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Structure of lectureStructure of lecture

Discussion of the technical aspects of x-ray microscopy
          (learn about applications in three weeks)

• Spatial resolution obtainable with different objectives based
• on reflection
• on diffraction
• on refraction

W.C. Roentgen: There are no refractive lenses
for x-rays!

• Refractive objectives unique to x-rays

Note: This presentation is neither historically correct as a whole nor complete for the single items.
It is limited to (often newer) experiments, which can explain the concepts in the most instructive way.
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A) use u nconv entional con trast mechanisms, e.g.

– absorption edge s (water windo w)
– dichroic respons e (helicity)
– coincidences    ……   more in 3 weeks

B) in v isible:  spatial resolution ≈≈ light wavelength

     wi ll shorter wavelength SR reveal the yet unseen?

Why microscopy with SR?Why microscopy with SR?
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Why x-ray microscopy?Why x-ray microscopy?

x-rays

E =

= λλ

E λλ /[µµm eV] = 1.239852
Synchrotron radiation
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Why x-ray microscopy?Why x-ray microscopy?

Question:
What is the ultimately possible spatial resolution?

Please note:

here we would like to see features in a single aggregate

X-ray crystallography instead reveals structures with very
high spatial resolution, however , only of crystalline samples.

“ Lensless” or coherent x-ray diffraction imaging of intr insically
noncr istall ine objects promises high resolution (see elsewhere). 
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Microscope objectives for visibleMicroscope objectives for visible

A) Magnifying lens C) Schwarzschild objective

B) Microscope

D) numerical aperture
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SimilaritiesSimilarities

The resolution of a microscope is given by
R = λλ/(2NA)         NA = numerical aperture

Have to focus x-rays with refraction, reflection or
diffraction with largest possible NA



Click to edit Master subtitle style

Werner Jark              School on Synchrotron Radiation and Applications
ELETTRA                 In memory of J.C. Fuggle and L. Fonda, Trieste, 28/04/2004

µµXFA beamline and multilayer laboratory

Characteristics of x-raysCharacteristics of x-rays

• wavelength of order of λλ=0.06 nm (E=20 keV)
• negligible absorption in air
• large variation of absorption in material
• reflected with surface mirrors only at grazing incidence ΦΦ

(rule of thumb for Pt coating: E*ΦΦ//[keV*mrad]  = = 8080)
• reflected/monochromatised at lattice planes of highly regular

crystal structures

Soft x-rays with 0.6 nm < λλ < 30 nm (40 eV < E < 2 keV)

• significant absorption in air (vacuum required) and material
• mirrors for reflection, gratings for monochromatisation
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Some basic propertiesSome basic properties

• refractive index n = 1 - δ δ + i ββ, 
where i=sqrt(-1) and   δδ, , ββ << 1

    re = 2.8 10-13 m, Ne = no. atoms/unit volume
      f1 = tabulated atomic scattering factor (e.g. www-cxro.lbl.gov)

• in x-ray range: δδ ∝∝ λλ2  ββ ∝∝ λλ4

• total reflection angle Φ Φ = sqrt(2δδ)
• deflection in a prism ∆∆ = -2δδ/tan(γγ) 
• phase retardation ∆∆ψψ  = 2ππlδδ/λ λ ∝∝λλ
• absorption length 1/µ µ ∝∝ λλ3

π
λδ

2
1

2 fNr ee=

γγ

e.g.  for plexiglass at λλ=0.154 nm (8.05 keV):       δδ = 4.2 10-6              1/µµ  ≈≈  1.3 mm 
       then                     ΦΦ = 2.9 mrad (0.167o)                        ∆∆(γγ =45o) = -8.4 µµrad

       l =36.67 µµm provide 2ππ  phase shift
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X-ray microscope schemesX-ray microscope schemes

Instrumentation operated by Center for X-ray
Optics at ALS, Berkeley, CA (USA)

Fullfield Microscope
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Ni 3p and Ga 3d images (25x50 µm2) taken
at (a) 25º C and (b) after annealing to 300º C,
the R-Ga image in (b) manifests lateral varia-
tions in the interfacial reaction (c) C 1s image
and entire spectrum measured in the C-rich
spots (bottom) and in the non-defect region
(top)

ESCA-microscopy
beamline operated
at ELETTRA

X-ray microscope schemesX-ray microscope schemes

Scanning Microscope
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

ReflectionReflection Single bounce elliptical/parabolic capillary

Achromatic objective
ΘΘ = 2ΦΦcrit = 2sqrt(2δδ) = NA
Rult = λλ/(4 sqrt(2δδ)) = Rprac

parabola:   y 2 = b x

(x',y')

y

x

(x'',y'')

Θ
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

Fixed lower limit
depends on Z:
R ≈≈ 4 nm for platinum

BUT
Rexp ≈≈ 10 µµm
figure error limited
(Bilderback, CHESS)

no successive figure
correction possible
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

ReflectionReflection Beam compression in multibounce capillary

Rexp ≈≈ 50 nm
but

very low efficiency

better efficiency is routinely
(commercially available)
provided with
Rexp ≈≈ 5  µµm
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

ReflectionReflection Crossed mirror pair (Kirkpatrick-Baez system)

Achromatic system
horizontal and v ertical
focus ing are separated:
“ astigmatic”  system

Synch rotron radiation sou rces

or

  Source     Focus

      or
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

ReflectionReflection Crossed mirror pair (Kirkpatrick-Baez system)

parabola:   y 2 = b x

(x',y')

y

x

(x'',y'')

lv

lh

r'v

r'h

vertically focusing
elliptical mirror

horiz. foc.
ellip. mirror

image

z Ideally elli ptical mirrors needed
z approximate as parabola

y=(bx)1/2 , ∆∆y/∆∆x =0.5 (b/x)1/2

z for x=x’: ∆∆y/∆∆x (x’) = ΦΦcrit

z then b=(2ΦΦcrit)2 x’ and at x=x’’ :

∆∆y/∆∆x (x’’ ) = ΦΦcrit (x’/x’’ )1/2

z deflection angle is 2 ∆∆y/∆∆x
z and convergence angle in

focus ∆∆(h,v),f  = 2 NA
= 2 ΦΦcrit[1-(x’/x’’)1/2]

z Mirror size parameter:
q=l/r=|x’’-x’|/r



Click to edit Master subtitle style

Werner Jark              School on Synchrotron Radiation and Applications
ELETTRA                 In memory of J.C. Fuggle and L. Fonda, Trieste, 28/04/2004

µµXFA beamline and multilayer laboratory

Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

ReflectionReflection Crossed mirror pair (Kirkpatrick-Baez system)

z

z 2 mirrors just touch with
qh= lh/r’h = lv/r’v = qv = q
r’h + 0.5 q r’h = r’v - 0.5 q r’v
we put r’v = m r’h :
then q = 2 (m-1)/(m+1)

z at ELETTRA m=5: q = 1.33
∆∆h,f  = ∆∆v,f  =  1.1 ΦΦcrit = 2 NA

z more realistic 2 NA = ΦΦcrit

)
2
2

1(
q

q
NA crit +

−−Φ=

lv

lh

r'v

r'h

vertically focusing
elliptical mirror

horiz. foc.
ellip. mirror

image

OPERATIONAL example:
ESRF (bendable flat mirror):
f=95 mm and l=90 mm
      2 NA = 0.8 ΦΦcrit

R = λλ/(0.8 sqrt(2δδ)) = Rprac
   = 5 * Rsingle bounce capillary

exp: Φ Φ =2.2 mrad at 20.5 keV
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

practical lower limit
Rprac ≈≈ 35 nm for Pt
Rexp ≈≈ 83 µµm
figure error limited
(Hignette, ESRF)

1

2

4

6
8

10

2

4

6
8

100

2

 r
es

o
lu

tio
n

 [
n

m
]

10
2

2 4 6 8

10
3

2 4 6 8

10
4

2

photon energy [eV]

R = λλ Pt capillary

ESRF mirror (Pt)

2.2 mrad mirror

2.2 mrad mirror



Click to edit Master subtitle style

Werner Jark              School on Synchrotron Radiation and Applications
ELETTRA                 In memory of J.C. Fuggle and L. Fonda, Trieste, 28/04/2004

µµXFA beamline and multilayer laboratory

Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

Add multilayer coating
(becomes chromatic)
R = 2 d ≈≈ 6 nm
ESRF (bend mirror):
f=250 mm, l=170 mm
6.5 mrad, d = 8 nm
Rprac ≈≈ 16 nm
Rexp ≈≈ 86 µµm
figure error limited
(Hignette, ESRF)
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

DiffractionDiffraction Fresnel zone plates
r

Zone-plates produced at INFM-
TASC laboratory at ELETTRA

Highly
chromatic
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

For binary zoneplates
(opaque in soft x-rays)
r outermost period
R = r/2
Rprac ≈≈ 20 nm
Rexp ≈≈ 20 nm @ 2 nm
(CXRO, Berkeley)
line width limit for
lithographic processes
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

Rings (thickness t) become
transparent for x-rays.
Need phase zoneplates:

rings retard by ππ
t= λλ/(2δδ) and for circular ZP
rmin=t/8    Rprac= r/2 = λλ//(32δδ))
Rexp ≈≈ 90 nm    for r=206 nm
t ≈≈ 4.4 r @ λλ=0.154 nm
(Yun et al, RSI 1999)

C. David et al, APL 2001

rmin ≈≈ t/50 but rmin > 40 nm
Rprac= λλ//(200δδ) ) > 20 nm
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit
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phase zone-plate Phase zoneplates have
better efficiency than
binary zone-plates

out-of-phase
zoneplates could
produce smaller focii
above 10 keV with
reduced efficiency
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

RefractionRefraction
Compound refractive lenses (concave)
Snigirev et al, NATURE 1996

www.accel.de

Lengeler
@SRI2003

Chromatic lenses

x-rays:   n = 1 - δ δ - i β β   < < 1

need of concave and
parabolic lenses
f=Rad/δδ                  l = 1/(ρρ*[µµ/ρρ])

lens transmission:
T(y) = exp(-y2/2fδδl)

for d=0 Gaussian with

σσ = sqrt(fδδl) 
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

Best material lithium
(more convenient
beryllium, aluminum)

taken for (2 NA):
fwhm opening =2.35 σσ
and f=200 mm

2 NA = 2.35 sqrt(δ δ l/f)
Rprac=sqrt(f/l)λλ/sqrt(5.5 δδ)

problem is source size S
1

2

4

6
8

10

2

4

6
8

100

2

 r
es

o
lu

tio
n

 [
n

m
]

10
2

2 4 6 8

10
3

2 4 6 8

10
4

2

photon energy [eV]

Pt capillaryR = λλ

Li CRL



Click to edit Master subtitle style

Werner Jark              School on Synchrotron Radiation and Applications
ELETTRA                 In memory of J.C. Fuggle and L. Fonda, Trieste, 28/04/2004

µµXFA beamline and multilayer laboratory

Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

Diffraction limited spot size is obtained with
spatially coherent incident radiation

A = lens aperture Q = source distance
S (A/Q) = λλ

======>>
Q=SA/λλ

e.g. S=30 µµm, A=1 mm, λ λ =0.154 nm: Q=200 m!!

Couldn’t it be better to compress the beam?
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

Fwhm beam size at exit is D/2.
Beam to be reflected internally

φφint >ΦΦcrit 
is standing wave with

D = λ λ / 2 sin φφint

n1

n3

φext

φint

Z

x

y

n0  = 1

n2

Snell’s law:
φφext = sqrt(φφint

2+ φφcrit
2)

for δδ2 << δδ3:
Dmin = λλ/(2 sqrt(2δδ3))
Rult = λλ/(4 sqrt(2δδ)) = Rprac

same for capillaries and
tapered waveguides
(Bergemann, PRL 2003)

equation is identical to
single bounce capillary

X-ray waveguides

chromatic
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

Waveguides rather inef-
ficient wi th D=10 nm.
However, D=70 nm and 
thus R=35 nm can be
prov ided “ easily” with
high efficiency (Jark et
al, APL 2001)

2-dimensional version
was successfully
produc ed (Pfeiffer et al,
Science 2002)
R: 35 nm x 65 nm
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Spatial resolutionSpatial resolution
ultimate limitultimate limit
practical limitpractical limit

experimental limitexperimental limit

z ellipso ids, toroids R > 5000 nm

z mono -capillaries R ≈≈ 5000 nm

z Kirkpatrick-Baez mirror R = 83 nm
 pair (elliptical)    

z Fresnel zone-plates R = 20 … 50 nm
z compound refractive

lenses CRL         R ≈≈ 200 nm
z x-ray waveguides R ≈≈ 35 nm

In scanning con figurations , may be better in imaging
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What is the spot size?What is the spot size?

Classical knife-edge test Fluorescence from test pattern
A.C. Thomson et al, Proc. SPIE
4145, 16 (2000)
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experiment:
KB optics

 0.1 x 0.1 mm
 0.3 x 0.15 mm

 
 zoneplate

 
Simulation:

 Gaussian 1 micron
 Gaussian 2 micronclaimed knife-edge fwhm resolution:

KB mirrors: 1 µµm x 1 µµm
zone-plate: 0.15 µµm x 0.2 µµm

CRL: C.G. Schroer et al,
APL 82, 1485 (2003)

    Fit to integrated data
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X-ray X-ray ZoomZoom lens:  Do-It-Yourself! lens:  Do-It-Yourself!

L

θθ
d g

1 2 3

N

y

xd g

g/N

B. Cederström, R. N. Cahn, M.
Danielsson, M. Lundq vist, D. R.
Nygren:
Focusing x-rays with o ld LP’s
Nature 404, 951 (2000)

n>1: in the visible

n<1: x-rays

1

2

many

∆∆θθ = 2(1-n)/tanββ

ββ
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40 µµm

Sawtooth comb milled into PLEXIGLASS in ELETTRA
workshop [Marco De Gregorio, Gilio Sandrin]

Get it almost for freeGet it almost for free

1 mm

For geometrical optics it is a lens with parabolic
transmission function, i.e. an approximation of CRL
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x-ray tube
(35 kV white)
0.04 mm x 4 mm

alligator lens in PMMA
50 teeth over 50 mm
vert. acc. 0.15 mm for 12 keV
opening 0.2 mm (2  µ µm pitch)

Si(Li) detector
behind 0.01 mm slit
expected beam size:
without lens: 0.3 mm
with lens:      0.04 mm

  940 mm   940 mm

With an average transmission of 0.85 in the effective aperture
an intensity gain of    g = 0.85 * 0.3/0.04 = 6.3     is expected

Test it at homeTest it at home
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Comparison to ray-tracing

 on axis
 +30 µµm
 +60 µµm
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lens tuned

 g/N = 2.0 µµ m
 g/N = 1.25 µµ m

ray-tracing:
ideal comb 
real  comb  

ResultsResults

You get gain!

And you have an easily
tunable large bandpass
x-ray monochromator!

Interesting also as beam
collimator
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CRL B. Lengeler et al

A tiny plastic x-ray lensA tiny plastic x-ray lens

How to reduce abso rption in CRL’s?

Clessidra
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2.6 mm

Effective aperture
similar to CRL’s.
f=1 m ... 2 m for
λλ=0.154 nm

Exp. focus  2.8 µµm!
At ELETTRA 15x
intensity gain in
one d imension in
30 µµm spot!

Jark et al,
JSR 2004

High resolution radiograph
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