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Rev. Mod. Phys. 1974: 1 MeV e- @ Cu crystal 

• 1962-63: 
Robinson &  

Oen:  Prediction of anomalous penetration 
Piercy &  

Lutz:  Experimental discovery 
• 1965: 

Lindhard:  Theoretical description 
….. 

Andersen 

Uggerhoj  Classical theory 
Kagan  Quantum theory 
Kononez 

Firsov 

Tsyganov  
Gibson 

Kumakhov 

Beloshitsky 

Gemmel 

Appleton 

…..    

 more than 1000 articles + a number of monographs   

Prediction of channeling radiation (ChR)  

Experimental confirmation: positron channeling in diamond  
USSR-USA collaboration, SLAC 1978 
JETP Lett. 1979 (Miroshnichenko, Avakyan, Figut, et al.) 
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@ Channeling: 
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@ Channeling Radiation: 
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@ amorphous - electron: 

•Radiation as sum of independent impacts with atoms 

•Effective radius of interaction – aTF 

•Coherent radiation length lcoh>>aTF 

•Deviations in trajectory less than effective radiation angles: 

paTF /

Quantum energy 

Nph 
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@ interference of consequent radiation events:  

  phase of radiation wave 

 Radiation field as interference of radiated waves: 

Coherent radiation length can be rather large even for short wavelength  

@ crystal: 
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Quantum energy 
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@ crystal: 
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@ comparison factor: 

Laser beam size & mutual orientation 

@ strength parameters – crystal & field: 
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For X-ray frequencies: 100 MeV electrons channeled in 105 μm Si (110) emit ~ 10-3 ph/e- 

    corresponding to a Photon Flux  ~ 108 ph/sec 

ChR – effective source of photons in very wide frequency range: 

• in x-ray range – higher than B, CB, and TS 

• however, TS provides a higher degree of monochromatization and TS is not 

 undergone incoherent background, which always takes place at ChR 
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The important and novel idea consists in realizing a microundulator, that is a suitable periodically 

bent crystal, that allows to achieve much higher energy range for the emitted photons respect to the 
conventional free electron laser (up to 100 keV). A crystalline undulator can be realized either 

dynamically, using high amplitude transverse acoustic wave, or statically using graded composition of 

strained layers. Both methods are easily applicable by means of modern technology.  

The theoretical results establish the feasibility of a crystalline undulator, but in order to make the 

project to advance it is mandatory to carry out experiments to test the idea and to characterize the 
emitted radiation as a function of several parameters.  
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High background/noise 

e+ 

Crysral  

undulator 

• BTF as unique European facility to deliver positron 

beams in the range of the energy required for CUP 

• strong photon peak with energy from 20 keV up to 
1,5 MeV should appear according well accepted 

channeling and undulator theories for 400-600 MeV 

positrons 
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Beam propagation 

..but no enough data available to substantiate the idea… 

E. Tsyganov – 1975 

E. Tsyganov & R.A. Carrigan - 1976 

E. Tsyganov & A. Taratin - 1991 

Possible processes: 

multiple scattering 

channeling 

volume capture 

de-channeling 

volume reflection 
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Amorphous scatterer 
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Front view Side view 

Proton  

beam  
pipe 

Bending Crystal 

Proton beam (400 GeV) 
GEM monitors 

GEM 1 GEM 2 

Contribution of Roma1 and Frascati (February 2009) 

The GEM monitors will measure the beam halo during the crystal insertion  
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Nuclear loss rate (including diffractive) strongly depressed 
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Medipix sensor of the type inserted in 

the UA9 roman pot, 

provided by L. Tlustos (PH/ESE) 

256 256 square pixels 

1 pixel size = 55 μm 

1 frame integration time 1 s 

Pick/valley density ratio = 10 

We observed a ratio of 30 (recording 

lost for a computer crash) 
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The system sizes may be significantly diminished (in about two orders of 
magnitude) by the use of capillary systems. 
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Basic idea of polycapillary optics is very 
close to the phenomenon of charged  
    particle channeling 

@ beam bending through large angles 

@ divergent beam to convergent one 

@ divergent to quasiparallel  & vv 

Number of applications 

@ scientific instrumentation (XRF, XRD) 

@ elemental/structural analysis  

@ medicine (diagnostics, therapy) 

@ astrophysics  
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2d generation: 

[cm] 
3d & 4th generations: 

[mm] 

?n-capillaries? 

5th generation: 

[μm] 

1st generation:  

[m] 
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Generation  Kind of optics    Sizes: length & channel & energy 

• 1st   Assembled lens made of single capillaries  1 m           &  1 mm          &   10 keV 

• 2nd   Monolithic lens made of single capillaries  10-30 cm  &   0.1-1 mm  &   10 keV  

• 3rd   Assembled lens made of polycapillaries  10 cm       &  10-50 μm   &   20 keV 

• 4th   Monolithic lens made of polycapillaries  4-10 cm    &  1-10 μm     &   50 keV 

• 5th   Monolithic integral micro lens   1-3 cm      &  0.3-1 μm    &   100 keV 
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Effective guide channel 

Upper limit of the 

curvature radius 

Very important expression for the diffraction limit estimation –  

can be applied for any kind of the optics: 
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 @ Surface channeling - “whispering X gallery” 

wall 
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X12-C NLSL FOP (ESRF) ANKA UNISANTIS 

Energy Range 8-13 keV 7-21 keV 4-20 keV 8 keV 

Beam Size 0.3H x 0.5V 

mm 

0.3 x 0.3 mm 20 to 300 micron 

Beam 

Divergence 

2 mrad 2-4 mrad 

Flux ~5 x 1010 

photon / sec 

(0.3x0.5mm2) 

~5 x 1010 

photon / sec 

(0.3x0.3 mm2) 

~1 x 1012 

photon / sec  

(mm2) 

1010 - 1011 

monochromatic 

photon / sec  

(mm2) 

Source Power Synchrotron 

(2.6 GeV, 300 

mA) 

Synchrotron 

(2.6 GeV, 300 

mA) 

Synchrotron 

(2.6 GeV, 300 

mA) 

(3÷30) W  

x-ray tube 

@ Table-top X-Ray Source 

“Laboratory Synchrotron” 
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Osmic Bruker Unisantis 

Source Power, W 30 24 (3÷30)  

Optics Multi-layer Focus Mirror PolyCO 

Flux, Cu K  

ph/s/mm2 

 1.9 x 109 109  1010 ÷1012 

Beams parameters: semilens 

Diameter of a beam - 0,1-1 mm 

Radiation flux  - 1010 ph/s/mm2 

Divergence of a beam - 4 mrad Cu; 2 mrad Mo 

Maximum power - 50 W 

aximum anode voltage - 50 kV  

Material of the anode - Cu, Mo 

The size of a tube focal spot  20 m 

Beams parameters: full lens 

Diameter of a focal spot - 10-50 m 

Radiation flux - 1012 ph/s/mm2 

Focus length of a lens - 2-10 mm. 
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• Reconstruction of the 3D intensity 

distributions beyond a cylindrical 

polycapillary due to a couple of X-

ray spherical source 

• The main peaks are located at the 

coniugate points respect to each 

sphere position 

Contour Plot 
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PolyCAD – Monte-Carlo simulation 

code for any kind of capillary optical  

systems 
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X-ray Cu Source 
Power=50 Watt 
Intensity=1mA 
Voltage=50kV 

Polycapillary Semi-Lens 

Quasi-Parallel Beam 

Sample Image on CCD 

X X0 l

l – “sample-detector” distance; 

  - residual divergence behind 

the optics 
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z (cm) 

z (cm) 

x (pixel) 

x (pixel) 
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• Hole Width 37 m  

• Bar Width 25 m 

23 cm Polycapillary – CCD 

Detector 

polycapillary pillar 
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• Hole Width 19 m 

• Bar Width 6 m 

23 cm optics – CCD  44 cm optics – CCD 
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Gold Wires   ~ 25 m 
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Alloy from Sample copper ancient 
archeological dig and spectrum of 
this alloy obtained using this micro 
analyzer (13 Century, Italy). 



                              Frascati @ 3 Dec 2009 @ S. Dabagov 

X-ray Cu Source 
Power=50 Watt 
Intensity=1mA 
Voltage=50kV 

Polycapillary Semi-Lenses 

Quasi-Parallel Beam 

Sample 
CCD Detector 

Image on CCD 

XY Sample Movement 

M. of 10-100 m on a  
Solid State Detector 
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X-ray Cu Source 
Power=50 Watt 
Intensity=1mA 
Voltage=50kV 

Polycapillary Lenses 

Sample 
CCD Detector 

Image on CCD 

XY Sample Movement 

Solid State Detector 
Sensible Area 5 mm2 
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Mn Fe 

μXRF Mapping – 200x200 μm2 spot 
4x4 mm2 measured area (40x40 steps) 
2 minutes for each spot 
CuK  Tube; V=24 KV, I=0.750 mA 
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XRF + X-imaging = polyCO confocal + spherical (“buble”) compound refractive lens 
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i 1 2 3 

g-lens 

sample / ”3CCD” x-detector 



Before  

After 

Policapillary 

Half Lens 

3x6 mm2 pads 
First measurements with  

polycapillary and GEM detector 

8cm 16cm 

3GEM  

detector 

3GEM  

detector 
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X Ray Energy 10.6 kV 

Current  0.01 mA   Power 0.1 Watt 

3GEM Plateau @ 980 Volt (AR CO2 CF4) 

GEM spot counting rate 380 Hz 

Efficiency X Ray detection 7 % 

Policapillary  

Lens 

8cm 

4.9 cm 

3GEM  

detector 

XRay source 

Policapillary  

Lens 

8cm 

7.4 cm 

3GEM  

detector 

Policapillary  

Lens 

8cm 

12.4 cm 

3GEM  

detector 

Policapillary  

Lens 

8cm 

17.4 cm 

3GEM  

detector 
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@ Linearity: GEM detector 
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d = d0 ~ c

d0 ~ 1
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- number of modes 

~ 40 nm for glass 

Tunneling length 

=
2 ca 2 a

c

c / c

c

p

137e2

p

8 nm
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Base:  fullerene molecule C60 

 sphere of d ~ 0.7 nm   

Nanosheet CC 

Roled graphite sheets: 

nested nanotubes 
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dR 

r – distance from the tube 

I0(x) – mod. Bessel function 

continuum potential  

as sum of row potentials 

- form-factor for the separate fullerene 
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Continuum potential in C60 fullerite: [100] and [110] after averaging of the wall 

potential 
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“Continuous filtration by energy” 
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n = 1 c
2 1 p

2

2

p =
4 Nee

2

m
plasma frequency

photon frequency

d 

rcurv 

Effective bending:  

1
2

2

d

r
ccurv

μ-capillary: 100-300 through 10-20cm 

n-capillary: the reduce of the dimensions by several orders  

  with much higher efficiency of the bending 
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Spatial distribution of  

radiation through the  

various narrow channels  

Evidence of high leakage through the nanotube wall barriers 

– 

The necessity of the cladding - multiwall nanotube 

The even modes exists at any ratio between the channel size and layer distance 

Leakage through barrier 

“Tunneling” 
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By TEM investigations, multilayered carbon nanotubes, 
making film structure, have from 5 up to 25 layers, 
external diameter of 100÷200 Å, and diameter of an 
internal cavity of 50÷70 Å. 

SEM image of aligned carbon nanotube bundles 
deposited perpendicularly to the substrate surface.  
<L> ~ 10 m.  
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Angular distribution for nanotube forest 

Ideal case 
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 @ X-ray channeling in nanotube  

The sample of 8 mm in length and 2 
mm in width was fitted to the rotatable 
axis provided the change of angle  
between the sample surface and the 
optical axis of spectrometer from 60o 
to 100o. The angle  between the 
radiation source (anode surface of 6 
mm in width) and the rotating axis 
was 20o.  
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Diffuse scattering +Inner cavity 

200-300 
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n = 1 -  = cos 0/cos  

0 

 
~10-6   ~ 0.1 nm for C media 

for >> I        = r0N
2/2  

Total internal reflection: 

 0 ~ 2  ~ 2.5° for  ~ 10-3  

0 

 

X-ray 

Optics 
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High- brilliance X-ray 

micro- sources  
X-ray or e-beam 

excitation 

X-ray 

source 

X-ray 

image 

X-ray nano-focusing 

system  

Carbon nanotubes 
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@ focusing efficiency: 

 condensing  radiation in a spot of submicron & nanometer diameter with  

 flux gain of 103-105 

• x-ray spectroscopy (XRF analysis - min. detect. limit up to 10-15 g ) 

• x-ray microscopy (source image study - nm scale: μ-CHANDRA )  

• μ-diffraction (XRD analysis - analysis of micro-materials: “table synchrotron”) 

@ bending efficiency:  

 deflection through the angle up to 300 over the distance 10-15 cm 

• special angle-tuning bender  (space problem for new experiments) 

@ new technological ideas:  

 combination of various types of optics 
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surface x-ray and neutron channeling 

@ bound states of x-ray propagation through capillary channels 

• quantum effects in curved space (simple model of gravity) 

• coherent/incoherent x-ray & n scattering study (whispering gallery for x-rays) 

• phase distortion study (“hidden coherence”) 

bulk channeling of neutral particles & modal propagation 

@ nanotubes as nanocapillaries  (?):  

• new instrument to study bulk parameters of nanotubes (bulk potentials etc.) 

• novel x-ray & n optical devices (nanofocusing, nanocollimation etc.) 

@ nanochannels as nanocapillaries  (!): 

• X-ray & n “hollow fibers” – inverse to optical waveguide 
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… 

Thanks to  

the international collaborations 

in  

Channeling and X-ray Optics 

Projects, 

particularly: 

D. Hampai, G. Cappuccio, G. Cibin, F. Murtas, I. Bukreeva, A. Popov 
... 


