characterization of X-rays emerging from between 

reflector and sample carrier in reflector-assisted TXRF analysis // X-ray spectrometry. 

V33. 2004. P. 281-284. 



Properties of planar X-ray waveguide-resonator 

PXWR (radiation superstreamer RSS) 
1. The width of X-ray thread flux formed by PXWR is not exceeded the coherence length of the transporting 

radiation (for main X-ray tube radiations s<200 nm, physical limit  for s size - 7 nanometers). 

2. The capture angle of the radiation is equal to the divergence angle of emergent beam and both angles can 

not exceed the double angle of the radiation total reflection. 

3. The direct X-ray beam can not propagate through the PXWR except the deposit from the incident beam 

diffraction on input of PXWR slit. 

4. The space radiation distribution in PXWR emergent beam demonstrates the one-component outline with 

almost Gauss form, and itôs form does not depend from the intensity irradiation distribution in the source. 

5. The diffraction satellites appearing do not accompany to the space radiation distribution in PXWR 

emergent beam. 

6. The off-axis incidence of X-ray beam on PXWR input leads to a fission of the emergent beam distribution 

on two Gauss form components with equal intensities with double incidence angle between itôs gravity 

points. 

7. PXWR is characterized by a density radiation enhancing in itôs slit space. Relation of X-ray source 

projection width to the width of PXWR slit characterizes the increasing factor. (Average value itôs magnitude 

is near 1000). 

8. The waveguide-resonance mechanism of X-ray transportation is characterized by the transport losses 

minimization, i.e. realizes the radiation superstream. 

9. PXWR assumes operation with the emergent X-ray beam parameters by influence on the interference field 

of X-ray standing wave, which is created by the radiation flux in the space of PXWR slit. 

10. The mode structure character of the flux propagated through the PXWR slit is characterized by the 

continuous character. 

11. Waveguide-resonance b-radiation filter can not be prepared on base of simplest PXWR. 



Schematic designs of X-ray flux forming systems 
One slit-cut former:  great 

size, high total intensity and 

high divergence of the 

emergent beam. 

Double slit-cut former:  

middle size, middle total 

intensity and small 

divergence of emergent 

beam. 

Mono (poly) capillary 

former:  middle size, high 

total intensity and middle 

divergence of emergent 

beam. 

Simplest waveguide-

resonator: supersmall size, 

low total intensity middle 

divergence. 

The practical tasks of PXWR perfection are the 

increasing of itôs emergent total intensity and the 

decreasing of itôs divergence. 



Total intensity of fluxes produced by different 

former systems 

Experimental data 

corresponded to tube 

BSV-24 (Cu) power 

U=20 keV, I=10 

mA. Size of focus 

projection 0.1 mm. 

One slit-cut former 

Intermediate extended 

planar slit (quartz) 

Double slit-cut former 

(lS2-S3=100 mm) 

Mono (poly) capillary 

former (quartz) 
Simplest PXWR (quartz) 

First problem of PXWR - low integral intensity 


